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CQ COMSOC: CALLING ALL COMSOC RADIO AMATEURS

he Communications Society is a com-
munity of professionals with an inter-

est in the technologies and applications
associated with communications. Amateur
radio is a community of hobbyists with an
interest in the technologies and applications
associated with communications, in particu-
lar by radio. Indeed, for many, ham radio
was the start of a personally satisfying life-
long career in communications. Doug Zuck-
erman, a past ComSoc president and ham
with call sign W2XD, joins me in this
month’s column to remind us of our ham
radio heritage and suggest ways to rebuild
ties that may have been lost over the years.

An active volunteer for more than 30
years, Doug Zuckerman is a past IEEE Divi-
sion III (Communications Technology)
Director, was 2008-2009 President of the
IEEE Communications Society, and previ-
ously held leadership positions in confer-
ences, publications, and membership
development. He received his B.S., M.S.,
and Eng.Sc.D degrees from Columbia Uni-
versity, USA, and is an IEEE Life Fellow.
His professional experience, mainly at Bell
Labs and Telcordia Technologies, USA,
spans the operations, management, and
engineering of emerging communications
technologies, networks, and applications.
His work heavily influenced early standards
for management of telecommunications net-
works. Presently semi-retired, he is still
active in standards as a representative to the
Optical Internetworking Forum. Much of his professional
life has been dedicated to IEEE activities. His service
resulted in the following honors: IEEE Third Millennium
Medal, the IEEE Communications Society’s McLellan
Award for meritorious service, its Conference Achievement
Award, and the Salah Aidarous Memorial Award. As might
be guessed, ham radio played an important role in setting
his career course.

WHAT IS HAM RADIO

From the amateur radio organization, the ARRL
(www.arrl.org): “Amateur Radio (Ham Radio) is a popular
hobby and service in which licensed Amateur Radio opera-
tors (hams) operate communications equipment.” Each ham
has a unique call sign (e.g., W2XD), with prefixes and num-
bers assigned by ITU-R and national administrations based
on geography and other considerations. Anyone can become
a ham, but why would they do so? There are many reasons.
For many, especially us old timers who began in the 1960s, it
was being able to solder together components such as resis-
tors and capacitors, fire up vacuum tube transmitters and
receivers connected to a long piece of wire, and have two-
way communication with another ham down the road or on
the other side of the planet. In the 1960s, this communica-
tion was either by voice (Amplitude Modulation or Single

Sideband) or continuous wave (CW, using
Morse Code). Today’s hams have a much
wider variety of modulation formats to
choose from. Indeed, some lament the
decline in the use of CW as these newer and
more efficient digital technologies evolve. 

Ham radio actually has a number of sub-
hobbies, summarized as follows:

Experimentation: Some hams like to
build their own radio gear, be it a solid state
packet switch, radio frequency transceiver,
or an antenna design based on readily avail-
able antenna modeling software. These
hams have a practical knowledge of commu-
nications theory and build their stations on
that foundation augmented by trial and
error.

Chasing DX (Distant Communications):
Other hams like to communicate with sta-
tions in far off places,  the further and
more isolated the better. To help fellow
DX-ers contact rare locations, some hams
even go on “DXpeditions” to set up sta-
tions in sparsely populated regions of the
world. South Pacific reef islands are a
favorite. Confirmation cards, known as
“QSL cards,” are sent afterward to provide
proof that the contacts took place. Various
awards are available to recognize those
who make a large number of contacts, e.g.,
the “DX Century Club Award” for those
who’ve contacted at least 100 different
countries. A variation is that some hams
try to use as little power as possible to

communicate (this is called, “QRP”), while others use the
full legal power limit. The best DXers have a keen under-
standing of radio wave propagation, and pick frequencies
accordingly.

Contesting: Even in a hobby, it can be all about winning.
Throughout the year, some hams compete with each other
in a variety of radio communications contests. Typically,
these contests involve making as many contacts as possible
over a pre-defined time period. The ham with the greatest
number of contacts wins the contest. In some parts of the
world, contesting is known as “Radiosport.” Contests and
radiosport may involve either individuals or teams. The goal
of being best in these contests even drives experimentation
to build highly competitive ham radio stations, and chasing
DX improves operating skills and efficiency, both relevant to
doing well in a contest.

Emergency Communications: This is where hams show
their true value to society by serving the public during times
of emergency. Because ham radio communications capabili-
ties are highly distributed and independent of each other,
communications is possible even when more centralized
commercial facilities are disrupted by disasters. Hams active
in emergency communications follow strict procedures and
hone their skills by providing communications in non-disas-
ter events such as marathons.

T

SERGIO BENEDETTO

DOUG ZUCKERMAN
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Traffic Handling: Traffic handling, organized in the U.S.
through the National Traffic System (other countries have
similar systems) in the 1950s, provided a free “radiogram”
service to the public. Through a hierarchical structure of
local, section, region, and area “nets” interleaved to meet at
the same time each day, hams would use a well-defined
form and precise procedures to manually relay messages
from one part of the country to another (or even to other
countries). The messages had to be non-commercial, such as
birthday greetings. The system was very popular at a time
when a phone call to another part of town wasn’t free, and it
was way too costly to call outside the local area. It was the
era of people communicating through mailing hand written
letters to each other. Traffic handling was like a hands-on
very slow packet network, where the radiogram is the pack-
et, and each traffic “net” is the packet switch. Though we
now can call or email anywhere in the world for pennies (or
less), one would think there’s no longer a need for traffic
handling. Yet, the National Traffic System still exists, and
many hams still actively handle traffic using CW, voice, or
even packet radio.

PERSONAL EXPERIENCES

Speaking with hams who are also active in IEEE or Com-
Soc shows that they have similar stories about their early
ham radio pursuits and long-term career impact. As an

example, I was first licensed in 1961 when I was 14 years
old. My first station was a Heathkit 50-watt crystal con-
trolled CW transmitter, super-heterodyne all band receiver
with vacuum tubes, and a 40-meter band dipole antenna on
the roof of our four-story walk-up apartment building in
Brooklyn, New York. Television interference was a big prob-
lem in those days, and I had to regularly replace my wire
antennas after the neighbors cut them down. My first con-
tact with another ham in Brooklyn was amazing, but not as
amazing as when I made my first DX contact with a ham in
Venezuela. I was hooked!

I continued being active through high school, but went
“dormant” during my college years starting in 1965 at
Columbia (which had a ham radio club, by the way). Studies
took up almost all my time. Ham radio made electrical engi-
neering a simple choice. Since I had a very strong interest in
antennas (remember all the antennas I had experimented
with and had to replace upon removal by the neighbors), I
focused my masters and doctorate work on electromagnet-
ics. This set the basis for being hired in 1969 by Bell Labs in
Holmdel, New Jersey, by a group working on a long-haul
millimeter-wave transmission system (40-100 GHz), then
satellite antennas and systems, and then operations and
maintenance of digital transmission systems, AT&T digital
network planning, standards activities, etc.

In my group at Bell Labs, most of my colleagues were
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ND5P antenna suitable for DX and con-
tests.

K1SEZ — providing marathon
communications.Handheld experimentation.

N2NT at his station.
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hams, some of whom were very active on the airwaves. This
reignited my interest and I got back into the hobby. “Ham
radio is a way of life!” became our slogan. Since I never had
a decent antenna nor high power gear, my main focus in
ham radio was on traffic handling. The ham radio communi-
ty actually has a governance structure, and I volunteered my
time to help lead and manage a large portion of the Nation-
al Traffic System, as well as serve as an officer in Bell Labs’
Holmdel Amateur Radio Club. I continued being way too
active until it became, “Enough, already!” At that point, the
hobby went dormant again, though my call sign lives on
through my email address, w2xd@aol.com, and I still enjoy
reading QST Magazine, the monthly ham radio magazine
that I receive as part of a life membership in the ARRL

Much of what I experienced and learned through ham
radio carried over to my earlier Bell Labs career and my
participation in IEEE and ComSoc activities. I believe that
many IEEE members can say ham radio played a key role in
setting them on their way to a long and satisfying profession-
al career.

CONNECTING THE COMSOC HAMS

Without formal data, it’s hard to estimate how many
ComSoc members also are or were hams. Years ago, our
flagship ICC and GLOBECOM conferences used to invite
the local amateur radio clubs to organize special sessions for
ham conference attendees. These sessions were free of
charge, which is typical for ham radio events. Over time,

these sessions have ceased in order to give more room for
regular technical paper sessions. Nonetheless, there are ways
we may wish to consider for revitalizing our relationship
with this important community. Some ideas are as follows:

•Establish an on-line community at comsoc.community.
org where ComSoc (and other) hams who have common
interests may communicate (this would be a modern version
of a ham radio “net” from the old days).

•Create a special interest group that would organize con-
ference sessions, facilitate articles for our periodicals, and
serve as a foundation for ham radio communications contri-
butions to ComSoc’s wide range of technical activities.

•Hold meetings at conferences similar to the receptions
held for Young Professionals and Chapter Chairs, e.g., have
one to two hour gatherings at our major conferences with
the help of local ham radio groups.

•Form “ComSoc Amateur Radio Club” to serve as a
focal point for ComSoc ham activities, including organizing
contesting and public service event support.

•Interact with ham organizations to negotiate joint activi-
ties with organizations such as the ARRL, which publishes
“practitioner” relevant periodicals such as QST and QEX,
and which has “hamfests” (like a convention/conference)
throughout the year.

Other IEEE organizations have already been acknowl-
edging and nurturing the ham radio connection. For exam-
ple, the Microwave Theory and Techniques Society
headlined its January/February 2015 issue of IEEE
Microwave Magazine, “Spreading the Word — Amateur
Radio Operators Since the Beginning of EM Communica-
tions.” Several years ago, the Consumer Electronics Society
featured an editorial on ham radio in its newsletter. Harking
back to this article’s opening: “The Communications Society
is a community of professionals with an interest in the tech-
nologies and applications associated with communications.
Amateur radio is a community of hobbyists with an interest
in the technologies and applications associated with commu-
nications, in particular by radio.” Let’s start thinking of ways
we might use this overlap to enhance the value of being a
ham and being in ComSoc.
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COMSOC BYLAWS ARTICLE 3.8.10
The Ombudsman shall be the first point of contact

for reporting a dispute or complaint related to Soci-
ety activities and/or volunteers. The Ombudsman
will investigate, provide direction to the appropri-
ate IEEE resources if necessary, and/or otherwise
help settle these disputes at an appropriate level

within the Society…

IEEE Communications Society Ombudsman
c/o Executive Director

3 Park Avenue 
17 Floor

New York, NY 10017, USA

ombudsman@comsoc.org
www@comsoc.org “About Us” (bottom of page)

The application deadline for 2016-2017 
Fellowships is 15 January 2016.

For eligibility requirements and application information, go to 
www.ieeeusa.org/policy/govfel 
or contact Erica Wissolik by emailing  

e.wissolik@ieee.org or by calling +1 202 530 8347.

Congressional Fellowships
Seeking U.S. IEEE members interested in 
spending a year working for a Member of 
Congress or congressional committee.

Engineering & Diplomacy Fellowship
Seeking U.S. IEEE members interested in 
spending a year serving as a technical adviser 
at the U.S. State Department.

USAID Fellowship
Seeking U.S. IEEE members who are interested 
in serving as advisors to the U.S. government 
as a USAID Engineering & International 
Development Fellow.

S
i
a

2016-2017
IEEE-USA Government 

Fellowships
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CONFERENCE CALENDAR

2015

O C T O B E R

LANOMS 2015 — Latin American Net-
work Operations and Management
Symposium, 1– 3 Oct.
Joao Pessoa, Brazil
http://www.lanoms.org/2015/

IEEE CLOUDNET 2015 — 4th IEEE
Int’l. Conference on Cloud Network-
ing, 5–7 Oct.
Niagara Falls, Canada
http://www.ieee-cloudnet.org/

RNDM 2015 — 7th Int’l. Workshop on
Reliable Networks Design and Model-
ing, 5–7 Oct.
Munich, Germany
http://www.rndm.pl/2015/

WMNC 2015 — 8th IFIP Wireless and
Mobile Networking Conference, 5–7
Oct.
Munich, Germany
http://www.wmnc2015.com/

ATC 2015 — Int’l. Conference on
Advanced Technologies for Com-
munications, 14–16 Oct.
Ho Chi Minh, Vietnam
http://www.rev-conf.org/

APCC 2015 — 21st Asia-Pacific Con-
ference on Communications, 14–16
Oct.
Kyoto, Japan
http://www.apcc2015.ieice.org/

IEEE HEALTHCOM 2015, 17th IEEE
Int’l. Conference on e-Health Net-
working, Application & Services,
14–17 Oct.
Boston, MA
http://www.ieee-healthcom.org/index.html

WCSP 2015 — Int’l. Conference on
Wireless Communications & Signal
Processing, 15–17 Oct.
Nanjing, China
http://www.ic-wcsp.org/

MILCOM 2015 — Military Communi-
cations Conference, 26–28 Oct.
Tampa, FL
http://events.jspargo.com/milcom15/pub-
lic/enter.aspx

IOT 2015 — 5th Int’l. Conference on
the Internet of Things, 26–28 Oct.
Seoul, Korea
http://www.iot-conference.org/iot2015/

CNSM 2015 — 11th Int’l. Conference
on Standards for Communications
and Networking, 26–30 Oct.
Barcelona, Spain
http://www.cnsm-conf.org/2015/

IEEE CSCN 2015 — IEEE Conference
on Standards for Communications
and Networking, 28–30 Oct.
Tokyo, Japan
http://www.ieee-cscn.org/

IEEE ICSOS 2015 — IEEE Int’l. Con-
ference on Space Optical Systems
and Applications, 27–28 Oct.
New Orleans, LA
http://icsos2015.nict.go.jp/

N O V E M B E R

IEEE/CIC ICCC 2015 — IEEE/CIC Int’l.
Conference on Communications in
China, 2–4 Nov.
Shenzhen, China
http://www.ieee-iccc.org/2015/

IEEE COMCAS 2015 — IEEE Int’l.
Conference on Microwaves, Com-
munications, Antennas and Elec-
tronic Systems, 2–4 Nov.
Tel Aviv, Israel
http://www.comcas.org/

IEEE SmartGridComm 2015 — 6th
IEEE Int’l. Conference on Smart Grid
Communications, 2–5 Nov.
Miami, FL
http://sgc2015.ieee-smartgridcomm.org/

IEEE LATINCOM 2015 — IEEE Latin
American Conference on Communi-
cations, 4–6 Nov.
Arequipa, Peru
http://www.ieee-comsoc-latincom.org/2015/

IEEE OnlineGreenComm 2015 —
IEEE Online Conference on Green
Communications, 10–12 Nov.
Virtual
http://www.ieee-onlinegreencomm.org/2015/

–Communications Society portfolio events
appear in bold colored print.

–Communications Society technically co-
sponsored conferences appear in black italic
print.

–Individuals with information about upcom-
ing conferences, Calls for Papers, meeting
announcements, and meeting reports should
send this information to: IEEE Communica-
tions Society, 3 Park Avenue, 17th Floor, New
York, NY 10016; e-mail:
p.oneill@comsoc.org; fax: + (212) 705-8996.
Items submitted for publication will be includ-
ed on a space-available basis.

(Continued on next page)

Congratulations to  
Professor Peter Kirstein

The 2015 Marconi Fellow

Nominations now being 
accepted for the  

2016 Marconi Prize at  
marconisociety.org
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CONFERENCE CALENDAR

IEEE NFV-SDN 2015 — IEEE Confer-
ence on Network Function Virtual-
ization and Software Defined
Networks, 18–21 Nov.
San Francisco, CA
http://www.ieee-nfvsdn.org/

D E C E M B E R

IEEE GLOBECOM 2015 — IEEE Glob-
al Communications Conference
2015, 6–10 Dec.
San Diego, CA
http://globecom2015.ieee-globecom.org/

ITU-K 2015 — ITU Kaleidoscope: Trust
in the Information Society, 9–11 Dec.
Barcelona, Spain
http://www.itu.int/en/ITU-T/academia/kalei-
doscope/2015/Pages/default.aspx

WF-IOT 2015 — IEEE World Forum
on Internet of Things, 14–16 Dec.
Milan, Italy
http://www.ieee-wf-iot.org/

IEEE ANTS 2015 — IEEE Int’l. Con-
ference on Advanced Networks and
Telecommunications Systems,
15–18 Dec.
Kolkata, India
http://www.ieee-comsoc-ants.org/

IEEE VNC 2015 — IEEE Vehicular
Networking Conference, 16–18 Dec.
Kyoto, Japan
http://www.iiitmk.ac.in/coconet2015/index.ht
ml

COCONET 2015 — Int’l. Conference
on Computing and Network Commu-
nications, 16–19 Dec.
Trivandrum, India
http://www.iiitmk.ac.in/coconet2015/index.ht
ml

2016
J A N U A R Y

IEEE CCNC 2016 — IEEE Consumer
Communications and Networking
Conference, 8–11 Jan.

Las Vegas, NV
http://ccnc2016.ieee-ccnc.org/

M A R C H

OFC 2016 — Optical Fiber Confer-
ence, 20–24 Mar.
Anaheim, CA
http://www.ofcconference.org/en-us/home/

A P R I L

IEEE WCNC 2016 — IEEE Wireless
Communications and Networking
Conference, 3–6 Apr.
Doha, Qatar
http://wcnc2016.ieee-wcnc.org/

IEEE INFOCOM 2016 — IEEE Int’l.
Conference on Computer Commu-
nications, 10–15 April
San Francisco, CA
http://infocom2016.ieee-infocom.org/

IEEE/IFIP NOMS 2016 — IEEE/IFIP
Network Operations and Manage-
ment Symposium, 25–29 Apr.
Istanbul, Turkey

ComSoc 2015 Election: Take Time to Vote

Ballots were e-mailed and/or postal mailed 29 May 2015 to all Higher Grade* IEEE Communications Society Members and Affiliates (excluding

Students) whose memberships were effective prior to 1 May 2015.  You must have an e-ballot or paper ballot before you can vote.

Vote Now using the URL below.  You will need your IEEE Account username/password to access the ballot.  If you do not remember your pass-

word, you may retrieve it on the voter login page.

https://eballot4.votenet.com/IEEE

If you have questions about the IEEE ComSoc voting process or would like to request a paper ballot, please contact ieee-comsocvote@ieee.org

or +1 732 562 3904.

If you do not receive a bal lot by 30 June, but you feel your membership was val id before 1 May 2015, you may e-mail ieee-

comsocvote@ieee.org or call +1 732 562 3904 to check your member status.  (Provide your member number, full name, and address.) 

Please note IEEE Policy (Section 14.1) that IEEE mailing lists should not be used for “electioneering” in connection with any office within the

IEEE.  

Voting for this election closes 24 July 2015 at 4:00 p.m. EDT!  Please vote!

*Includes Graduate Student Members
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On 21 February 2015, IEEE R10 Industry Relations initiated
the IEEE Distinguished Lecture on Photonic Networks at Telkom
University, Bandung. The activity that is also strongly supported
by the IEEE Indonesia Section as well as the IEEE Communica-
tions Society Indonesia Chapter provides fertile conditions for
engineering since government, industry, and academica support it.

The IEEE Distinguished Lecturer on Photonic Networks was
Dr. Tetsuya Kawanishi, an IEEE Fellow and Director of the Light-
wave Devices Laboratory, NICT. The other speakers are Dr.
Denny Setiawan, Dr. Atsushi Kanno, Dr. Yusuf Nur Wijayanto, and
Dr. Ismudiati Puri Handayani.

The first speaker, delivering the keynote, was Dr. Denny Seti-
awan, Head of the Fixed and Land Mobile Services Group, Direc-
torate of Spectrum Policy and Planning, Directorate General of
Resources and Standards, Ministry of Communications and IT,
Republic of Indonesia. The topic was ‘Accelerating Broadband
Penetration in Indonesia.’ The keynote also highlighted the
importance of radio over fiber (RoF). After the keynote there
were three topics related to activities of the National Institute of
Information and Communications Technology (NICT), Japan: an
overview of the Photonic Network Research Institute; seamless
convergence of optical and radio technologies; and high function-
al electrical-to-optical conversion. There was also one topic from
Telkom University.

Dr. Tetsuya Kawanishi, an IEEE Fellow and Director of the
Lightwave Devices Laboratory, NICT, discussed the progress of
photonics technology to realize high-speed and high-precision
signal transport for future networks. Actually, future high-speed
communication technology requires drastic improvement of the
preciseness of optical signal generation and detection; advanced
optical modulation techniques with higher order multi-level mod-
ulation is relayed on the precise optical modulator. High extinc-
tion ratio optical modulator with an extinction ratio up to 70 dB,
which was developed by the NICT, is capable of advanced opti-
cal networking as well as precise clock distribution for radio
astronomy and high-precision radar system for surveillance of air-
port runways. 

Dr. Atsushi Kanno, Senior Researcher at the laboratory,
showed a possible solution for realization of seamless conver-
gence of optical and radio networks using radio over fiber (RoF)
technology. The seamless conversion helps realize functionality
of the link including possible reduction of transmission latency in
the entire link. RoF technology also realizes direct signal conver-
sion between the optical and radio signals in the millimeter-
wave band and even the terahertz wave band. Thus, high-speed
wireless signal transmission with capacity comparable to that in
advanced optical communication is realized by a coherent RoF

technology, which is com-
pr ised of a high-speed
digital signal processing
diverted from the recent
optical digital coherent
technology and the RoF
technique. 

Dr. Yusuf Nur Wijayan-
to, a researcher at the lab-
oratory, presented the
high-speed electrical-to-
optical signal converter
realized by a lithium nio-
bate optical modulator
direct ly equipped with
antennas on the substrate.
In general ,  the optical
modulator connected with
the antennas has relatively
large loss by connecting
the transmission l ines
between the electrode of
the modulator and the antenna, especially in high frequency
radio signals. Dr. Wijayanto performed patch antenna array direct
loaded on optical waveguides in the lithium niobate modulator.
The technology is capable for direct conversion from high-speed
and high-frequency radio signals to an optical signal. Additionally,
the array antenna has the other function: to detect incident radio
direction for applications to directional wireless communication,
sensing, and radar.

Dr. Ismudiati Puri Handayani from Telkom University pre-
sented Ultrafast dynamics in TbMnO3. Demand on high speed
data transmision in communication requires ultrafast optical
switching, which involves compatible devices exhibiting ultra-
fast response time. In this respect, it is crucial to explore the
dynamics of material response time under light illumination.
The electron dynamics might involve other degrees of free-
dom, such as spin and lattice, which subsequently determine
the characteristics of excited electron relaxation time. In the
study, time resolved optical spectroscopy is used to elucidate
the dynamics of photo excited electrons in TbMnO3, a multi-
ferroic material with the Néel temperature TN,1 of 41 K and
ferroelectric phase transtition, TN,2 of26 K. A 3,1 eV light,
which corresponds to oxygen to manganite charge tranfer, is
used to create free electrons while the 2 eV light is used to
probe the transient responds. The fast response t ime is
observed in the order of 30 ps. The result is interpreted as the
relaxation of doped spin-aligned carriers in the presence of an
underlying magnetic lattice in TbMnO3. The transient respons-
es while probing d–d intersite transitions show marked differ-
ences along different crystallographic directions, which are
discussed in terms of the interplay between the processes of
hopping of the photo-injected electrons and the magnetic
order in the material.

July 2015
ISSN 2374-1082

DLT on Photonic Network of Tetsuya
Kawanishi in Bandung, Indonesia
By Arief Hamdani Gunawan, Telkom Indonesia

Dr. Tetsuya Kawanishi, IEEE Fellows and Director
of the Lightwave Devices Laboratory, NICT deliv-
ered the progress of the photonics technology to
realize high-speed and high-precise signal trans-
port for future network.

DISTINGUISHED LECTURE TOUR
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On Feb. 18, 2015 we had the great pleasure to welcome
Prof. Koichi Asatani to the IEEE Montréal Section in Canada, visit-
ing us from his hometown in Kyoto, Japan. Prof. Koichi is no
stranger to the IEEE ComSoc community, given his involvement
in various leadership positions, the most recent one as the IEEE
ComSoc Membership Programs Development (MPD) Director. In
brief, he is an IEEE Fellow, IEICE Fellow, Professor Emeritus at
Kogakuin U. (Tokyo, Japan), Chair Professor at Nankai U. (Tianjin,
China), founder of the QoS Series Symposium at ICC and
GLOBECOM, an Executive Chair for ICC’11 (Kyoto, Japan), and
three times an IEEE ComSoc Distinguished Lecturer (DL): 2006-
2009, 2011-2012, and 2013-2014. Moreover, he is a well-
known speaker, and among other areas of prof ic iency in
communications, he is an expert on Gigabit fiber optic networks,
such as FTTH and G-PON.

Given the interest of our local membership in his research
area and his expertise, it was only natural for us to invite Dr. Asa-
tani to visit our Section. The idea then grew from a stand-alone
DL event into a wider North American (NA) Tour (DLT), where
Dr. Asatani would present his latest research in various cities
across Eastern Canada and the U.S. With this idea in mind, we
were pleased that the various NA ComSoc Chapters showed their
interest in this initiative. But most importantly, we were delighted
that Dr. Asatani was gracious enough to accept this multi-site
traveling and lecturing commitment.

To begin his journey, Dr. Asatani left Tokyo on Feb. 17 and
arrived on the same day in Montréal. The seminar was held on
Feb. 18 from 6-8 pm EST at the Engineering Building of Con-
cordia U. located in downtown Montréal. Despite the very cold
temperature and heavy snow storm in Eastern Canadian, the
event was a huge success, attracting more than 40 attendees.
This is in part due to a strong advertising campaign on diverse
platforms, including: IEEE vTools, IEEE eNotice Service, IEEE
Montréal LinkedIn Group, Chapter membership drive, and of
course Twitter. Moreover, personal emails were sent to local
scholars, professionals, and graduate students via SYTACom,
which is a collaborative center for telecommunications research
in the province of Québec. The audience was diverse and com-
posed of faculty members, post-doc researchers, and Ph.D. stu-
dents from Concordia U., McGill U., U. Québec, U. Montréal,
and INRS. We also had participants from the Canadian govern-
ment (NRC-IRAP), and various national and multinational
telecommunication companies, including Cisco Systems, Coge-
co, and Fonex.

The title of Dr. Asatani’s talk was “Trends and Issues of FTTH
and G-PON” (slides: http://drmoe.org/ieee/KoichiTalk_2015.pdf).
In short, Dr. Asatani succeeded in motivating the audience, by
explaining the fundamentals, requirements, and regulatory
aspects of Fiber-to-the-Home (FTTH) and Gigabit Passive Optical
Networks (G-PON). He also made interesting remarks and pre-
dicted that FTTH broadband technology will eventually replace
ADSL as the next-generation network due to its high-throughput
range in the Gbps range. Furthermore, he discussed global devel-
opments, the future of FTTH and G-PON standardization activi-
ties, and technological trends. He answered many interesting
questions, with exchanges and follow-up discussions, which were
effectively answered by Prof. Asatani.

In addition to the technical component, from the start to the
end of the talk, Dr. Asatani made the seminar friendlier by shar-
ing some cultural aspects of the great Japanese tradition. The
audience wassurprised to learn that in addition to being a top

scholar and a successful professor, he is also a black-belt 7th
Grand Master and a Karate instructor. In fact, he still trains martial
art students once a week. He is indeed a remarkable telecom
professor and well achieved personality!

As shown in the top photo, Dr. Asatani received a token of
appreciation and a memorable gift for his visit and for offering a
stimulating talk. We then distributed feedback sheets to anony-
mously evaluate the quality of the event. It was echoed by the
respondents that Prof. Asatani’s talk was very interesting, informa-
tive, and highly resourceful. Following the seminar, we also had
the opportunity and pleasure to entertain Dr. Asatani for a dinner
where we discussed various technical, administrative, and social
issues relevant to the ComSoc community. A snapshot of this
moment is shown in the bottom photo.

Montréal was Dr. Asatani’s first stop in a series of North Amer-
ican destinations. The next day, Feb. 19, he gave another talk in
Québec City at Laval University. He then traveled to the St. Mau-
rice Section and made a presentation on Feb. 20 at UQTR. On
Feb. 21 he returned to Montréal and continued his journey to
Austin, Texas. Dr. Asatani then delivered three lectures in the US:
on Feb. 23 in Austin, on Feb. 24 in San Antonio, and finally on
Feb. 25 in New Orleans. On Feb. 26 he headed back to Tokyo
and safely returned home the day after.

On behalf of the IEEE Montréal Section, we would like to pub-
licly highlight, acknowledge, and thank Prof. Koichi Asatani for his
total dedication, efforts, and instrumental role within IEEE Com-
Soc. Also, we would like to sincerely thank Mr. Fawzi Behmann,
the NA DLT/DSP Coordinator, for his hard work preparing Prof.
Asatani’s visit from Japan to six North American ComSoc Chap-
ters over 10 days. The task was not simple, but he took great
care to arrange the travel plans and synchronized the sequence
of events with all the Chapter Chairs in a detailed and precise
manner. Many thanks Mr. Behmann!

DLT of Koichi Asatani to Montréal,
Canada
By: Mouhamed Abdulla (U. Québec), Anader Benyamin-Seeyar
(Concordia U.), and Fabrice Labeau (McGill U.)

Dinner after seminar, left to right: Dr. Koichi Asatani, Dr. Anader Benyamin-Seeyar (Concordia
U.), and Dr. Mouhamed Abdulla (U. Québec).

IEEE Montréal ComSoc Chapter Chair, Dr. Anader Benyamin-Seeyar presenting a symbolic gift
to Dr. Koichi Asatani thanking him for his lecture.

DISTINGUISHED LECTURE TOUR
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RATEL, the Regulatory Agency for Electronic Communications
and Postal Services of the Republic of Serbia, celebrated its 10th
anniversary on April 23, 2015, with the participation of the repre-
sentatives of the regulatory bodies from the EU member coun-
tries, candidate countries, as well as from the Central and Eastern
Regional Working Group — Bulgaria, Macedonia, Albania, Turkey,
Poland, Montenegro, Slovenia, and Croatia — which shared their
experiences in regulating their markets. Dr. Milan Jankovic, CEO
and Director of RATEL since 2006, presented the highlights of
RATEL’s activities in the past 10 years. RATEL, and mainly Dr.
Milan Jankovic, played a crucial role in establishing and running
the Central and Eastern Regional Working Group (http://www.
ceeregionalworkinggroup.net) which put together interests in our
region. One of the main aims of RATEL is to put the Serbian
telecommunications market in line with the EU requirements, in
preparation for its admission to the EU.

THE CURRENT SERBIAN MARKET, AND THE
PRIME ACCOMPLISHMENTS OF RATEL

The Telecom Market by Year-End 2014: The total revenues
generated by the Serbian telecom market in 2014 were €1.62
billion, or 4.5 percent of country’s GDP. Mobile telephony con-
tributed 58 percent, fixed telephony 22.4 percent, Internet 11
percent, media content distribution 8 percent, and VoIP 0.1 per-

cent. The investments in the telecom sector amounted to €186
million. A comparative overview of the number of users and pen-
etration rate for the public fixed communication network, public
mobile communication network, Internet, and cable systems for
2012, 2013, and 2014 is given in Table 1. Among them, Inter-
net usage has the fastest growth due to the existing high speed
networks and competition.

Market Analysis and SMP Operators: Following the public con-
sultation procedure on the report on the analysis of the whole-
sale market for call termination on the public telephone network,
RATEL adopted a Decision on 29 December, 2014, designating
SMP operators and imposing obligations. The next round of the

Tenth Anniversary of RATEL, Serbia
By Milan Jankovic, RATEL, Serbia, and Nicolae Oaca, Romania
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Group photo of participants on RATEL’s tenth anniversary.

(Continued on Newsletter page 4)

ComSoc 2015 Election: Take Time to Vote

Ballots were e-mailed and/or postal mailed 29 May 2015 to all Higher Grade* IEEE Communications Society Members and Affiliates (excluding
Students) whose memberships were effective prior to 1 May 2015.You must have an e-ballot or paper ballot before you can vote.

Vote Now using the URL below.You will need your IEEE Account username/password to access the ballot.If you do not remember your pass-
word, you may retrieve it on the voter login page.

https://eballot4.votenet.com/IEEE
If you have questions about the IEEE ComSoc voting process or would like to request a paper ballot, please contact ieee-comsocvote@ieee.org

or +1 732 562 3904.
If you do not receive a bal lot by 30 June, but you feel your membership was val id before 1 May 2015, you may e-mail ieee-

comsocvote@ieee.org or call +1 732 562 3904 to check your member status.(Provide your member number, full name, and address.) 
Please note IEEE Policy (Section 14.1) that IEEE mailing lists should not be used for “electioneering” in connection with any office within the

IEEE.
Voting for this election closes 24 July 2015 at 4:00 p.m. EDT!Please vote!

*Includes Graduate Student Members

Table 1. A comparative overview of the number of users of the basic electronic communication services
in the last three years.

2012 2013 2014

Number
(thousands)

Penetration
(%)

Number
(thousands)

Penetration
(%)

Number
(thousands)

Penetration
(%)

Fixed lines 2,990.1 41.29 2,938 40.91 2,856.1 39.96

Mobile
users 9,137.9 126.19 9,198.7 128.09 9,344.98 130.76

Internet
subscribers 5,038.9 69.26 5,691.6 79.25 6,191,52 86.63

Cable 
subscribers 1,442.2 19.92 1,552.5 21.62 1,497 20.95

*Source: RATEL

REGIONAL REPORT
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TENTH ANNIVERSARY OF RATEL/Continued from page 3
market analysis for the remaining markets will take place in
2015. 

Technological Neutrality: Since 1 January 2015, technological
neutrality has been introduced in the 900 MHz and 2100 MHz
frequency bands by a RATEL decision. 

On 19 February, 2015 RATEL carried out the public bidding
process for the issuance of individual licences for the usage of
the radio frequencies in the 1710–1780/1805-1880 MHz fre-
quency bands. Upon completion of the public bidding process,
individual licences have been awarded to all three existing mobile
operators, who made the payment of the one-off l icence
issuance fee, €7 million each, to the Treasury of the Republic of
Serbia. The mobile operators provided the technology-neutral ser-
vices on 25 March, 2015, so the new generation of mobile com-
munications, 4G, is now available in the Republic of Serbia,
enabling better coverage and faster Internet.

The Ministry is drafting rulebooks on minimum conditions for
the issuance of the individual licence for the use of radio-fre-
quencies in the 800 MHz frequency band and for the available
5 MHz in the 1800 MHz frequency band.

Digital Switchover: The Ministry of Trade, Tourism and
Telecommunications adopted the Rulebook on the Transition
from Analogue to Digital Terrestrial Television Broadcasting and
Access to Multiplexes (“Official Gazette of RS,” no. 86/14, 18/15
and 30/15). This Rulebook defines frequency channels for the
first three multiplexes, procedure for accessing multiplexes, further
development of the Initial Network (experimental networkfor the
new technology), as well as the Digital Switchover Plan, which
defines the timetable for transition from analogue to digital terres-
trial broadcasting of the television programs per regions. The date
of the analogue switch-off for the first region was 15 April, 2015,
while the completion of the digital switchover was set for 17
June, 2015 in line with the international obligations of the
Republic of Serbia.

The digital signal of the Initial Network broadcast by the public
enterprise ETV covers more than 93 percent of the population.
ETV has the obligation to cover at least 95 percent of the popula-
tion with the programs in the first multiplex, and at least 90 per-
cent for the second multiplex by June 2015.

Additional funds were allocated to the transition to digital ter-
restrial TV. The negotiations with EBRD were finished in Septem-
ber 2014 with a loan agreement of €24 million for purchasing
the equipment for the distribution and broadcasting of the digital
terrestrial TV signal, as well as for the reconstruction of 56 loca-
tions from which this signal will be broadcasted. 

On 19 March, 2015 the Government of Serbia adopted a
Decree to establish support measures and requirements for
socially vulnerable consumers and the allocation of vouchers for
subsidized purchase of equipment for the reception of digital
television signals. 

Digital Switchover Finished by 7 June, 2015: Public promotion
of the digital switchover is primarily focused on the electronic
media, which are obliged to support the switchover process by
informing the citizens about the key issues. It also includes print
media, Internet portals, and social networks, and it will also entail
direct contact with citizens. This process is led by the Ministry
and public service broadcaster (RTS), while the partners in the
process are the Regulatory Authority of Electronic Media, RATEL,
and all broadcasters (national, regional, and local).

RATEL is also an active member in the international specific
entities in order to prepare national telecommunications for the
EU. Due to RATEL, Serbian telecoms are now in line with the EU
requirements and are waiting for admission, planned for 2020.

Have you joined the ComSoc Conference Chapter Challenge?
There is still time to lead the way and win this year’s top prize in the
ComSoc Conference Chapter Challenge. As active IEEE ComSoc
members, we invite you and your constituents to win up to $5,000
USD for registering in our society’s ongoing flagship and core events.
At the end of 2015, the three IEEE ComSoc chapters with the high-
est percentage of conference registrations per chapter member will
be awarded valuable funds for financing anything from educational
programs and networking functions to new member drives. 

How to Participate: It’s easy. Just do what comes naturally.
Attend ComSoc flagship or core conferences, and enter your
chapter code on the registration form under the “If referred by a
ComSoc Chapter, please state chapter name” question. Your
chapter code is your chapter name plus 2015. For example, Aus-
tria Chapter 2015 would be the code for the Austria Chapter. To
increase your chapter’s chances of winning, attend one or more
ComSoc flagship and core conferences, and encourage your fel-
low chapter members to do the same!

Prizes:
1st Place: $5,000 USD
2nd Place: $3,000 USD
3rd Place: $1,500 USD
Eligibility: To be eligible to participate in the Challenge, a

chapter must have at least one registration to any five ComSoc
flagship and core conferences. The remaining conferences
include CNS 2015, CSCN 2015, DySPAN 2015, GLOBECOM
2015, SmartGridComm 2015, CCNC 2016, or WCNC 2016.
Complimentary registrations will be excluded.

Duration: The Challenge runs until December 31, 2015.
Questions: If you have any questions on this competition or

would like to receive conference promotional material for distri-
bution to your IEEE ComSoc chapter members, please contact
Heather Ann Sweeney at h.sweeney@comsoc.org.

CHAPTER NEWS
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he arrival of the fifth generation (5G) is expected to
come together with three important enablers. First,

the densification of access nodes will continue. Second, 5G
networks must be highly flexible and adapt to the
dynamism of the traffic location and patterns. For this,
some of the radio access network (RAN) functionalities
will run in large computer centers, able to dynamically
assign more or fewer units of computation to the virtual
cells distributed in the network. Finally, a complex land-
scape of spectrum availability and access will emerge
where multiple frequency bands, subject to different regu-
lations including various forms of shared spectrum, are
expected to be available to wireless communication sys-
tems.

The discussions on spectrum demand in the ongoing
preparation phase for the International Telecommunica-
tion Union (ITU) World Radiocommunications Confer-
ence 2015 (WRC-15) are dominated by the dramatic
increase in mobile data volume caused by the rapidly
growing multimedia prosumption of end users. Licensed
shared access (LSA) and other concepts were developed to
address the resulting challenges.

The preparation for WRC-19, and the long-term discus-
sions on spectrum demand and usage concepts will be driv-
en by 5G visions and, more specifically, the coherence of
mobile communications solutions for many public and pro-
fessional user groups within an overall mobile landscape. It
is expected that this “5G” infrastructure will enable many
new services in domains such as intelligent traffic systems,
public safety, automation, e-health, transport, and logistics,
and will help them to become economically viable. This
trend will not only increase the overall spectrum demand
beyond the figures discussed at WRC-15, but will result in
additional requirements on spectrum resulting from the
high coverage, reliability, and availability requirements of
the new services to be supported. 

This Feature Topic provides an overview of the major
developments in the use of future 5G spectrum. The six
articles included in this issue describe new approaches for
the efficient use of spectrum as well as new band opportu-

nities that will have an impact on the coming ITU-R dis-
cussions.

The first article, “Spectrum Access System for the Citi-
zen Broadband Radio Service” by Munawwar Sohul et al.,
presents a survey on the current discussions about LSA in
the FCC framework. Special attention is paid to the con-
cepts of dynamic frequency assignment (DFA) and inter-
ference management (IM). Requirements, capabilities, and
a minimum set of information are extracted for these two
functionalities.

Once the general framework is provided from the U.S.
regulation point of view, the next article, “Toward Spec-
trum Sharing: Opportunities and Technical Enablers” by
Konstantinos Chatzikokolakis et al., presents the architec-
tural framework, and the challenges and opportunities
observed from the European point of view. Moreover, this
article presents a fuzzy-logic-based mechanism to make the
best decision concerning the type of authorization scheme.
The proposed algorithm uses a number of measurements
including, among others, network load, interference situa-
tion, and mobility patterns.

The third and fourth articles provide more specific
mechanisms for spectrum sharing. In particular, the third
article, “Coordination Protocol for Inter-Operator Spec-
trum Sharing in Co-Primary 5G Small Cell Networks” by
Bikramjit Singh et al., considers co-primary spectrum shar-
ing among a limited number of co-located RANs belong-
ing to different operators. In this framework, the authors
propose a non-cooperative coordination protocol for
mutual renting of spectrum in which operators agree on
the set of negotiation rules. With low signaling overhead,
no monetary transactions are involved; instead, spectrum
sharing is based on a RAN-internal virtual currency. The
protocol adapts to load and interference conditions, and it
has proven to be efficient in small cell scenarios.

On the other hand, the fourth article, “Spectrum and
License Flexibility for 5G Networks” by Adrian Kliks et al.,
discusses the idea of flexible licensing, which provides new
opportunities for spectrum holders to make additional
profit by renting portions of locally unused spectrum. Sev-
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eral concepts are analyzed in this framework; of special
relevance is the pluralistic licensing concept, which is the
focus of the article. The article also discusses the necessary
regulatory decisions made globally to facilitate these new
spectrum usage approaches in the context of 5G networks.

The last two articles address two specific spectrum situ-
ations, those in the United States and in China. The fifth
article, “Broadcast Television Spectrum Incentive Auctions
in the U.S.: Trends, Challenges, and Opportunities” by
David Gómez-Barquero and Winston Caldwell, presents
an overview of the future TV broadcast spectrum incentive
auction in the United States, and reviews the main busi-
ness, regulatory, and technical challenges for a successful
auction. In this case, the United States could be the first
country to make the upper portion of the 600 MHz band
available for mobile broadband, and it will become one of
the hot topics for WRC-19. The article also proposes a
new approach for a market-driven incentive auction, in
which primary users may resell frequency packs to other
interested players.

Finally, the sixth article, “5G Spectrum: Is China
Ready?” authored by Tan Wang et al., presents the Chi-
nese vision on 5G spectrum, including demands, potential
candidate bands, and use of spectrum. Moreover, starting
from the current framework of spectrum management in
China, this article offers an interesting classification of ser-
vices and evaluates the specific needs of bandwidth.

We would like to thank Dr. Osman Gebizlioglu, Joseph
Milizzo, Charis Scoggins, and Jennifer Porcello for their
continuous support and valuable comments to improve this
Feature Topic. We hope that the articles herein will
encourage readers of IEEE Communications Magazine to
contribute to the discussions on the future design, develop-
ment, and adoption of 5G technologies.
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A total of 105 delegates from 26 countries representing
about 60 different organizations met in Paris, France for the
16th ICIN conference to discuss new technologies from the
Internet and from the telecommunications industry. ICIN
2015 took place February 17–19, with the technical co-spon-
sorship of the IEEE and IEEE Communications Society, and
the support of Ericsson, Nokia, BroadSoft, Orange, and Insti-
tut Mines-Telecom. ICIN has a 26-year history of anticipating
the key trends in communications networks and services,
showcasing technologies and architectures that become vital
elements of delivering services.

The acceptance rate of the conference was 36 percent for
full papers. Each paper was evaluated by at least five review-
ers with an average of eight reviews per paper. 

The conference was structured around four tracks: Service
Webification (chaired by Roch Glitho, professor at Concordia
University); Network ITzation (chaired by Bruce Maggs, pro-
fessor at Duke University and VP Research of Akamai Tech-
nologies); Internet of Things (chaired by Jiangtao Wen,
professor at Tsinghua University); and Social Networking and
Customer Relationships (chaired by Raouf Boutaba, professor
at the University of Waterloo). Thirty-three research articles
were presented, plus eight poster presentations. 

The conference began with a tutorial focused on the Inter-
net of Things, delivered by Roberto Minerva, head of Innova-
tive Architectures at Telecom Italia’s Future Centre. This
tutorial illustrated that, in a future where almost anything will
be a potential network node, market growth will be driven by
the “servitization” trend (i.e. not merely selling products, but
providing services surrounding products). In this context, we
should anticipate a shift from a world where devices, net-
works, services, and information systems are clearly distin-
guished, to a virtual continuum between smart objects,
network, processing, and storage resources.

The conference was opened by Noël Crespi (Mines-Tele-
com Institute), Chair of the ICIN 2015 Technical Program
Committee, and Stuart Sharrock, Chair of the ICIN Interna-
tional Advisory Board. A series of keynote speeches were
delivered around the theme for the conference. Nicolas
Demassieux, VP Research from Orange, presented insights on
Orange research at the dawn of the fifth ‘digital’ era. Alistair
Urie, Director of Architecture Strategy and 5G at Alcatel-
Lucent and a Bell Labs Fellow, next gave a keynote on the
whys and wherefores of 5G: why, what and when 5G is com-
ing. He highlighted the need to design energy-aware protocols
and to set up APIs between applications and networks. Hen-
ning Schulzrinne, professor at Columbia University, presented
a keynote on the Internet of Things – Internet in the Small.
He highlighted some lessons learned from the Internet: quali-
ty is not a substitute for quantity; data link layers come and go
but IP stays; the age of application-specific is over (whether
for sensors, access channels, OS or protocols); and protocols
matter but programmability matters much more! In this per-
spective, the IoT is mostly about devices and not about chang-

ing the Internet: network parts are not really new or exciting,
but designing software-defined networked devices is still a
challenge. Bruce Maggs, professor at Duke University and VP
Research of Akamai Technologies, explained the role of Con-
tent Delivery Networks in protecting web sites from attacks,
illustrating his talk with real-life attacks. This capacity is
enabled by the role of CDNs in terminating TCP connections
to act as service frontends. David Soldani, VP Research of
Huawei, presented the pillars of Software-Defined 5G Net-
works: design principles, architecture, interfaces, functions,
and procedures looking at the 1ms latency requirement. Jan
Holler, principal researcher at Ericsson Research, detailed the
usage impacts of the Internet of Things for embedding more
intelligence into our networked society.

As usual, the ICIN conference is a good indicator of the
trends in academic and industry research in communication
networks and services. We observed that the IMS and VoLTE
completely dropped off the radar; nobody seems to be betting
on their capacity to provide breakthrough innovation. The main
emerging topic is the webification of communication services,
enabled by the WebRTC technology along with all-web sys-
tems. This is an entirely new field, and many of the usual mech-
anisms from communication services need to be rethought, for
example signaling, identity management, media plane, and net-
work QoS. Another avidly discussed domain was the Internet of
Things. The need for interoperability was unanimously shared,
e.g. with publish/subscribe mechanisms. Concerning the ITiza-
tion of networks, the need for programmability by user’s appli-
cations was mentioned, as well as the importance of applying
up-to-date software development paradigms to SDN/NFV, e.g.
DevOps, loose coupling, Hollywood principle, etc. 

Additional ICIN 2015 highlights included a closing session
where all the track chairs synthesized the upcoming trends in
their topic. Best paper and best presentation awards were also
given at the close of the conference. Paulo Chainho (Portugal
Telecom), Kay Haensge and Steffen Druesedow (Deutsche
Telekom), and Michael Maruschke (University of Leipzig)
won the best paper award for Signalling-On-the-fly: SigOfly.
Best presentation awards were given to Bichlien Hoang
(IEEE Future Directions) for How Will Rebooting Comput-
ing Help IoT? and to Jiangtao Wen (University of Tsinghua)
for An IoT Electric Business Model Based on the Protocol of
Bitcoin. The best poster award went to Iyas Alloush, Jacques
Simonin, Siegfried Rouvrais, Yvon Kermarrec (Telecom Bre-
tagne) and Vanea Chiprianov (University of Pau) for A
Model Driven Approach for Telecommunication Service Cre-
ation Environments Relying on Enterprise Architecture.
Feedback on the ICIN 2015 received verbally onsite and via
email after the closing ceremony was very positive. 

Planning for ICIN 2016 is already underway under the
leadership of Emmanuel Bertin of Orange Labs, Technical
Program Chair for ICIN 2016. The conference will take place
in February 2016 in Paris. For more information please visit
www.icin.co.uk

ICIN 2015: INNOVATIONS IN SERVICES, NETWORKS AND CLOUDS
CONNECTING PEOPLE, THINGS, AND MACHINES

NOEL CRESPI, INSTITUT-MINES TÉLÉCOM, TÉLÉCOM SUDPARIS, EVRY, FRANCE
EMMANUEL BERTIN, ORANGE LABS, CAEN, FRANCE
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INTRODUCTION

Wireless communities throughout the world
have recognized the shortage of spectrum for
commercial broadband uses and acknowledged
the urgent need for a global effort to make addi-
tional spectrum available for broadband data.
The European Telecommunications Standards
Institute is working toward a licensed shared
access (LSA) paradigm to enable mobile broad-
band services in the 2.3-2.4 GHz band [1]. In the
United States, following the spectrum policy of
the National Broadband Plan [2] and the Presi-
dent’s Council of Advisors on Science and Tech-
nology (PCAST) report [3], and building on the
experience of television white space (TVWS)
spectrum sharing [4], the Federal Communica-
tions Commission (FCC) has taken a series of
steps toward sharing federal spectrum with com-
mercial broadband applications. In 2010 the
National Telecommunications and Information
Administration (NTIA) identified a number of
potential spectrum blocks for shared access [5].
Later that year NTIA recommended the 3550-
3650 MHz (3.5 GHz) band as a “fast track”

band due to its limited propagation characteris-
tics and geographically limited incumbent opera-
tions. In 2012 the FCC issued a Notice of
Proposed Rule Making (3.5 GHz NPRM) to cre-
ate a new Citizens Broadband Radio Service
(CBRS) centered around a spectrum access sys-
tem (SAS) [6]. The 3.5 GHz NPRM encouraged
deployment of small cells and introduced an
innovative general authorized access (GAA) tier
to facilitate opportunistic and non-interfering
basis spectrum use. In 2013, responding to the
comments from different interest groups, the
FCC proposed an expanded eligibility for the
priority access (PA) tier and issued two public
notices (PNs) requesting comments on the
CBRS licensing approach and SAS [1, 7]. Based
on the interest groups’ responses to the 3.5 GHz
NPRM and licensing and SAS PNs, in 2014 the
FCC issued a further NPRM with regards to the
commercial operations in the 3.5 GHz band
(3.5 GHz FNPRM) [8]. 

The proposed CBRS with its spectrum shar-
ing concept can be a stepping stone to resolve
the spectrum deficit issues and potentially evolve
to 5G concepts. The SAS would take inputs
from incumbents regarding their spectrum uti-
lization and manage the secondary use of the
available spectrum opportunities. But the dynam-
ic spectrum management (DSM) approach natu-
rally discourages investment and participation
from the cellular industry by putting them out-
side the comfort zone of their existing techno-
logical capability and administrative structure.
So the dilemma in front of the FCC is to pro-
mote DSM and at the same time ensure partici-
pation of the wireless industry in the CBRS. In
this paper we will present a brief survey by sum-
marizing the stakeholder’s comments [9] in
response to the 3.5 GHz FNPRM. 

Our survey of this ongoing discussion yields a
number of important SAS functionalities that
are necessary for successful initial launch and
operation of the proposed CBRS. In this paper
we focus on two important SAS functionalities:
dynamic frequency assignment (DFA) and inter-
ference management (IM). To address the com-
plexity of the SAS functionalities and scale of
SAS responsibilities, we believe that a modular

ABSTRACT

As a part of the global effort to address the
overwhelming demand for wireless broadband
capacity, the wireless communities in the United
States have undertaken innovative initiatives
such as tiered-access to shared spectrum. The
Federal Communications Commission has pro-
posed a dynamic spectrum management frame-
work for a Citizen Broadband Radio Service
(CBRS) governed by a spectrum access system
(SAS). The implementation of a SAS capable of
dynamic frequency assignment and interference
management is critical for the success of the
proposed framework. In this paper we present
the efforts toward a spectrum sharing system in
the U.S. context by summarizing different inter-
est groups’ standpoint on the FCC proposed
framework. We also present an example SAS
architecture that accommodates the tiered access
to shared spectrum and example approaches to
achieve important SAS capabilities.
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composition of SAS with close interaction among
different modules will best serve the proposed
access framework. Following an “F-I-C” (func-
tionality-information-composition) approach, we
try to identify the required SAS module, capabil-
ities, and minimum set of information required
for DFA and IM functionalities. The reminder
of the paper is organized as follows. We present
a summary of the comments for the rules that
influence DFA and IM functionalities. Next, we
discuss the requirements of SAS considering the
inputs of the interest groups and outline a poten-
tial SAS architecture. We also introduce our ini-
tial work as example approaches to achieve two
of the required SAS capabilities. Finally, we
summarize the article and present suggested
future work.

OVERVIEW OF THE 3.5 GHZ FNPRM
In this section we briefly discuss only those rules
that influence DFA and IM functionalities. We
also present the standpoint of the major interest
groups about these proposed rules. Table 1 pre-
sents a tabular representation of different inter-
est groups along with associated organizations.

THREE-TIER ACCESS FRAMEWORK
The three-tier model provides the framework for
the proposed DSM approach. Existing primary
operations, including federal users and grandfa-

thered fixed-satellite service (FSS) earth sta-
tions, would make up the incumbent access (IA)
tier. The CBRS would be divided into PA and
GAA tiers of service, each of which would be
required to operate on a non-interference basis
with the IA tier. The FCC also proposed an
expanded eligibility for the CBRS where the
CBSDs (CBRS devices) are required to be
authorized and coordinated by one or more
authorized SASs.

Critics of the three-tier system, especially the
cellular industry, raised two important questions:
whether the proposed framework provides suffi-
cient certainty to attract investment, and
whether the existing technology is capable of
supporting the proposed framework. According
to the cellular industry, the primary reason for
the uncertainty is the introduction of DSM con-
cepts and the inability of the existing technology
to support such a dynamic approach. Com-
menters outside the cellular industry mostly sup-
ported the three-tier model, mentioning that the
proposed DSM approach is implementable using
existing technologies. Based on the experience of
the TVWS database operation, the existing geo-
location database technology and spectrum man-
agement platforms are capable of facilitating
tiered access to spectrum. The advocates of the
DSM approach argued that the dynamic
approach provides greater certainty and protec-
tion to all users, as the loss of any specific chan-

Table 1. Interest groups among the stakeholders.

Interest group Members/commenters

SAS/TVWS administrators Google, Telcordia Technologies, Comsearch, Spectrum Bridge

Dynamic spectrum access industry Federated Wireless LLC, InterDigital Inc., Microsoft Corporation, Shared Spec-
trum Company, xG Technology Inc.

Cellular
industry

Mobile network operators AT&T, Sprint Corporation, T-Mobile, Verizon and Verizon Wireless

Vendors Alcatel-Lucent, Ericsson, Motorola Mobility, Nokia, QualComm

Wireless industry associations

4G Americas, IEEE DySPAN-SC (Standard Committee), New America Founda-
tion and Public Knowledge, Telecommunications Industry Association, PCIA —
The Wireless Infrastructure Association and HetNet Forum, Wi-Fi alliance,
Wireless Innovation Forum, Wireless Internet Service Providers Association

Satellite Earth
station

S-Band satellite operation Satellite Industry Association, Baron Services Inc.

C-Band satellite operation Content Interest, National Public Radio, National Cable and Telecommunica-
tions Association

Utilities and CII
American Petroleum Association, Entelec, Exelon, Motorola Solutions, Iberdrola
USA Networks, Oncor Electric Delivery Company, Siemens Industry Inc., South-
ern Company Services, Utilities Telecom Council, Xcel Energy Services

Backhaul network BLiNQ, Cohere Technologies, Sprint Corporation

Others

Terrestrial fixed microwave
communications Fixed Wireless Communications Coalition

Communications for underserved
communities and tribal lands Blooston Coalition

Financial organization Cantor Telecom Services L.P.
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nel in any specific location does not result in the
loss of PA license (PAL) rights due to incum-
bent operations. We believe that the FCC needs
to work with all stakeholders to provide the nec-
essary certainty for commercial operations. 

ALLOCATION PROPOSAL FOR THE CBRS
The allocation proposal for the 3.5 GHz band
has four major aspects. First, it reserves 50 per-
cent of the 3.5 GHz Band for GAA use. After
accounting for IA tier use, the remaining spec-
trum will be assigned as PALs. Second, unas-
signed or unused PAL channels would be
available for GAA on an opportunistic basis.
Third, contained access (CA) users may request
up to 20 MHz of GAA spectrum to be reserved
inside a CA Facility. Fourth, the SAS dynamical-
ly assigns and maintains CBRS spectrum use in
real time, and there will be no fixed spectral
location for PA or GAA allocations. Although
PALs would be assigned in blocks of 10 MHz,
there is no fixed channel size for GAA use and
the GAA users would be permitted by SAS to
operate on a range of frequencies within the
GAA pool.

Prospective PA users opposed both the spec-
trum floor and opportunistic access provisions
for the GAA users. They argued that the GAA
spectrum floor may not leave enough spectrum
for PA users and violates the priority status of
the tier. Also, if the “use-it-or-share-it” approach
is adopted, the PA operator should be in charge
of determining the “use” status of PALs. Out-
side the cellular industry, a majority of the com-
menters agreed with both the GAA provisions.
The DSM industry requested a more aggressive
reservation of a minimum of 50 percent of the
available bandwidth for GAA use. The exact
partitioning of the band between PA and GAA
use would be determined dynamically, based on
need. In our opinion, the FCC should offer
explicit incentives for a widespread acceptance
of the allocation proposal as the allocation rules
will define the level of dynamism in the spec-
trum management of the CBRS.

TECHNICAL RULES FOR THE
CBSDS AND GENERAL RADIO REQUIREMENTS

The technical rules for the CBSDs were pro-
posed to ensure efficient spectrum use and coex-
istence among different tiers of CBRS. The FCC
proposed that the CBSDs must be able to deter-
mine their geographic coordinates to an accura-
cy of ±50 meters horizontal and ±3 meters
vertical. Further, a CBSD must check its posi-
tion every 60 seconds and report any changes in
its position within 60 seconds to the SAS. The
FCC proposed to require CBSDs to be interop-
erable across the entire band to facilitate dynam-
ic frequency assignment and to report any
interference exceeding a threshold established by
the SAS. 

The general radio requirements proposed a
list of conducted and emitted power limits for
different operational environments (FNPRM
§96.38(b) [8]). It also specified that the medi-
an signal strength of CBSD transmission on
the co-channel PAL boundary shall not
exceed –80 dBm/10 MHz. The rule proposed

an out -of -band-emiss ion  (OOBE) l imi t
of –13 dBm/MHz in the 3.5 GHz band, and a
more stringent limit of –40 dBm/MHz with a
transition gap of 30 MHz immediately outside
the band. The rule also specified that the PA
licensees must accept co-channel interference up
to a power spectral density (PSD) level not to
exceed –30 dBm/10 MHz, and the CBSDs must
accept interference in authorized areas of opera-
tion from federal radar systems up to a peak
field strength level of 180 dBuV/m.

The commenters acknowledged to the useful-
ness of geolocation reporting but pointed out
the inability of the existing technology to satisfy
the virtual accuracy requirement. Achieving the
timing requirements may also prove to be chal-
lenging. DSM supporters suggested that SAS
should be allowed to dynamically calculate worst-
case interference based on the location capabili-
ties of the device. Commenters also supported
the proposed rule for interoperability that the
CBSDs should be capable of dynamic frequency
selection across the entire band based on an
SAS channel assignment. The DSM industry
supported the rule for interference reporting
and agreed that SAS should use these reports to
determine suitable assignments and identify
sources of interference. The cellular industry
proposed that the interference resolution should
be left to the PA operators not to SAS.

A majority of the stakeholders requested
increased power limits. If the proposed limits are
adopted, SAS should have discretion to permit
higher power levels based on the location of the
CBSD and knowledge of incumbent operations.
Rather  than a  one-s ize- f i t s -a l l  threshold
of –80 dBm/10MHz, commenters suggested
that the PA and GAA service providers may
coordinate with each other to determine an
acceptable received signal strength (RSS) limit.
Members of the cellular industry opposed the
proposed OOBE limits as they do not comply
with the 3GPP TS 36.101 limits [10]. Com-
menters outside the cellular industry mostly
agreed with the proposed OOBE limit and
opposed adoption of more stringent limits. The
DSM industry suggested that appropriate OOBE
limits for specific operating environments should
be determined based on the need to protect spe-
cific operations at a given time, place, and fre-
quency. 

PROTECTION OF THE INCUMBENT OPERATIONS
The 3.5 GHZ FNPRM proposed that CBSDs
must comply with the proposed geographic
exclusion zones set forth in the Fast Track
Report to ensure compatibility with federal
operations. The SAS must ensure that CBSDs
do not operate within exclusion zones (EZ) and
immediately suspend operation of any CBSDs
found to be causing harmful interference to IA
users until such harmful interference can be
resolved.

Commenters from every interest group
agreed that the proposed exclusion zone effec-
tively makes the band unusable and a reduced
zone is critical to the acceptance of this band.
They pointed out two major drawbacks of the
proposed exclusion zone. First, the analysis of
the exclusion zone does not consider the opera-
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tional characteristics of small cell. Second, the
analysis unwarrantedly considers the protection
of CBRS operation. Some of the commenters
suggested that SAS should allow the CBSDs
coordinated access with incumbent operations.
Others suggested a more dynamic approach to
the exclusion zone by adopting interference pro-
tection as a criterion based on “real world”
incumbent use. In our opinion, the comments in
response to the proposed exclusion zone ask for
FCC initiatives to provide a more acceptable
incumbent protection approach.

PERSPECTIVE OF THE INTEREST GROUPS
The survey of the comments revealed four major
interest groups outside the federal incumbents:
the FSS earth stations, the utilities and critical
infrastructure industry (CII), the cellular indus-
try, and the advocates of the DSM approach.
The non-federal incumbents are concerned
about ensuring comfortable interference envi-
ronments for their operations. As expected, the
strongest opposition against the DSM approach
came from the cellular industry. The survey also
indicated that the cellular industry would find
them in a more favorable position if some of
their more justified concerns, such as determina-
tion of the PAL “use” status, resolution of any
interference scenario, and end-user frequency
assignment, are addressed. Although the DSM
supporters argue for a more aggressive role of
the dynamic SAS to manage spectrum usage, the
FCC can accommodate the above mention con-
cerns of the cellular industry without compro-
mising its vision of dynamic spectrum manage-
ment. To resolve any unwanted interference
issue, the SAS can instruct with the PA opera-
tors to adjust their operating parameters. Also,
SAS can avoid micro-management by dynamical-
ly allocating the PALs to the PA service pro-
viders and leaving end-use frequency assignment
to the PA operator. The SAS can also include
the PA user’s input to determine the PAL “use”
status. These simple modifications in the pro-
posed rules will allow the PA operators more
control over their operations, and at the same
time SAS will be able to manage the dynamic
spectrum sharing system more efficiently. 

SAS ARCHITECTURE FOR
DFA AND IM FUNCTIONALITIES

In this section we will discuss the requirements
of the SAS to carry out the DFA and IM func-
tionalities considering the inputs of the interest
groups and outline a potential SAS architecture.
In this example SAS architecture we trust the
PA operator to perform the end-user frequency
assignment and interference resolution of the
PA tier. The SAS would include the PA opera-
tor’s inputs while determining the PAL “use sta-
tus”.

SAS REQUIREMENTS
In order to efficiently execute the functionalities,
SAS must be able to coordinate with the incum-
bent and CBRS operations. Both DFA and IM
functionalities will require the SAS to access the
incumbent database to gather information about

incumbent spectrum usage. Depending on the
information provided by the incumbent, the SAS
may need to have the capability of using a geolo-
cation database and/or detecting the incumbent
operation through sensing. SAS also needs to
coordinate with the CBRS operations such as
authorizing the CBSDs, gathering CBSD infor-
mation including geolocation, interference envi-
ronment, radio parameters, and spectrum
demand with associated QoS requirements. SAS
should be able to dynamically allocate spectrum
to different tiers of the CBRS, and detect and
resolve any unwanted interference event.

EXAMPLE SAS ARCHITECTURE
The example SAS architecture has four major
modules: the incumbent manager, the CBRS
manager, the authorization module, and the SAS
database (Fig. 1). The CBRS manager has two
separate modules, the PA manager and the
GAA manager, to facilitate the operation of the
two tiers in the CBRS.

Incumbent Manager: The responsibility of
the incumbent manager is to ensure coordina-
tion with the incumbent operations. The
database access module fetches information
based on the prior agreement with the incum-
bent. The incumbent may agree to provide its
usage information such as duration of operation
or only the operational parameters such as trans-
mit power and location, antenna height, and
protection contour. The spectrum detection
module identifies the available opportunities
based on the information gathered by the
database access module. If the SAS is provided
with the incumbent’s operational parameters, it
can either use the geolocation database, sensing
technologies, or a database-plus-sensing
approach to identify the available spectrum

Figure 1. SAS architecture for DFA and IM functionalities.
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opportunities. If any interference event is identi-
fied, the database access module can gather
information about the spectral and geographical
location of the source and acceptable “time to
vacate” parameter. The incumbent protection
module should have the ability to inform the IM
module of the PA and GAA managers if the

incumbent suffers from any unwanted interference.
Authorization Center: The authorization

module helps the SAS to effectively carry out
both the DFA and IM functionalities. This mod-
ule should have the ability to receive informa-
tion from the CBRS users, perform the
authorization procedure, and inform the applica-

Table 2. SAS database information set.

Type of information Information set

CBSD authorization information

• Requested authorization status
• CBSD location
• Area of operation
• Antenna parameters
• FCC identification information
• Contact information

Spectrum opportunity
information

Assurance from the incumbent
• List of available opportunities
• Duration of opportunity
• Probability of PU return

Geolocation database approach

• Incumbent information
–Transmitter identity and geolocation
–Protection contour
–Transmission power
–Antenna parameters
–Interference tolerance capability

• Terrain profile
• Propagation model

Incumbent detection through
sensing

• Sensing node location
• Sensing node reputation
• Fusion center location

Spectrum information
for CBRS PA tier • Number of PAL channels available

• Number of active PAL channels

GAA tiers
• Spectrum allocation for CA users
• Spectrum available for GAA users
• PAL channels used by GAA users

Frequency assignment information

• Assigned PALs
• Assigned GAA frequencies
• Unused PA frequencies assigned for GAA use
• Assigned frequencies to CA users
• Available spectrum for future assignment

CBRS interference environment

• Interference environment among neighboring PALs
• Interference from GAA to PALs
• Interference environment of PALs near IA protection zones
• Interference environment of GAA near IA protection zones
• Interference environment of PALs near CAF

Incumbent interference
environment

Interference environment of the
incumbent

• Protection zones for the incumbent
• Coordinated access agreements
• CBRS frequency assignment near protection zones
• Incumbent interference tolerant capability
• Unwanted interference event
–Geographic area of interference
–Frequency of interference
–Time to vacate for CBRS
–Suggested radio parameters for CBRS

CBRS usage information
• List of CBSDs near incumbent protection zone
• Interference environment of PALs near the protection zone
• Interference environment of the GAA near the protection zone
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tions about their authorization status. Informa-
tion provided by the CBSDs for authorization
purposes allows the SAS to monitor the CBSDs’
operations and ensure that they are abiding by
the interference protection requirements of the
incumbents. The PA and GAA manager mod-
ules use this information to effectively execute
the DFA and IM functionalities.

PA Manager: The PA manager ensures the
available opportunities and dynamically allocates
spectrum for PA operation. This module needs
to coordinate with both the IA and GAA man-
ager to obtain the spectrum availability informa-
tion. The spectrum availability module prepares
a list of PAL channels available for future assign-
ment and also informs the GAA manager if any
PAL channel assigned to GAA users is to be
claimed back. The usage monitor module is
responsible for determining the usage status of
the PAL using the geolocation reports from the
PA users. The DFA module ensures dynamic
assignment of available PA spectrum with a best
effort approach toward contiguous allocation.
The IM module ensures that the users are abid-
ing by all the proposed radio requirements such
as transmission power and OOBE limits and
maintains a comfortable interference environ-
ment among the neighboring PA users.

GAA Manager: The GAA spectrum availabil-
ity module ensures the availability of the GAA
spectrum pool and unused PAL channels, and
accounts for the reserved CA spectrum. This
module coordinates with the spectrum availabili-
ty modules of the IA and PA managers and gen-
erates a list of available frequencies for the
GAA users. The DFA module receives the spec-
trum demands from the GAA users with associ-
ated QoS requirements and dynamically
schedules the available opportunities. The GAA
usage monitor and IM modules facilitate an
acceptable interference environment such that

the GAA devices do not cause any harmful inter-
ference to the higher tier users. If any unwanted
interference event is identified, the IM module
advices the GAA device to adjust its operating
parameters or informs the enforcement entity to
ensure a desired interference environment.

SAS Database: The SAS database gathers all
the information required by the above men-
tioned modules to perform the DFA and IM
functionalities (Table 2). The set of information
presented here serves as an initial framework for
the SAS database. The SAS database gathers
information on the CBSDs’ operational parame-
ters, interference environments, and spectrum
usage and availability information for each of
the CBRS tiers. Also, the SAS database needs to
gather information from the incumbent database
about its spectrum usage, operational parame-
ters, and interference environment.

EXAMPLE APPROACHES FOR
SAS CAPABILITIES

SAS requires a number of capabilities to effec-
tively perform the DFA and IM functionalities.
For example, effective duration of a spectrum
opportunity is an important factor for delivering
any desired level of QoS to the secondary users
(SUs) in shared bands. Also, the use of dedicat-
ed sensors deployed in key locations (e.g. along
the coast) could significantly improve opportuni-
ty detection and incumbent protection. In this
section we present two example approaches that
could help SAS to carry out the DFA and IM
functionalities in a more efficient way.

DURATION OF SPECTRUM OPPORTUNITY
Our work in [11] proposed a QoS assurance
(QoSA) approach, in place of QoS prediction,
centered around the SAS to get an idea about

Figure 2. QoS assurance for shared spectrum systems [11].
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the opportunity duration. QoSA is a probabilis-
tic assurance about each of the idle primary
users’ (PU) channels stating that the channel
under consideration will be available for sec-
ondary use for certain duration of time with
probability QoSA. The QoSA approach
requires minimal involvement from the PU and
reduces the likelihood of exposing sensitive PU
information using an “opportunity clustering”
mechanism. 

The SAS framework proposed to incorporate
the QoSA approach has two major blocks: the
incumbent SAS (I-SAS) and the secondary SAS
(S-SAS) (Fig. 2). I-SAS gathers the usage statis-
tics and the tentative future usage plan from the
incumbent database and calculates the proba-
bilistic assurance for each of the idle channels. I-
SAS then generates clusters of similar quality
opportunities based on the associated QoSA and
forwards it to the S-SAS through a secured gate-
way. Based on QoSA, the S-SAS helps the SU
resource manager (SU-RM), serving multiple
SU with different QoS demands, to perform an
assignment problem that maximizes the overall
spectrum efficiency for the shared bands.

In the existing approaches, SU is responsible
for providing interference protection to the PU,
whereas the QoSA approach allows the PU to
influence SU operation through SAS. The PU
can place additional guard time and guard band
to improve its interference protection. As the
SU-RM knows the probabilistic assurance about the
duration of the opportunity, it can plan ahead to
vacate the channel and avoid interference. 

The QoSA approach improves the overall SU
throughput by reducing the SU’s dependency on
the QoS prediction, protecting the SU from the
PU’s interference, and reducing probability of
missed opportunities. Also, it provides the SU
with an indication of the achievable QoS and
improves the opportunity scheduling. The simu-
lation results of [11] showed that the QoSA
approach improves the SU performance with
minimal increase in the collision time.

DETECTION OF
INCUMBENT THROUGH SENSING NODES

Incumbent detection using dedicated sensor
nodes deployed in key locations has been sug-
gested as one of the mechanisms to identify
spectrum opportunities. While detecting the
incumbents, use of multiple sensor nodes is
helpful to deal with the issues such as multi-
path and shadowing. Although the correlation
between different sensor nodes depends on the
inter-node distance, the availability of multiple
sensor nodes still increases the spatial diversity
and reduces the probability of deep fading
across all the sensor nodes. For sensor nodes
located in the predetermined area with uni-
form distribution and within the interference
range of the PU, simulation results in [12]
showed that the probability of detection
improves with the number of sensor nodes. In
the context of maritime incumbent detection,
we tried to find the sensor locations along the
coastline to minimize the total number of sen-
sors while achieving the desired probability of
detection. 

We used a greedy algorithm based sensor
placement similar to the constant-factor
approximation guarantee algorithm applied in
[13]. The selection of the set of sensors was
initiated with the first sensor at the closest
point in the line to the incumbent target, while
the greedy algorithm keep adding new sensors,
which satisfies the tradeoff between correlation
and path loss. During each step of the greedy
algorithm to search the next node, we only
consider the correlation between consecutive
nodes as the correlation from other nodes can
be considered negligible. Simulation results
suggested that a detection probability of 0.99
with a false alarm rate of 0.05 can be achieved
with as little as seven sensing nodes (Fig. 3).
Although this result simplified the sensing
problem, it implies that incumbent detection
with dedicated sensor nodes can be a practical
solution to consider.

CONCLUSION
To address the demand for wireless broadband
capacity, the wireless communities throughout
the world have taken significant steps including
creative solutions such as spectrum sharing. In
the United States, the FCC proposed to create
a Citizen Broadband Radio Service centered
around a spectrum access system (SAS) to
share the 3.5 GHz band with the incumbents.
Critics of the proposed framework are doubtful
whether the proposed framework will be able to
provide sufficient certainty to ensure the return
of investment. According to these critics, the
development of a SAS with functionalities of
such scale and complexity will take time and
delay the shared use of the band. For
widespread acceptance of the approach, SAS
must be able to effectively carry out two impor-
tant functionalities: dynamic frequency assign-
ment and interference management. In this
paper we presented a summary of different
interest groups’ standpoint on the proposed
rules that influence the DFA and IM function-

Figure 3. Illustration of sensor placement for incumbent detection and sim-
ulation context.
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alities and attempted to find the required SAS
composition and capabilities. This paper dis-
cussed the efforts toward a spectrum shared
system in the U.S. context and looks forward to
initiating a more focused analysis of the
required SAS composition and functionalities
to support the dynamic management of the 3.5
GHz band. The successful implementation of
the dynamic spectrum management approach
will significantly improve the spectrum usage
efficiency and influence the management
approach of other spectrum bands. This calls
for a coordinated effort from government,
industry, and academia to expedite the develop-
ment of the dynamic SAS and move forward
toward the dynamic spectrum management
regime.

REFERENCES
[1] T.E.T.S. Institute, “ETSI TR Mobile Broadband Services in

the 2300–2400 MHz Frequency Band under Licensed
Shared Access Regime,” vol. V1.1.1, ed. France: ETSI,
2013.

[2] FCC, “National Broadband Plan: Connecting America,”
retrieved September vol. 14, ed, 2010, p. 2010.

[3] “Report to the President: Realizing the Full Potential of
Government-Held Spectrum to Spur Economic Growth,”
PCAST, Ed., ed. White House, Washington, 2012.

[4] FCC, “Notice of Proposed Rulemaking, In the Matter of
Unlicensed Operation in the TV Broadcast Bands (ET
Docket No. 04-186) and Additional Spectrum for Unli-
censed Devices Below 900 MHz and in the 3 GHz Band
(ET Docket No. 02-380), FCC 04-113,” ed: May, 2004.

[5] NTIA, “Assessment of the Near-Term Viability of Accom-
modating Wireless Broadband Systems in the
1675–1710 MHz, 1755–1780 MHz, 3500–3650 MHz,
4200–4220 MHz, and 4380–4400 MHz Bands,” ed: Fast
Track Evaluation) (Oct. 2010).

[6] FCC, “FCC NPRM In the Matter of Amendment of the
Commission’s Rules with Regard to Commercial Opera-
tions in the 3550–3650 MHz Band,” FCC, Ed., ed.
Washington, D.C. 20554, 2012.

[7] FCC, “Commission Seeks Comment on Licensing Models
and Technical Requirements in the 3550-3650 MHz
Band,” vol. Docket 12-354, ed. Washington D.C. 20554,
2013.

[8] FCC, “FNPRM: Ammendment of the Commission’s Rules
with Regard to Commercial Operations in the 3550-
3650 MHz Band,” vol. Docket 12-354, ed. Washington
D.C., 2014.

[9] Comments in Reponse to the FCC 3.5GHz FNPRM avail-
able: http://apps.fcc.gov/ecfs/ (Proceeding No 12-354). 

[10] E.U.T.R. Access, “User Equipment (UE) Radio Transmis-
sion and Reception, 3GPP Std. TS 36.101,” ed.

[11] M. M. Sohul et al., “Quality of Service Assurance for
Shared Spectrum Systems,” IEEE Military Commun.
Conf. (MILCOM), 2014 , 2014, pp. 1471–76.

[12] W. C. Headley, V. G. Chavali, and C. R. C. M. da Silva,
“Exploiting Radio Correlation and Reliability Informa-
tion in Collaborative Spectrum Sensing,” IEEE Commun.
Lett., vol. 15, 2011, pp. 825–27.

[13] C. Guestrin, A. Krause, and A. P. Singh, “Near-optimal
sensor placements in gaussian processes,” Proc. 22nd
Int’l. Conf. Machine learning, 2005, pp. 265–72.

BIOGRAPHIES
MUNAWWAR M. SOHUL (mmsohul@vt.edu) received the M.Sc.
degree in communication and signal processing from Imperial
College, London, U.K., and the B.Sc. degree in electrical and
electronics engineering from Bangladesh University of Engi-
neering and Technology, Dhaka, Bangladesh. Currently he is
working toward the Ph.D. degree in electrical engineering in
the Bradley Department of Electrical and Computer Engineer-
ing, Virginia Polytechnic and State University, Blacksburg, VA,
USA, working with Dr. J. H. Reed. His research interest in wire-
less communication and signal processing includes spectrum
sharing, opportunistic spectrum access, carrier aggregation,
self-organizing networks, and cognitive radios.

MIAO YAO (miaoyao@vt.edu) received a B.S. degree in elec-
trical engineering from Beijing Jiaotong University in 2007
and an M.S. degree in microelectronic and solid state elec-
tronics from Tsinghua University in 2010. He is currently
working toward his Ph.D. degree at Virginia Tech. His pri-
mary research interests are dynamic spectrum access related
research issues and energy efficient resource allocation algo-
rithms in next generation cellular communication systems.

TAEYOUNG YANG (mindlink@vt.edu) received the M.S. and
Ph.D. degrees in electrical engineering from Virginia Tech in
2003 and 2012, respectively. He received B.S. and M.S.
degrees in electronic engineering from Sung-Kyun-Kwan Uni-
versity, South Korea, in 1997 and 1999, respectively. He has
strong theoretical background in radiation physics, co-site
interference, and size-performance limits of wireless devices.
Along with the theoretical background, he also has extensive
hands-on experience in antennas, RF, sensors, and measure-
ments. While he was one of the core faculty members at
Wireless @ Virginia Tech in 2013 and 2014, he contributed
to the development of core technologies for opportunistic
spectrum access and cognitive wireless infrastructure. He is
currently a research scientist at Intel Corporation.

JEFFREY H. REED [F] (reedjh@vt.edu) is the Willis G. Worces-
ter Professor in the Bradley Department of Electrical and
Computer Engineering at Virginia Tech. He currently serves
as Founder of Wireless @ Virginia Tech, one of the largest
and most comprehensive university wireless research
groups in the U.S., and is the Founding Faculty Member of
the Ted and Karyn Hume Center for National Security and
Technology. Since joining Virginia Tech in 1992 he has
been PI or co-PI of approximately 100 projects covering
areas such as software radio, cognitive radio, ultra wide-
band, and channel modeling. He is cofounder of CRT Wire-
less, a company that is developing cognitive radio
techniques for commercial and military systems, and Power
Fingerprinting, a company focused on embedded device
security. He has served on panels, coordinated numerous
workshops and conferences, and served on advisory groups
for the Department of Commerce, Department of Defense,
the State of Virginia, and NSF, as well as technical advisory
boards for many companies. Recently he served as associ-
ate editor for the Proceedings of the IEEE issues on cogni-
tive radio. He is a Fellow of the IEEE for contributions to
software radio and communications signal processing and
for leadership in engineering education, and is a past
recipient of the College of Engineering Award for Excel-
lence in Research. He is the author of three books and
more than 200 journal and conference papers. Dr. Reed
has two new books scheduled for publication in 2012 in
the areas of cellular communications and software defined
and cognitive radio. He received his B.S., M.S., and Ph.D.
degrees from the University of California, Davis.

The successful imple-

mentation of the

dynamic spectrum

management

approach will signifi-

cantly improve the

spectrum usage effi-

ciency and influence

the management

approach of other

spectrum bands. This

calls for a coordinat-

ed effort from gov-

ernment, industry,

and academia.

SOHUL_LAYOUT.qxp_Author Layout  7/6/15  2:53 PM  Page 25

http://apps.fcc.gov/ecfs/
mailto:mmsohul@vt.edu
mailto:miaoyao@vt.edu
mailto:mindlink@vt.edu
mailto:reedjh@vt.edu


IEEE Communications Magazine • July 201526 0163-6804/15/$25.00 © 2015 IEEE

Konstantinos Chatzikoko-
lakis and Nancy Alonisti-
oti are with National and
Kapodistrian University of
Athens.

Panagiotis Spapis and
Alexandros Kaloxylos are
with Huawei Technologies.

INTRODUCTION

Traffic analysis indicates that mobile and wire-
less networks will have to cope with a huge
increase of data traffic over the next decade.
This will occur due to the vast proliferation of
mobile and wireless devices and the growing
need for traffic volume per subscriber. More
specifically, over 4 billion mobile devices (i.e.,
laptops, tablets, and smartphones) exist in the
mobile service market, and an 11-fold increase
of mobile data traffic by 2018 compared to 2013
is expected [1]. In addition, the actual traffic vol-
ume per subscriber increases 25–40 percent per
year exceeding; hence, the expectations set by
the International Telecommunication Union
(ITU) [2, 3].

The Third Generation Partnership Project
(3GPP), motivated by the increased mobile data
traffic volume, has encouraged the research
community to move in three directions: 
• Spectral efficiency improvement
• Higher network cell density
• Exploitation of underutilized radio spec-

trum resources [4]
The first solution includes coordinated multi-
point (CoMP) transmission using sophisticated
multiple-input multiple-output (MIMO) tech-

niques and interference management mecha-
nisms. The second area deals with the addition
of extra layer cells in the network with base sta-
tions (BSs) that cover smaller areas compared to
macro and micro BSs. These solutions include
femtocells and the use of relay nodes.

In this article, we focus on the third aspect,
which deals with the extension of spectrum oppor-
tunities for mobile broadband access. Nowadays,
a mobile network operator (MNO) acquires from
the national regulatory authority (NRA) spectrum
resources, which through network planning are
allocated in different geographical areas. The re-
allocation of underutilized spectrum resources to
congested areas is a slow process that requires
thorough investigation of underused or overload-
ed frequency bands (for months or even years)
and may require spectrum refarming. However, in
the near future spectrum scarcity will call for
more dynamic, flexible, and fast solutions. Up to
now, flexible radio spectrum management has not
been a preferable option because the allocated
spectrum is more or less sufficient to cover the
current needs of MNOs. Moreover, MNOs are
reluctant to share or acquire spectrum to/from
other operators or licensed spectrum users. In the
near future, spectrum sharing will be a necessity
since the aforementioned alternative solutions
(e.g., MIMO, CoMP) will not be able to cover
MNOs’ needs in capacity. Thus, new schemes to
identify spectrum opportunities and decide the
most profitable choice for MNOs have to be
designed.

Toward efficient spectrum management, sev-
eral authorization regimes and spectrum access
schemes are currently used or being investigated.
These regimes may be divided into two cate-
gories based on the license that is provided to
the users: individual authorization approaches
and general authorization approaches (also
known as license exempt or unlicensed).

In individual authorization regimes we distin-
guish exclusive, co-primary and licensed shared
access (LSA) schemes. In general authorization
regime, unlicensed shared access (i.e. Wi-Fi,
Bluetooth, etc.), and secondary horizontal shared
access (i.e. TV White Spaces) are used, but do
not manage to fill the capacity gap due to lack of
quality of service (QoS) guarantees for end users

ABSTRACT

The vast increase in the number of mobile
devices and their mobile traffic demands indi-
cates the need for additional spectrum for cellu-
lar communications. Since it is not trivial to
allocate exclusively new spectrum bands for cel-
lular communications, it is imperative to improve
the spectrum usage through new spectrum shar-
ing mechanisms. This implies that the mobile
network operators will have to cooperate and
interact to cover the augmented traffic require-
ments. In this article we present a novel archi-
tectural framework that enables the mobile
network operators and other spectrum license
holders to exchange information about spectrum
availability. We also present a novel spectrum
sharing mechanism based on fuzzy logic to facili-
tate operators in selecting the most suitable
spectrum to cover their needs.

5G SPECTRUM: ENABLING THE FUTURE MOBILE
LANDSCAPE

Konstantinos Chatzikokolakis, Panagiotis Spapis, Alexandros Kaloxylos, and Nancy Alonistioti

Toward Spectrum Sharing:
Opportunities and Technical Enablers

CHATZIKOKOLAKIS_LAYOUT.qxp_Author Layout  7/6/15  2:11 PM  Page 26



IEEE Communications Magazine • July 2015 27

[5]. On the other hand, co-primary and LSA
authorization options have recently been intro-
duced as complementary methods to the exclu-
sive use so as to ensure predictable QoS for the
users. Co-primary authorization assumes spec-
trum trading among MNOs in their exclusive
spectrum. The LSA authorization option enables
the MNOs to use spectrum allocated to an
incumbent user.1 The fact that the co-primary
and LSA authorization options provide pre-
dictable QoS to end users is the rationale behind
their popularity in the research community and
in standardization groups. However, it should be
noted that until now there has been no unified
approach that will enable MNOs to advertise/dis-
cover and acquire spectrum chunks in a specific
geographical area. In this article we introduce an
architectural framework that addresses this issue
for the co-primary and LSA spectrum cases.

The previously described spectrum flexibility,
which could potentially solve the problem of
spectrum scarcity, has also raised questions
regarding the way an MNO could identify the
most suitable spectrum fraction for covering its
needs. Different approaches have been used,
such as game theory [6] and interference mitiga-
tion [7]. However, these solutions identify the
need for additional spectrum chunks and proceed
in spectrum acquisition or bids for spectrum,
without considering the special characteristics of
the traffic or its sources (e.g., the mobility of
users). This implies that an MNO may proceed
in acquiring spectrum not suitable for the traffic
characteristics and the mobile users it wants to
support. Since this is a complex problem that
requires the evaluation of multiple criteria we
introduce a fuzzy-logic based mechanism that can
be used by an MNO to decide which type of
authorization scheme to select based on different
monitoring measurements such as network load,
interference, and mobility of users.

The rest of the article is organized as follows.
We present the multi-operator spectrum sharing
schemes. We illustrate a new architecture that
combines LSA and co-primary spectrum sharing
information to assist MNOs in discovering spec-
trum opportunities. We also describe in detail
the information that needs to be exchanged for
such an interaction. We propose a scheme based
on fuzzy logic for identifying the proper autho-
rization option for handling the user’s (and the
MNO’s) requirements in a specific geographical
area. We conclude the article and discuss the
outcomes of our research.

MULTIOPERATOR SPECTRUM
SHARING SCHEMES

CO-PRIMARY SHARING
Co-primary sharing enables joint use of parts of
licensed spectrum between primary license hold-
ers with the same regulatory status (e.g., MNOs)
[8]. Some schemes have been proposed in the
literature focusing on dynamic spectrum access
in multi-operator environments. The decisions
on spectrum sharing among MNOs may be based
on solving optimization problems (e.g., modeled
as competitive game theoretic approaches [9]).
Other schemes may rely on the cooperative

approaches (e.g., existence of common spectrum
pool after mutual agreement [10]). However,
such solutions focus on the identification of
spectrum needs without delving into detail
regarding the information exchange for realizing
the sharing concept. Reference [11] provides an
architectural framework focused on sharing com-
mon spectrum resources. The proposed frame-
work is driven by three scenarios based on the
timescale of the sharing, that is, short, medium,
and long term. In the short-term scenarios, a
mobile user will cover her needs using spectrum
chunks from another operator (i.e., not the one
to which she is linked with a contract) thus
requiring inter-operator agreements. In the
medium-term scenarios the operator will pro-
ceed in negotiations with another operator and
eventually buy a set of spectrum chunks for a
short to medium timescale. Finally, in the long-
term scenarios the spectrum chunks are “rented”
for minutes or even hours between MNOs, thus
enabling the spectrum licensee to proceed in
long-term strategy planning. In medium- and
long-term scenarios a mechanism for coordinat-
ing the overall procedure is required for charg-
ing and avoiding use of the same spectrum
chunks simultaneously from two or more enti-
ties. However, the proposed scenarios in [11] do
not focus on information exchange or provide a
holistic architectural view of the network. In this
article we focus on providing a common frame-
work for the last two cases where two or more
operators need to cooperate in order to buy/sell
chunks of spectrum in an area. In addition, our
proposed framework is also extended to other
sharing schemes such as the LSA.

LICENSED SHARED ACCESS
The LSA concept is a complementary regulatory
paradigm to other schemes (i.e., exclusive access,
unlicensed shared access, etc.) that enables shar-
ing of spectrum between the initial rightful users
of the frequency band (e.g., radio telescope) and
a limited number of new users (e.g., MNOs),
which will be granted individual authorizations
and will be able to use the spectrum according to
the sharing rules included in their rights of use
[12]. The former will be referred to as incumbent
users for the rest of this document, and the latter
ones will be referenced as LSA licensees.
Although an LSA licensee could be anyone inter-
ested in acquiring additional spectrum, we focus
on MNOs as the growth of mobile data traffic
and the spectrum scarcity problems indicate that
this will be the first practical use case of LSA to
provide access to additional spectrum [13].

In the process of spectrum sharing using the
LSA concept, spectrum usage rights will be
granted to LSA licensees by the NRA who is
responsible for protecting the incumbent users.
Furthermore, access exclusivity to spectrum
resources over time, space, and frequency
domains among LSA licensees is required in
order to avoid mutual interference among them
and deliver services with predictable QoS. How-
ever, our view is that an LSA system should pro-
vide the flexibility of spectrum sharing between
two or more LSA licensees as such mutual agree-
ments should not be excluded. More specifically,
spectrum acquired by an LSA licensee should be

1 Incumbent users in
LSA are considered any
license holders (e.g.,
radio telescopes, U.S.
Coast Guard) except
MNOs.
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exploitable in several ways from exclusive use
(currently covered by the RSPG and ECC) to
mutual renting for the specific time period for
which it is given to the licensee. However, our
view implies that the incumbent user may not be
aware of the actual user of the spectrum, which
shall be tackled by the NRA.

The LSA scheme is an alternative to the fixed
allocation of frequency bands that has many
advantages for the incumbents and licensees
compared to other spectrum sharing schemes. It
offers the incumbent user the confidence that his
use of spectrum will remain unhindered, and
LSA licensees are authorized to exploit unused
spectrum provided by incumbents, which implies
that they will enjoy high QoS without harmful
interference from the incumbent. However, it
should be noted that there is no obligation in
the LSA system to coordinate spectrum access of
multiple LSA licensees, which may lead to inter-
ference among them.

COMBINED MODEL FOR
LSA AND CO-PRIMARY SHARING

Based on the previous discussion it is clear that
an MNO that wishes to discover spectrum oppor-
tunities will have to select between more than
one spectrum sharing schemes. In this section, we
present a unified architectural framework that
enables MNOs to easily discover available spec-
trum chunks under LSA or co-primary spectrum
sharing schemes for a specific geographical area.
We also discuss in detail the required informa-
tion to discover any spectrum availability.

Combined Functional Architecture for LSA
and Co-Primary Sharing: Standardization bod-
ies and NRAs have been working toward ensuring
all the assumptions, requirements, and obligations
of the involved actors in spectrum sharing
schemes. For the description and analysis of LSA
schemes, the Conference of Postal and Telecom-
munications Administrations (CEPT) has set up a
Working Group [13] to prepare a report on an
LSA regulatory framework in collaboration with
European Telecommunications Standards Insti-
tute (ETSI) Reconfigurable Radio Systems (RRS)
Working Group 1 (WG1). The former aimed to
provide guidelines to CEPT administrations in
relation to the implementation of LSA and estab-
lish the regulatory provisions for LSA implemen-
tation in the 2.3 GHz band. The latter has recently
published a System Reference document high-
lighting the applicability of mobile broadband ser-
vices in the 2.3–2.4 GHz frequency band under an
LSA regime [14]. Until now, this process has pro-
duced a high-level functional view. However, the
analysis is still in a very early stage and does not
describe in detail eithr the functionalities of the
LSA system or the information that needs to be
exchanged. On the other hand, co-primary spec-
trum sharing has yet to be defined with regard to
the involved functional entities and the communi-
cation among the actors. In this article, we pro-
pose a novel and enhanced functional architecture
that unifies the model of LSA and co-primary
sharing. Note that although in the proposed
architecture the presence of a central logical enti-
ty for coordinating the MNOs is assumed, such an

entity could actually be distributed to more than
one physical entity.

The proposed architecture, as illustrated in
Fig. 1, is based on the architecture components
introduced by CEPT for LSA, and is enhanced
with coordination and spectrum controller com-
ponents to extend the applicability of the model
to a co-primary sharing scheme. The fundamen-
tal entities of the proposed architecture are the
following:

NRA/regulator: This guarantees and provides
use of rights to the actor requesting spectrum
resources (for LSA and co-primary spectrum
sharing) and will determine LSA spectrum award
rules for the incumbent in the LSA case.

Incumbent User: This is only related to the
LSA sharing scheme, and its role is to provide
information for the unused spectrum to the LSA
repository, which will be used by LSA
licensee(s).

MNO: It is granted authorization access from
the NRA and exploits the unused spectrum
offered by other actors (incumbent users in LSA,
other MNOs in co-primary sharing).

LSA repository: This maintains the input/data
and the technical and security requirements
received from the incumbent users.

LSA information translator: It constructs a
model that indicates the way spectrum is con-
sumed by the incumbent users in terms of time,
space, and frequency, based on the aggregated
data stored in the LSA repository. Then this
information is translated to its complementary
data, which indicate spectrum availability. The
produced information is structured in GeoSpec-
trum schedules. A GeoSpectrum schedule is a
construct that includes location information and
spectrum usage information. Further details are
given in the next subsection.

Spectrum pool: This aggregates information
related to available spectrum, either offered by
an incumbent user or mutually agreed among
MNOs.

Coordination entity: It is responsible for han-
dling requests for spectrum from MNOs and
providing them with spectrum resources. The
coordination entity is also responsible for query-
ing the spectrum pool based on the spectrum
requests from MNOs.

Spectrum controller: This is part of the MNO
and comprises two subelements: the LSA con-
troller and the co-primary controller. The spec-
trum controller is responsible for sending
requests for additional spectrum resources to the
coordination entity. A decision making process
that takes into consideration various network
monitoring measurements (traffic load, packet
error rate, latency, etc.) is included in this entity
to determine whether LSA or co-primary
resources are more suitable for handling the
increasing network demands. Furthermore, it is
responsible for providing the spectrum availabili-
ty information received from the coordination
entity to the operations, administration, and
maintenance (OAM) block of the MNO.

OAM: In case the network lacks resources, the
OAM entity will detect the corresponding event
and notify the spectrum controller. If a new spec-
trum chunk is acquired, the OAM will allocate
the new resources to the network elements.
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Radio resource management (RRM): It pro-
vides monitored information (e.g., congestion
level, blocking rate) to the OAM and receives
information from it about any newly allocated
spectrum chunk.

The following section describes the informa-
tion being exchanged among the above-described
entities for enabling the spectrum sharing frame-
work.

Information Exchange Structures : The
MNOs periodically inform the spectrum pool
regarding their available spectrum resources in
order to enable the spectrum sharing process.
The information to be provided is related to
spectrum availability with regard to time, space,
and frequency domains. Such information is
formed as a spectrum availability information
data structure similar to the structures of Proto-
col to Access White Spaces (PAWS) for building
geolocation databases to exploit TVWS [15].
Figure 2 depicts the composition of this data
structure. More specifically:
• Spectrum availability information is a list of

geospectrum Schedules.

• A geospectrum schedule incorporates loca-
tion information and a list of spectrum
schedules for each location, thus implying
availability over space for the associated list
of spectrum schedules.

• A spectrum schedule indicates availability
over time (i.e., parameters start time and
end time) for a set of spectrum chunks
(highlighted as available spectrum data
structure).

• Spectrum chunks are characterized by the
operating bandwidth and a list of frequency
ranges to indicate the spectrum chunks’
availability over frequency bands.

• Frequency range is characterized by boundaries
(i.e., lower frequency and higher frequency
parameters) and the maximum effective
isotropic radiated power (EIRP) density.
The spectrum availability information is calcu-

lated in the coordination entity based on the data
aggregated to the spectrum pool from license
holders (either MNOs or other incumbent users).
This information is being provided from the
coordination entity to the spectrum controller
entity of the MNO and from there to the OAM.

Figure 1. Combined co-primary and LSA shared access functional architecture.
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A fundamental requirement for the proposed
system is not to burden the initial license holders
with complex calculations. In the LSA case the
incumbent users provide reports relevant to their
configuration and the way they use their acquired
spectrum. Such information cannot be used direct-
ly by the MNOs, who need to know the time/fre-
quency/location domain in which spectrum
resources are available. Thus, a translation process
is required to transform the spectrum consump-
tion characteristics to a spectrum availability
schedule such as the one described above. The
LSA information translator undertakes this task
and incorporates the spectrum availability infor-
mation to the spectrum pool. The information
required from the LSA information translator for
building the spectrum availability information is
aggregated to the LSA repository based on inputs
from the incumbent users. The type of informa-
tion that our proposed system shall collect could
be summarized in the following list:
• Spectrum occupancy characteristics: the

spectrum mask together with space (i.e.,
location) and time (i.e., start time and end
time) details that defines the spectrum
occupied by an incumbent user

• Power characteristics: the total power and
power map that determine the incumbent
user’s transmission characteristics

• Propagation characteristics: suggests the
propagation map and minimum power den-
sity that determine the attenuation level

• Geographical area information: conveys the
region where RF components exist

• Time details: consists of the start time and
end time that determine the time period
during which the incumbent user is using
the spectrum resources with the aforemen-
tioned characteristics
The previous information may be further

decomposed to a set of data constructs. Table 1
summarizes the data constructs required from
the LSA information translator for the extrac-
tion of spectrum consumption model of each
incumbent user.

FUZZY LOGIC BASED
SPECTRUM ALLOCATION

The previously described architecture enables the
MNOs to discover information about any spec-
trum opportunities and proceed in agreements
for sharing spectrum. However, the way that each
MNO decides which spectrum is more suitable
for covering its needs has yet to be defined. Sev-
eral proposals exist in the literature based on
game theoretic approaches [6], cooperative inter-
ference compensation [7], and so on, but do not
take into account the MNOs’ special needs
regarding network load trend, user requirements,
user mobility, and so on. The diversity of these
inputs and the complexity of the problem make it
hard to handle in real-time timeframes. Thus, we
propose the introduction of a reasoning scheme,
based on fuzzy logic controllers, to identify the
most suitable spectrum for covering an MNO’s
needs in a specific location and time. Fuzzy logic
is an ideal tool when dealing with multi-variable
problems with fuzzy inputs and often contradic-

Figure 2. Spectrum availability information structure.
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Table 1. Spectrum consumption model data structures applicable to the
LSA spectrum sharing case.

Spectrum consumption model data constructs

Data construct Description

Total power
Defines the total power on the radio side of the antenna
and it serves as the reference value for relative power
values found in other constructs.

Spectrum mask Specifies spectral power density of a transmitted signal,
i.e. the spectral bounds of the signal

Underlay mask

Specifies the spectral power density relative to a maxi-
mum power density at a receiving antenna of the maxi-
mum allowed interference by a remote interfering
transmission.

Propagation map
Specifies a rate of attenuation by direction. This rate is
specified using the exponent of the log-distance pathloss
model.

Power map Specifies the directional values of the transmitted power
density relative to the total power of the model.

Location Conveys the location or region where RF components
(transmitters/receivers) may be.

Start time
The start time is the time that a model begins to apply.
The start time may also be used to define a periodic use
of spectrum that begins with the start time.

End time The end time is the time that a model stops applying.

Minimum power
density

The minimum power density specifies the attenuation
level where transmitted signals are no longer protected.
It is used as part of a transmitter model, usually when
modeling a broadcasting service where reception is
based only on the range of the transmission.

Policy rules
Rules that define the behavior of LSA licensee (e.g., how
often he queries the repository, rules based on rights of
use, interference)
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tory objectives. The fuzzy logic controller incor-
porates the operator’s renting strategy to maxi-
mize its revenues while covering the users’ needs.

FUZZY LOGIC ENHANCED
SPECTRUM SHARING ALGORITHM

A fuzzy logic controller (FLC) consists of three
parts: the fuzzifier, the inference system, and the
defuzzifier. The first part is responsible for map-
ping (fuzzifying) the input values to the extent
that these values belong to a specific state (e.g.,
low, medium, high using the input membership
functions). The second part (inference system)
uses simple “IF … THEN…” rules to identify
the relation of the inputs to the outputs; each
rule applies to a certain degree for every output.
Then the output degrees for all the rules of the
inference phase are aggregated (using the output
membership functions). The actual output of the
decision making process comes from the defuzzi-
fication procedure, which captures the decision
of the decision maker (i.e., proceed in this
action, e.g., buy LSA spectrum chunks).

In the proposed spectrum sharing scheme we
introduce an algorithm consisting of two fuzzy
reasoners, one for co-primary and one for LSA
spectrum sharing authorization options. The
algorithm resides in the spectrum controller
block of each MNO (Fig. 1). Each fuzzy reason-
er captures the corresponding suitability of each
sharing scheme to fulfill future demands. Each
fuzzy reasoner takes into consideration four
inputs (Fig. 3). Three of them are related to net-
work conditions and are the same for both fuzzy
reasoners: load trend, interference levels, and
average user mobility. The fourth one captures
the spectrum efficiency of each sharing scheme.
More specifically, the considered fuzzy reasoner
inputs are the following:
• Load trend: captures the (overall) user

bandwidth demands trend over a time win-
dow. High load trend indicates that the net-
work capacity may be insufficient to serve
user demands in the near future, thus show-
ing the increasing need to buy spectrum to
fulfill user needs.

• Interference level: captured by the average pack-
et error rate in a specific geographical area.

• Average user mobility: captures the dynamic
nature of the way users affect the traffic
load in a specific location due to their mobil-
ity behavior and is defined static (users
moving from 0 to 3 km/h), semi-static (users
moving from 3 to 10km/h), and high moving
users (for speeds above 10 km/hr).

• (LSA or co-primary) spectrum efficiency:
relates the past transactions to future spec-
trum requests. Specifically, if an operator
has not exploited the previously acquired
spectrum, future transactions for buying
new spectrum become unattractive.
The inference engine of each of these fuzzy

reasoners produces a suitability factor indicating
whether LSA or co-primary spectrum resources
should be obtained. Each fuzzy logic controller
evaluates the inputs in a different manner, given
the fact that each spectrum authorization option
has its own key characteristics. The LSA sharing
scheme is not interference-free compared to the
co-primary sharing scheme. Furthermore, spec-
trum provided under the LSA sharing scheme is
time-/location-/frequency-specific, while in the
case of co-primary such limitations lie ing the
mutual agreements among MNOs. Each fuzzy
logic controller incorporates 54 rules for combin-
ing the inputs to a suitability output. The rules
capture the strategy of the operator, which is
developed based on the characteristics of each
sharing scheme. LSA is time-/geographic-area-
specific, whereas co-primary spectrum sharing is
time-/geographic-area agnostic, thus making it
more suitable for highly moving users. Further-
more, given the fact that the LSA licensees are
not necessarily coordinated, interference may
occur among them, which will increase the packet
error rate. Thus, it is less preferable than interfer-
ence-free co-primary spectrum sharing in high
interference areas. Finally, it is assumed that the
operator wishes to consume the already acquired
spectrum before proceeding in spectrum requests.

Based on the nature of each input, we have
used several types of input membership func-
tions for capturing the special characteristics of
each input. More specifically, for the average
user mobility and the load trend, we have used
triangular membership functions because at cer-
tain values we are certain about the state they

Figure 3. Fuzzy Logic based spectrum controller.
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are capturing (e.g., low/high mobile user, low/
high load trend). On the other hand, for the
interference and spectrum efficiency we have
used Gaussian membership functions to exploit
the non-zero nature of this membership function
at the definition domain. Regarding the output,
we are also using Gaussian membership func-
tions for their smoothness in the decision mak-
ing process. Since the LSA sharing scheme
imposes constraints over the time/frequency/loca-
tion domains and enables spectrum usage from
multiple licensees, it is assumed in our model
that acquiring LSA spectrum resources will be
less expensive than co-primary sharing.

FUZZY LOGIC
ENHANCED SPECTRUM SHARING ANALYSIS

As described in the previous section, the fuzzy
reasoners of co-primary and LSA spectrum shar-
ing strategies are configured differently so as to
capture the special characteristics of each
approach. Thus, depending on the input values,
the outputs will differ and the decision maker
will conclude to the one approach that is most
suitable to the network context. Figure 4 pre-
sents the suitability values for both fuzzy reason-
ers in relation to the inputs which is the outcome
of our experimentation for the validation of the
fuzzy logic controllers. The top part of the figure
(Fig. 4a and 4b) presents the ranges of the suit-
ability in relation to the spectrum efficiency and
average user mobility having as parameters the
interference and the load trend (interference is
set to 0.5 indicating acceptable QoS conditions

for the served users and load trend is set to 0.9,
indicating very increasing load demands). We
may observe that (Fig. 4a) LSA becomes attrac-
tive if the average user mobility is low and the
acquired spectrum tends to be insufficient for
covering the user requirements. On the other
hand, co-primary spectrum sharing (Fig. 4b) is
more attractive under the same conditions when
the average user mobility is high.

Similarly, the bottom part of the figure (Figs.
4c and 4d) presents the ranges of suitability in
relation to the load trend and spectrum efficien-
cy, having as parameters the interference level
and average user mobility (interference is set to
0.5, indicating acceptable QoS conditions, and
the average user mobility is set to 0.1, indicating
low average mobility). Figures 4c and 4d show
that LSA and co-primary become attractive (i.e.,
suitability factor is increased) when the load
trend increases. However, LSA is more attrac-
tive (i.e., suitability factor ranges from 0.5 to 0.8
in most cases) compared to the co-primary shar-
ing option (i.e., maximum suitability factor is
0.5). This is reasonable due to the low mobility
assumed and the assumption, based on which
our fuzzy logic rules were built, indicating that
LSA is a less expensive option compared to co-
primary sharing.

CONCLUSION
Innovative approaches are required to cover the
augmented requirements of future networks to
reduce spectrum resources shortage. Consider-
ing that other frequency bands remain underuti-

Figure 4. LSA and co-primary spectrum sharing suitability: a) LSA suitability in relation to spectrum efficiency and average user
mobility; b) co-primary suitability in relation to spectrum efficiency and average user mobility; c) LSA suitability in relation to
load trend and spectrum efficiency; d) co-primary suitability in relation to load trend and spectrum efficiency
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lized due to limited data transmissions of their
rightful users, the exploitation of such bands
becomes very attractive. Up to now, exploitation
of TVWS in cognitive radio approaches has
been considered, although the drawbacks (i.e.,
complex solutions, interference may be caused
to the mobile user, etc.) of such solutions still
discourage their introduction. On the other
hand, the rise of new approaches, such as co-
primary spectrum sharing and licensed shared
access, which protect both spectrum license
holders and spectrum licensees, enable flexible
spectrum management.

In this article the vision of future mobile net-
works in which the MNOs share spectrum
resources with either other MNOs (co-primary
sharing scheme) or incumbent users (LSA shar-
ing scheme) has been thoroughly presented by
describing the key characteristics of each
approach. The analysis could be summarized in
the two main differences between these two
spectrum sharing approaches. Both of the differ-
ences are related to actors involved in the shar-
ing procedure. The first one is related to the
incumbent users that shall not be burdened with
complex calculations, which implies that in the
LSA case the presence of a translation and coor-
dination entity is required. The second main dif-
ference is related to the fact that in the LSA
concept several spectrum licensees (i.e., MNOs)
may exist, which will not necessarily be coordi-
nated; this may introduce interference among
them (the incumbent user is protected from
interference), whereas in co-primary spectrum
sharing the spectrum buyer will not experience
interference for the time period of the rental. In
our work we have presented a common architec-
tural framework for coupling the co-primary and
LSA sharing schemes. For meeting the require-
ment of reduced complexity in the incumbent
users, we propose the introduction of a transla-
tion engine, with the prerequisite that the data
will be formed in spectrum availability structure
indicating available spectrum over time, frequen-
cy, and geographical domains.

The proposed architecture is accompanied by
a fuzzy-logic-based spectrum sharing algorithm
for enabling - operators to decide which spec-
trum authorization option is more suitable given
the network conditions. In our analysis, fuzzy
reasoners only for the LSA and co-primary shar-
ing schemes have been presented. However, the
proposed algorithm could easily be extended to
other sharing schemes (e.g., general authoriza-
tion schemes). Finally, as the expenses of buying
(or renting) additional spectrum are related to
the market demands, the spectrum sharing
scheme is planned to be further extended with
adaptation mechanisms (i.e., reinforcement
learning techniques) to tune the decision making
process.
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INTRODUCTION

In state-of-the-art mobile communication, dedi-
cated and exclusive spectrum access coupled
with unlicensed local area solutions is the main-
stream approach that national regulatory author-
ities use to allocate new spectrum. In exclusive
access, only one operator has the right to use a
dedicated licensed frequency band according to
specific rules. Although exclusive spectrum
access will certainly be needed in fifth genera-
tion (5G) mobile systems to guarantee quality of
service (QoS) in wide area radio access networks
(RANs), other regulatory options may be need-
ed in addition. Especially at carrier frequencies
above 6 GHz and in small cell networks, exclu-
sive access may result in low spectrum utilization
efficiency. Unlicensed access, on the contrary,
offers unpredictable QoS. Enabling the high
capacity and flexible usage envisioned for 5G
systems thus calls for more flexible regulatory
regimes where, for example, operators may use
various frequency bands with different autho-
rization modes [1].

Co-primary shared access is a complementary

new alternative for spectrum sharing, where
multiple operators jointly use a part (or all) of
their licensed spectrum [1, 2]. The most relevant
co-primary shared access scenarios are mutual
renting (MR) and limited spectrum pool (LSP).
In MR, operators have individual licenses to
access exclusive frequency bands, and are mutu-
ally allowed to rent parts of their licensed
resources to their peers upon request. In LSP, a
group license is given to an operator for using a
common pool of spectral resources, which is
shared with a limited set of operators that have
equal access rights. As the set of peer operators
and the principles of spectrum usage are known
beforehand, investment decisions under co-pri-
mary shared access have lower risk because the
long-term share of resources can have a pre-
dictable minimum value [2]. 

Joint use of licensed spectrum among opera-
tors can be realized either orthogonally in time
[3], frequency [4, 5], or space, or non-orthogo-
nally [5, 6]. In cooperative orthogonal time
domain sharing, operators with a low load can
lend their time slots to heavily loaded operators,
helping them to reduce blocking probability and
frame delay [3]. An upper bound for the sum
capacity of a two-operator orthogonal frequency
domain sharing scenario is found in [4], where
operators have full access to a user-equipment
(UE)-specific channel quality indicators of all
shared channels and perform coordinated
scheduling. Orthogonal sharing based on pair-
wise exchange of resource blocks between two
operators is considered in [5]. 

In non-orthogonal spectrum sharing, opera-
tors simultaneously use a common block of spec-
tral resources, creating inter-operator
interference. In [6], a cooperative game
approach was proposed that converges quickly to
a value close to the Nash bargaining solution;
however, it requires full knowledge of action
profiles in the neighborhood of the node. Non-
orthogonal inter-operator spectrum sharing in
the spatial domain was considered in [5], where
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channel state information (CSI) is exchanged
among operators to implement coordinated
transmit beamforming by steering their antenna
beams in the most convenient direction. In all
these studies, the operators benefit from cooper-
ative spectrum sharing; however, they need to
reveal proprietary information to their competi-
tors [5, 6] or to a central entity [3, 4]. 

Operators are competitors by nature; there-
fore, the rationale to make them cooperate
would be either a legal framework or self-inter-
est. In such settings, there is no reason to assume
that operators are willing to exchange propri-
etary information with their competitors. More-
over, operators provide differentiated services to
their customers, with objectives that can be cate-
gorically different according to their business
models. Thus, the optimization of a joint utility
by a central entity is not realistic. Co-primary
spectrum sharing between operators is thus char-
acterized by the operators not knowing each
other’s optimization target or network states. 

Spectrum sharing can be realized by monetiz-
ing spectrum usage and arranging auctions to
determine spectrum management [7]. Here we
are interested in adaptive spectrum use on a
short timescale (e.g., related to cell load varia-
tions and changing inter-operator interference
conditions). It is a nontrivial task to design effi-
cient auction mechanisms for a limited area for
a limited time, and to couple operator auction
strategies to their income model. Implementing
auctions also requires the involvement of a trust-
ed third party with substantial accounting infra-
structure to collect bids, track payments, and so
on. This adds inertia in moving toward auction-
based spectrum sharing. Accordingly, we consid-
er non-monetized spectrum sharing directly
between the RANs of the operators. 

The interaction between self-interested play-
ers can be modeled by non-cooperative games,
where players make decisions independently. A
non-cooperative one-shot game formulation for
unlicensed access was discussed in [8]. The play-
ers were not constrained by any rules, and freely
selected power allocation strategies. When the
inter-link interference is sufficiently low, the flat
power allocation over all available channels rep-
resents the unique Nash equilibrium (NE) for
one-shot spectrum sharing games with complete
opponent information. Multi-operator spectrum
sharing differs from this setting, as the utilities
and strategies are player-specific and not shared
among players. There may also be a set of rules,
either agreed among players or enforced by a
legal entity. The strategic choices of the players
are bound by these rules; no deviations from the
rules are allowed. For instance, the legal frame-
work governing the operation of different sys-
tems in license-exempt bands (e.g., WiFi and
Zigbee) gives equal access rights to all radio
devices when complying with certain power
emission levels, spectral masks, channel reserva-
tion protocols, and activity rates in the case of
industrial, scientific, and medical (ISM) bands.
Considering long-term sharing in license-exempt
bands, repeated game strategies that lead to
favorable NE were also discussed in [8]. These
games have no a priori rules. It is assumed that
nodes exchange information and agree in

advance on their operational points in terms of a
power allocation across the shared frequency
channels. The agreement is then enforced under
the threat of punishment. Obviously, without
exchanging information about network states
and optimization objectives, it is not possible to
identify and punish cheating, and cheating as
such becomes ill defined. Thereby, in a co-pri-
mary spectrum sharing setting, the applicability
of strategies based on concepts of dishonesty
and punishment may be limited. 

Unlike spectrum sharing in license-exempt
bands, where the number of players sharing
spectral resources is indefinite, we consider a
fixed and known number of players with publicly
known and persistent identity. We assume no
intra-RAN information exchange, except for lim-
ited message exchange among operators to real-
ize spectrum negotiations. This requires a new
interface, which may be over the air or over the
core network. We design a coordination protocol
for inter-operator spectrum sharing that incorpo-
rates both operator strategies and spectrum
sharing rules. The proposed protocol does not
require a priori agreement about the operational
points of different operators, but it leads to
operational points that are better for all opera-
tors compared to the case without spectrum
usage coordination. 

SYSTEM MODEL
This article considers co-primary spectrum shar-
ing among a limited number of co-located RANs
belonging to different operators. The operators’
RANs are full cellular networks with multiple
base stations (BSs). A coordination protocol tai-
lored for spectrum sharing in small cell networks
is considered. At least in the first stage, it is not
likely that macrocells will participate in spectrum
sharing. Only a part or cluster of the RAN may
be involved in spectrum sharing (e.g., small cells
of different operators located in the same or
neighboring buildings). Small cells of different
operators may offer high data rate services in
different buildings, or have partially or fully
overlapping service areas. 

For simplicity, we concentrate on a two-oper-
ator scenario. The operators are self-interested
and not willing to share operator-specific infor-
mation such as load, channel usage, or CSI. An
operator is unable to reliably estimate its oppo-
nent’s optimization targets and network load
from RAN measurements. As a first assumption
we assume that an operator ignores the state of
the other operator when negotiating the use of
spectrum. The decision on spectrum usage of an
operator is based on its own network state, such
as network load, channel conditions, UEs’ loca-
tions, and interference caused by the opponent
operator. Operators divide their spectrum into
equal-size component carriers (CCs), and con-
tribute to the spectrum sharing algorithm with
an equal number of CCs. The transmit power
that is used per CC is assumed constant, and
spectrum sharing in the downlink is considered.
This enables reliable estimation of interference
caused by another operator.

We adopt a simplified version of the Euro-
pean Telecommunications Standards Institute
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(ETSI) reconfigurable radio systems (RRS)
functional architecture [9] for the considered co-
primary spectrum sharing (Fig. 1). The dynamic
spectrum management (DSM) block is responsi-
ble for the short- and long-term management of
spectrum. It decides spectrum usage and is
engaged in the discovery of other operators by
contacting external spectrum databases or repos-
itories. The operators communicate only through
their DSM. Coarse time synchronization is need-
ed so that operators indicate their spectrum
sharing proposals and decisions to each other
almost simultaneously. 

The radio resource management (RRM)
block performs intra-RAN interference mitiga-
tion to utilize the limited RF resources as effi-
ciently as possible. In addition, it supports
inter-operator spectrum sharing by providing
inter-operator interference measurements, carri-
er aggregation, and strategic RRM for negotiat-
ing spectrum between operators. 

COORDINATION PROTOCOLS
A coordination protocol is a mechanism to

handle spectrum sharing negotiations between
peer networks in inter-operator spectrum shar-
ing. Such a coordination protocol requires:
• A peer-to-peer connection between the

operators so that each operator can indi-
cate its spectrum sharing proposals to the
others

• A set of decision rules determining the
sharing outcome based on the operator
proposals. These rules may, for instance, be
agreed in advance between operators or
enforced by an external regulator. 

SPECTRUM SHARING BASED ON
SPECTRUM USAGE FAVORS

We assume that operators make proposals about
how to share spectrum considering only their
own interest, while also respecting a set of spec-
trum sharing rules. A priori, the operators would
be required to follow a specific MAC protocol.
For simplicity, we assume that operators involved
in LSP have by regulation equal access rights
over the pool, and an operator should always
have the right to use the full spectrum pool if
desired. We shall see that with a suitable coordi-
nation protocol, a rational operator may not

always use the full spectrum pool. In MR, on the
other hand, each operator has the legal right to
access its own spectrum, and may also give rights
to other operators to use it. Thus, under MR, an
operator is entitled to use its own spectrum
exclusively if it so desires. Hereafter, the state
that an operator can take at any time instant
without breaking any rules is referred to as the
fallback state. 

The coordination protocol is essentially a
mechanism enabling the operator to determine
the self-optimal way to use the spectrum at a
particular time and announce it to the opponent.
The opponent has the legal right to accept or
reject the received proposal for spectrum usage.
Any proposal that is accepted by the opponent
necessitates a departure from the fallback state. 

With concave utility functions, an accepted
spectrum sharing proposal provides instanta-
neous gain in the network utility of the operator
that made the proposal and reduces the instanta-
neous network utility of the opponent operator.
An accepted proposal resulting in a deviation
from the fallback state of the underlying MAC
protocol can be seen as a spectrum usage favor
because the opponent is aware of its utility loss.
A spectrum usage favor is exchanged only if one
operator asks for it and, simultaneously, the
other operator is willing to grant it. The opera-
tors are not forced to act. Spectrum sharing
based on spectrum favors entails the benefits of
opponent-blind operation, non-monetized spec-
trum use, and a few bits of inter-operator signal-
ing per protocol time unit.

Obviously, operators are not willing to accept
everlasting performance loss in their network
utilities from granting favors. The spectrum
favors should be valid for a certain time period,
agreed a priori between operators, and should
be a part of the spectrum sharing rules in the
coordination protocol. After the specified time
period expires, the resource allocation falls back
to the state in which it was before granting the
favor. 

While the operator taking a favor gets instan-
taneous improvement in its network utility, it is
not immediately clear what the benefit is for the
operator that grants a favor. As operators are
self-interested entities, they will not give favors
for free. Since we do not consider inter-operator
monetary transactions, the benefits from grant-
ing a favor should lie in reciprocity. It is well
known from a game theoretic perspective (e.g.,
in the tit-for-tat strategy for the repeated prison-
er’s dilemma) that a player will be cooperative if
and only if the opponent cooperates in return. A
form of reciprocity could be, for instance, that
both operators give and take an equal amount of
equally valuable spectrum favors. 

We discuss two coordination protocols that
can be distinguished based on the reciprocity
time horizon. First, we consider the case of
impatient operators that care only about instan-
taneous benefits. Then we focus on patient oper-
ators that are interested in long-term benefits. In
both cases, we assume non-cooperative stage
games played in sequence, with fixed action
spaces and rules. The games are stochastic
because the rewards at each stage depend on
parameters governed by probability distributions,

Figure 1. Elements in system functional architecture required for inter-
operator spectrum sharing on the RAN level.
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such as the network load, UE deployment, and
channel fading states. Rewards are computed
with respect to the fallback state of the underly-
ing spectrum sharing scenario.

INSTANTANEOUS RECIPROCITY
When the operators are impatient, we can view
each stage as a separate one-shot game in which
reciprocity must be satisfied. Thus, each opera-
tor gives and takes an equal number of favors at
each stage game. Since the operators are selfish,
a favor is exchanged only if both operators expe-
rience a positive reward at that stage.

Given the underlying spectrum sharing sce-
nario, a set of strategies is available for the oper-
ators. The strategy is essentially the type of
spectrum usage favor asked for by the operators.
The target is to design strategies and spectrum
sharing rules that result in favorable NE solu-
tions.

In MR, the strategy may correspond to the
amount of its own licensed spectrum the opera-
tor would like to share with the opponent,
whereas in LSP, the strategy may correspond to
the fraction of the pool the operator is willing
not to use. Given the spectrum sharing scenario,
the operators implement their strategies inde-
pendently and exchange their proposals with the
other players. After that, we need a suitable rule
to resolve the spectrum sharing proposals sub-
mitted by the operators. One possibility is to
select the minimum of them. Following this min-
imum rule, no operator will share more spec-
trum than desired under MR, whereas no
operator will vacate more spectrum than desired
under LSP. As a result, when an operator does
not benefit from departing the fallback state, no
favor is exchanged. 

For concave utilities, the one-shot game fol-
lowing the proposed minimum rule and strate-
gies is characterized by a unique NE [10]. In [8],
spectrum sharing in the power domain was con-
sidered, and it was shown that the NE in a one-
shot game is trivial with equal power on all
carriers. Here, the game takes place in frequency
resources, and the resulting NE may depart from
full sharing. The outcome approaches the result
of the cooperative games of [6].

LONG-TERM RECIPROCITY
Operators are expected to share spectrum for a
long time. As an operator has a persistent and
publicly known identity, the operators can learn
from each other’s behavior. Accordingly, the
interaction between operators can be modeled
as a repeated non-cooperative game. In the
repeated game, we need to keep a book of the
favors exchanged because past rewards do
impact future decisions. For symmetric opera-
tors, it is natural to assume that under long-term
reciprocity, operators should give and take the
same amount of equally valuable favors over
some specified time horizon (or equivalently
with some discount factor). The time horizon
depends on the level of patience that operators
have. Here, we consider infinitely patient opera-
tors. 

In a sequence of repeated interactions over a
long-time horizon, self-interested operators with
no information about the RANs of other opera-

tors can develop methods to ensure gains from
coordination. For instance, operators may take
advantage of uncorrelated load variations in
their RANs. Then an operator with a high
instantaneous load may get spectrum usage
favors from an opponent operator if the oppo-
nent happens to have low load. In the future,
this operator will have the chance to return
these favors to maintain reciprocity. Even though
an operator experiences performance loss by
granting a favor at a stage of the repeated game,
when the load situation changes, it may get a
performance gain that outweighs its past loss.
While exchanging favors, each operator ensures
that its expected gain is larger than its expected
loss, thus benefiting when compared to the case
where no favors are exchanged. 

In different spectrum sharing scenarios, dif-
ferent kinds of spectrum usage favors are asked
and granted by operators. In LSP, we view a sin-
gle type of favor: an operator asks the opponent
for permission to exclusively use some resources
from the pool. In MR, there can be bilateral
agreements for resource utilization. In that case,
there are two types of favors:
• An operator asks the opponent for permis-

sion to start jointly using some of the
resources of the opponent.

• An operator asks the opponent for permis-
sion to start exclusively using some of the
resources of the opponent.
Repeated games admit a large set of equilib-

rium points. Since the considered game is
stochastic due to the time variation of network
states, it is hard to analyze and find its NE. To
proceed with analysis, we resort to heuristic
strategies attempting to obtain long-term
reciprocity. This can be done with a threshold-
based approach.

We assume that an operator knows the prob-
ability distribution functions of its utility gains
and losses. A simple long-term reciprocal strate-
gy would be that an operator asks for a favor if
its immediate utility gain is higher than a thresh-
old qg, and grants a favor (upon being asked) if
its immediate utility loss is smaller than another
threshold ql. These decision thresholds depend
not only on the current network state and the
gain and loss statistics, but also on the sequence
of previous interactions with opponent opera-
tors. The thresholds for operator A would be
coupled to the probabilities of operator B to
grant and ask favors so that long-term reciproci-
ty is achieved. Details for setting the decision
threshold in the case of an LSP can be found in
[11]. The proposed heuristic strategy performs
strictly better than the strategy that does not
involve the exchange of favors. Unlike the one-
shot game, where an operator takes and gives
favors simultaneously, we simplify the repeated
game by assuming that no action is taken when
both operators ask a favor at the same stage of
the game.

COMBINED COORDINATION PROTOCOL
In co-primary small cell deployments, the inter-
ference conditions and the RAN load are expect-
ed to vary significantly. When UEs are located
close to their serving BSs, and, as a consequence,
the inter-operator interference is small, both
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operators would be eager to share spectrum. On
the other hand, when UEs are exposed to high
inter-operator interference, the operators would
prefer to orthogonalize their resources. Further-
more, patient operators would be willing to
empty spectrum resources when they have few
or no UEs to serve, and request more spectrum
resources when they really need them. 

Irrespective of the spectrum sharing scenario,
the one-shot game adapts spectrum sharing to
the inter-operator interference conditions. The
outcome of the one-shot game does not depend
on the RAN load variations. This is where
repeated games can come into play by allocating
more spectrum to the operator with higher load,
provided that this operator has been cooperative
in the past. We thus consider a combined proto-
col where in each instance of the game operators
first exchange spectrum usage favors based on
short-term reciprocity to adapt to the inter-oper-
ator interference situation, and then exchange
favors based on long-term reciprocity to exploit

network traffic dynamics. The functionality of
the proposed coordination protocol is illustrated
in Fig. 2.

NUMERICAL ILLUSTRATIONS
We study the UE rate improvement for operators
applying spectrum sharing coordination protocols
in an MR scenario. We consider an indoor deploy-
ment with two LTE small cell operators in a sin-
gle-story 50 × 50 m2 building (Fig. 3). The building
has four identical rooms, and an operator’s BSs
are stationed in diagonal rooms. We consider
downlink transmissions, a proportionally fair utili-
ty function for both operators, and a full buffer
traffic model. Thus, the number of UEs represents
the network load, which is generated from a Pois-
son distribution with possibly different means for
different operators. The UEs are uniformly dis-
tributed in the service area of operators. Cell asso-
ciation is based on received signal power.

We consider the WINNER indoor office path
loss model [12]. A bandwidth of 80 MHz is split
into four CCs, with each operator owning an
exclusive license for two CCs. The available
power budget per CC is 20 dBm, and the aggre-
gate external interference plus noise level per
CC is –80 dBm. Each operator contributes a CC
to the spectrum sharing game and reserves the
other for its own exclusive usage. Fig. 4 depicts
the strategy profile for operator A.

At each stage game, operators first play the
one-shot game and select strategy 1 or 2 in Fig.
4. Based on the minimum rule, the outcome with
the least carrier sharing is selected. For instance,
the outcome of the one-shot game is 2 only if
both operators propose to share a CC. When
one or both operators are unwilling to share a
CC, the outcome is 1. Next, the repeated game
is executed. For example, if the outcome of the
one-shot game is 2, and operator A asks for an
exclusive favor of two CCs from operator B,
which operator B grants, the result is 2c. 

We evaluate the performance of the com-
bined coordination protocol over a finite time

Figure 2. Visualizing the functionality of the proposed coordination protocol based on the combined
short-term and long-term reciprocity over four stage games.

Network states
Exclusive spectrum
Shared spectrum

• Low inter-operator interference
• Symmetric load

• High inter-operator interference
• Symmetric load

• High inter-operator interference
• Asymmetric load

Instantaneous
reciprocity

Long-term
reciprocity

Figure 3. Indoor inter-operator deployment scenario. Different colors rep-
resent BSs of different operators.
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horizon of 4000 stage games. First we consider a
scenario with equal mean network loads between
the operators and low inter-operator interfer-
ence. The coverage areas are non-overlapping;
the UEs are served by a BS in the same room, as
in Fig. 3. The mean number of UEs for each
operator is 5, and the wall loss is 10 dB. 

In Fig. 5, the rate distribution for the UEs of
an operator is depicted. The QoS with sharing is
significantly better than without. The rate
improvement in the 10th percentile of user rate
cumulative distribution function (CDF) is 47
percent, and in the 50th percentile is 45 percent.
The full spectrum sharing outcome (2a) is most
likely. This is the ideal solution in a low interfer-
ence environment. The gains of the combined
protocol and the one-shot scheme are virtually
the same. Only a few favors are exchanged dur-
ing the repeated game as the operators’ loads
are similar. In addition, the outcome of a fully
cooperative protocol is depicted, where the
operation of the two networks is jointly opti-
mized. The full cooperation results do not differ
from those of the coordination protocol.

Next, we analyze a situation with load asym-
metry and high inter-operator interference. The
UEs of both operators are distributed uniformly
in the whole building with no internal walls. In
half of the instances, the mean number of UEs is
8 for operator A and 2 for operator B, whereas
in the other half, the loads are reversed. 

In Fig. 6, we see a decline in UE rate in com-
parison to Fig. 5 due to intense inter-operator
interference. One-shot sharing provides a small
rate improvement. A marginal improvement of 1
percent in the 10th percentile UE rate is seen,
and an increment of 8 percent in the 50th per-
centile. In the combined coordination protocol,
operator B grants more favors than operator A
when it has low load, as it can cope with fewer
CCs. When it has high load, it asks for and is
granted more favors. The overall performance is
better than for the one-shot game. The 10th per-
centile UE rate is improved by 26 percent and
the 50th percentile rate by 23 percent compared
to no sharing. The combined coordination proto-
col performs close to a fully cooperative joint
optimization of the networks.

In the simulation setting, UEs with low rate
in no sharing are UEs in a high-load instance
that are far from the serving BS and accordingly
close to an opponent BS. These UEs do not
benefit from the one-shot game, as they do not
benefit from shared spectrum. However, the
repeated game can provide more resources to
these UEs, and accordingly a better rate. On the
contrary, UEs that experience a high rate in no
sharing are UEs close to the serving BS, and
accordingly far from opponent BSs. These UEs
are low-interference UEs that benefit from
shared spectrum provided by the one-shot game,
whereas the repeated game has little effect on
their performance.

CONCLUSIONS
The principle of allocating spectrum to mobile
network operators based on a dedicated and
exclusive license will persist, as a method to
ensure coverage and QoS. Nevertheless, the high

capacity demands generated in hotspot areas
require heterogeneous network structures. Oper-
ation of small cell networks only based on dedi-
cated licenses may not be feasible as more
spectrum is needed, and new spectrum is expen-
sive and difficult to identify. Flexible spectrum
use and co-primary spectrum access is a way for-
ward for indoor small cells. Different operators
providing wireless data access in spatially sepa-
rated indoor areas, or with highly directive mil-
limeter-wave technologies, may benefit from
spectrum sharing due to negligible inter-opera-
tor interference. The spectrum needs for such
operators would vary in space. With overlapping
coverage areas, inter-operator interference may
be significant, especially for centimeter-wave and
lower frequencies. Load variations and changing
user locations make this interference highly vari-
able in small cell networks, so spectrum needs of
operators would vary in space and time. In order
to exploit variations in spectrum needs, inter-
operator spectrum sharing is a viable option. To

Figure 4. Strategy profile for operator A.
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Figure 5. Rate distribution for the UEs of an operator. Equal mean net-
work load for the two operators, low inter-operator interference.
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realize it, we need a coordination protocol that
has low implementation complexity, is transpar-
ent to the operator’s revenue model, and does
not require excessive information exchange
among operators. Such a protocol would also
enable the emergence of new types of market
players (e.g., local operators). We have designed
a protocol that adapts spectrum allocation to
inter-operator interference situations and net-
work traffic dynamics that are expected to be
prominent in small cells. We have illustrated
that in an indoor deployment scenario, two oper-
ators are both able to offer higher user rates
than they could without coordination. Our
results show that a rational operator, knowing
that the opponent is rational and has a network
with similar characteristics, has incentive to
coordinate spectrum usage. Beyond improve-
ments in service rates, there are other issues that
can influence operators’ incentives to coordi-
nate, such as the fact that service quality is a key
way for operators to differentiate from their
competitors. The discussed protocol can be used in
any spectrum reserved for mobile communication,
such as in licensed shared access spectrum [13].
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INTRODUCTION

Forecasts for global mobile data traffic antici-
pate continued strong growth [1]. While substan-
tial technological developments are expected to
improve system capabilities of fifth generation
(5G) networks, additional spectrum flexibility is
needed to accommodate the predicted traffic
growth of mobile/wireless communications and
other services.

Spectrum regulation has traditionally relied
on the two extremes of exclusive use and
licence-exempt access. The primary means of
spectrum management thus far has been
through the exclusive or “command and con-
trol” approach, which can eliminate harmful
interference to licensed users to ensure reliable
communications. Such approaches have proven
to work very well in supporting a range of ser-
vices, including ubiquitous voice connectivity in
public land mobile, early generations of data
services (e.g., 2G/3G/3.5G), high-quality broad-
cast services, and guaranteed access for critical
services (military, air traffic control, emergency
services, etc.).

At the other extreme, licence-exempt opera-
tion using industrial, scientific, and medical
(ISM) bands has led to a rapid, and largely
unforeseen, surge in wireless devices and systems
including Wi-Fi, Bluetooth, and others. The ISM
bands have indeed proven to be a hotbed of
innovation as well as an entry point for “free”
wireless communications. However, the resulting

rich eco-system is built on just one caveat, that
is, low transmit power on the premise of limited
propagation, which hampers the scope of wire-
less services. For cellular networks, ISM bands
have not been attractive due to the associated
uncontrolled interference environment resulting
in unpredictable quality of service (QoS).

In this article, we discuss the idea of flexible
licensing, which will provide new spectrum
opportunities for 5G systems and deliver new
opportunities for spectrum holders to make
additional profit gains by reusing portions of
locally unused spectrum.This article discusses
the various concepts of spectrum sharing pre-
sented from the perspective of their potential
application in 5G networks. We then continue
with the discussion of the benefits of the adop-
tion of the “pluralistic licensing” (PL) concept
contrasted with other spectrum sharing
approaches, such as the two already mentioned
extremes, and the novel concept of licensed
shared access [2, 3]. The three conducted simu-
lations are described showing the rational profits
that can be achieved by spectrum holders. Final-
ly, concluding remarks are provided.

SPECTRUM SHARING STRATEGIES
FOR 5G NETWORKS

The density and variety of wireless services and
users have dramatically increased over the past
decade. The two extreme regulatory approaches
of exclusive use and license-exempt access can
no longer offer appropriate characteristics to
satisfy future demand for wireless services, which
need to balance interference tolerance, service
prioritization, cost, and market suitability. 5G
networks require a significant amount of new
spectrum to respond to growing traffic demand,
and spectrum sharing through flexible spectrum
licensing is a key means to accomplish this. As
we argue in this article, flexible licensing can
both ensure the necessary QoS for primary and
secondary spectrum users, and allow the neces-
sary degree of sharing to alleviate future 5G
capacity demand, reflected in ways such as an
increase in the realized monetary value of the
spectrum.

ABSTRACT

Spectrum sharing is a key solution facilitating
availability of the necessary spectrum for 5G
wireless networks. This article addresses the
problem of flexible spectrum sharing by the
application of adaptive licensing among interest-
ed stakeholders. In particular, it acts as a propo-
nent of “pluralistic licensing” and verifies it in
three simulation scenarios that are of strong
interest from the perspective of 5G networks.
The concluding analysis offers discussion of the
potential benefits offered to spectrum holders
and other interested players through the applica-
tion of the pluralistic licensing concept.

5G SPECTRUM: ENABLING THE FUTURE MOBILE
LANDSCAPE
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5G Networks
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LIGHT LICENSING AND
LICENSED SHARED ACCESS

Flexible spectrum licensing could better respond
to future needs by allowing spectrum that is not
used by one network in certain locations to be
opportunistically used to the benefit of other 5G
operators (e.g., for a fee). Two initial “compro-
mise” regulatory solutions that are at least par-
tially moving toward such flexibility are light
licensing [4] and licenced shared access (LSA)
[5]. The light licensing concept can ease the bur-
den of coordination, registration, licensing, and
interference consideration when making new fre-
quency assignments, or in coordinating sharing
between primary and secondary users. It usually
implies setting license fees that just cover admin-
istrative costs, and is used in cases where there is
a need to coordinate with an incumbent user or
in a private commons approach where individu-
als and licensed users set the conditions for
license-exempt access. The light licensing model
tends to be used mainly for systems with no or
limited interference potential, which could be
further authorized by a simple automated check-
in to an online light licensing tool to manage the
interference spatially. Therefore, this approach
is not at all suitable for scalable and longer-
range high-transmission-power services.

The LSA approach is a relatively new industry-
driven concept where additional licensed users
are authorized to access incumbent (primary)
users’ spare spectrum within their licensed bands
but under tight controls to prevent any disruption.
It was originally intended to support business
cases for the mobile broadband, where it is both
economically and technically feasible. It is notable
that the EC’s Radio Spectrum Policy Group
(RSPG) has acknowledged LSA in [6], asserting
that indeed an LSA licensee might be granted the
right to utilize under-used spectrum without inter-
fering with the incumbent user. The objective of
LSA is to grant additional spectrum rights of use
in specific bands on a shared basis, allowing pre-
dictable QoS for all rights holders [5].

Through the aforementioned efforts and
other initiatives, regulators across the globe have
started to promote spectrum sharing [7, 8]. They
have acknowledged that any such expanded shar-
ing would require new regulatory paradigms,
such as spectrum sharing contracts and shared
spectrum access rights, to ensure the legal cer-
tainty and rules, as well as the obligations of the
interacting spectrum users.

PLURALISTIC LICENSING: THE CORE CONCEPT
The PL concept was proposed by us in [9] as a
novel approach, in line with a wide range of spec-
trum sharing contracts and shared spectrum
access rights as discussed above. PL is an innova-
tive means to improve spectrum licensing, which
is fair to both primary and secondary users and
takes into account the requirements of both par-
ties. The concept is described as “the award of
licenses under the assumption that opportunistic
secondary spectrum access will be allowed, and
that interference may be caused to the primary
with parameters and rules that are known to the
primary at the point of obtaining the license” [9].
The general assumption is that the primary will

choose from a range of offered PLs, each with a
different fee structure, and each specifying alter-
native opportunistic access rules that can be
mapped to associated interference characteris-
tics. The locus of control, therefore, remains
firmly with the primary, whereby the primary
might trade off the form and degree of oppor-
tunistic access for a reduced licensing fee or
another incentive.

Under the PL concept, primary users who
obtain the license, which might be on a very
short-term or longer-term basis or even geo-
graphical (e.g., per-transmitter), are allowed to
access the spectrum at will. A coordination
mechanism among primary assignments would
nevertheless be needed in cases where there are
multiple primaries coexisting. Secondary users
must use a “cognitive” mechanism to access the
band, whereby the detail of the cognitive mecha-
nism (the use and configuration of a spectrum
sensing approach and/or a geolocation database,
etc.), as well as its radio characteristics, depends
on the context within which the band is chosen
to operate. This context might include the
expected types of primary services(s) in the band
(perhaps also expected secondary services(s)), an
assessment of an appropriate “burden” on the
primaries in terms of acceptance of a slightly
higher probability or net amount of interference
while still achieving adequate performance, the
degree to which the primary and secondary
should negotiate, or even in some foreseeable
cases the degree to which the primary should be
expected to take proactive measures such as the
transmission of beacons. Of course, such a con-
text defines the extent to which the secondary
must avoid interfering with the primary, and
hence the associated rules on the secondary.
Crucially, in this sense, PL can be the practical
form of implementing the spectrum sharing con-
tracts already envisaged by regulators [8].

BENEFITS ACHIEVED
THROUGH FLEXIBLE LICENSING

There are numerous benefits of the concept of
PL, which are directly tangible to 5G networks
and other players in the market. First, particular-
ly in green-field scenarios, there is no need for
the secondary systems to cope with the ineffi-
ciencies of legacy primary systems, as can be an
issue in other spectrum sharing realms such as
TV white space. In obtaining the license, the
“primary” 5G operators will implicitly accept
(and even decide); hence, the rules of the band
will be designed and manufactured with better
technical capabilities to cope with those rules—
in return for an incentive such as a reduced
license fee. For instance, the operators holding
such licenses might deploy systems that can bet-
ter reject adjacent channel interference, or
enhance their adaptive rate and error correction
mechanisms when the opportunistic secondary
spectrum access might imply a higher probability
of an interference limit being violated or a high-
er variance in the experienced interference to
the other 5G network. Furthermore, such a con-
cept might be applied to other primary services,
with the 5G network effectively being the oppor-
tunistic spectrum user of that service’s spectrum.

There are numerous

benefits of the con-

cept of PL, which are

directly tangible to

5G networks and

other players in the

market. First, particu-

larly in green-field

scenarios, there is no

need for the sec-

ondary systems to

cope with the ineffi-

ciencies of legacy pri-

mary systems, as can

be an issue in other

spectrum sharing

realms such as 

TV white space.

KLIKS_LAYOUT.qxp_Author Layout  7/6/15  2:39 PM  Page 43



IEEE Communications Magazine • July 201544

A further, more general, benefit of the con-
cept is that it satisfies the need for spectrum
sharing between more established users and
incumbents, generally giving the 5G network
guaranteed spectrum access with a given QoS,
while still allowing free access when/where the
spectrum is not used by that network. This con-
cept can be used to strike a good balance
between operators needing to pay more for qual-
ity in some locations, and perhaps less in others
in return for allowing forms of opportunistic
access. Indeed, it is even shown later in this arti-
cle that this context might even be used to very
significantly increase profit for the operator.

An additional benefit is that the concept very
likely implies significantly improved perfor-
mance, such as in terms of spectrum usage effi-
ciency. This is very compelling for the 5G
operator in scenarios in which the operator
might have an agreement with particular sys-
tems, and be able to extract revenue for the
opportunistic access and increased efficiency of
its spectrum usage. A further benefit of the con-
cept is high scalability to progressive deployment
in more spectrum bands. This realization is very
much in line with 5G networks, which are
increasingly likely to be designed and built on
large chunks of highly distributed spectrum.

APPLICATION TO OPPORTUNISTIC ACCESS AND
SPECTRUM SHARING IN 5G NETWORKS

PL is seen as applicable to almost any spectrum
licensing scenario, and indeed is viewed by the
authors as one possible panacea to the problem
of licensing while allowing spectrum sharing in an
agreeable and fair way for all concerned. For
application to 5G networks, the primary (net-
work operator) will generally have a good under-
standing of the effects each possible form of
secondary access is likely to have. This will, of
course, depend on the type of secondary system
and associated characteristics such as mobility
and transmission patterns of the radio interface
(MAC/PHY, bandwidth, and frequency), as well
as possibly higher-layer characteristics. It will
intrinsically also be linked to the configuration of
the network that the primary is deploying and its
associated requirements. The latter can be con-
trolled by the primary network operator, but the

former must be predicted and mitigated through
the choice of PL and associated characteristics. 

Aside from such technical considerations,
economic considerations can also be expanded
upon. The traditional exclusive licenses have
strengthened the dominating role of the big
operators, as only they can afford to buy licenses
from costly auctions. The recent technology
development in cellular networks is prepared for
spectrum sharing including many supporting fea-
tures, such as self-organizing networks (SONs),
carrier aggregation, and hierarchical cell layers,
which can already share spectrum. By allowing
local temporary licenses with agreed conditions
through the PL approach, operators may adjust
their spectrum assets more dynamically to
respond to actual needs, and new entrants might
get access to spectrum resources, facilitating the
more optimal realization of resources right up to
the level of dynamic aggregation of tailored
spectrum opportunities matching the QoS
demands of higher-layer traffic.

The evolution of the spectrum sharing regula-
tory framework is focusing on three general levels
of access rights: primary access, secondary access,
and collective use [7, 8]. While in the past cellular
networks were solely deployed on exclusively
licensed bands, 5G networks are expected to
operate on different types of spectrum bands to
meet the growing demand. Following the generic
spectrum sharing framework, the PL approach
could be applied to 5G networks in several sce-
narios, as depicted in Fig. 1, allowing the opera-
tors to acquire different types of spectrum assets
according to their preferences and needs.

In the first scenario, the 5G networks could
obtain primary access rights to a given spectrum
band similar to the traditional exclusive licens-
ing, but it could also admit secondary access/
licensed shared access and general authorized
access/collective spectrum use rights to other
users to access its band with predetermined con-
ditions and rules, and benefit from it. In fact, the
regulator could endorse this sharing approach by
collecting lower spectrum fees from 5G network
operators that allow access to their bands. More-
over, by using the PL concept to allow secondary
access/licensed shared access, a 5G operator
could collect fees from secondary users. The first
scenario could be applicable to the potential new

Figure 1. Pluralistic licensing in the context of spectrum sharing approaches for 5G.
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spectrum bands with primary allocation to
mobile that would be cleared from other use. 

In the second scenario, the 5G network would
get secondary access/licensed shared access rights
to a given spectrum band using the PL approach,
which would determine the rules and conditions
that guarantee the primary users remain free
from harmful interference but at the same time
offer sufficient QoS for the 5G network. In this
scenario, the 5G networks could gain access to
spectrum resources with reduced costs compared
to the traditional exclusive licenses by acquiring a
local and temporary license depending on its
needs. It could gain access to new spectrum
bands that with traditional regulatory approach
are not available as they are primarily allocated
to other use but whose actual occupancy may
remain low. Offering PLs with fair conditions to
both primary access and secondary/licensed
shared access users would open up a consider-
able amount of new spectrum for 5G networks
with QoS conditions resembling exclusive licens-
ing but with lower costs.

In the third scenario, the next generation net-
work could exploit general authorized access/col-
lective spectrum use rights to access spectrum
bands that are allowed to be used by multiple users
simultaneously according to a set of predefined
rules with little or no cost. While these bands
would not necessarily offer high QoS over a large

geographical area, they could be used for short-
range mobile data offloading as is currently done
using the unlicensed access mode with Wi-Fi.

SIMULATION SCENARIOS FOR
SPECTRUM SHARING

INCENTIVIZATION

In order to illustrate the benefits of the applica-
tion of spectrum sharing strategies based on the
PL approach, a set of simulation experiments
has been carried out with the use of agent-based
modeling. Three scenarios have been identified
that are of high interest from the perspective of
the spectrum holder in the context of 5G spec-
trum sharing. In the first scenario, short-range
transmissions between two devices (e.g., the
device to device, D2D, case) are considered, as
realized through PL in the same frequency band
as the nearby cellular network using a database
or spectrum sensing.

In the second scenario, the coexistence of two
networks in close geographical proximity is ana-
lyzed assuming one of the operators would like
to share the spectrum assigned originally to
another operator (primary user), applying the
concept of flexible PL.

The final simulation scenario provides an

Figure 2. Three considered scenarios: a) FDD downlink transmission with D2D communication; the
numbers above the arrows define the type of path loss models used: 1. COST Hata model, 2. ITU-R
P.1411 end; b) cross-operator spectrum sharing; c) indoor-indoor co-primary sharing with the follow-
ing path loss model: 3. In-building propagation model of [11, Eq. 5] with wall penetration loss: 4. In
building propagation model path loss model.

BSTBSTBST

BST

1 km

1.6 km

1 km

160 m 30m

4
4

4 4

4Users “1”,
zone 1

Users “2”,
zone 2

44

4
4

4

4

3
3

3 3 3

160 m

*

* *

*

*

1*

1.6 km

2*

2*

2

2

2
Secondary users (D2D)

Secondary users

Primary users

Primary users

1*1*

1*

1
1

1

Signal
Interference

(a)

(b)
(c)

Signal
Interference

By allowing local

temporary licenses

with agreed condi-

tions through the PL

approach, operators

might adjust their

spectrum assets

more dynamically to

respond to the actual

needs, and new

entrants might get

access to spectrum

resources, facilitating

the more-optimal

realization of

resources.

KLIKS_LAYOUT.qxp_Author Layout  7/6/15  2:39 PM  Page 45



IEEE Communications Magazine • July 201546

indoor-indoor analysis, where two sets of users
located inside nearby buildings operate in the
same frequency ranges, causing potential interfer-
ence. All these scenarios are presented in graphic
form in Fig. 2, whereas their corresponding con-
figuration details are summarized in Table 1.

SCENARIO 1: 
PL ENHANCING D2D COMMUNICATIONS

In the first case, we consider the coexistence of a
five-cell-wide section of a cellular network (treat-
ed as the primary) with direct D2D transmissions
realized in the relatively small region outside the
coverage area of the primary (please also see
[10]). Two approaches for granting spectrum
access for secondary users are considered: first,
where secondary users query dedicated databases
asking for transmit permission, and second, where
spectrum sensing is applied. In order to minimize
the number of queries sent by the secondary
(D2D) devices, each granted user is obliged to
send new requests to the database only when it
leaves the so-called leasing region. It is assumed

that the overall environmental and system param-
eters will not differ strongly within the small
region; thus, the replies to the queries sent from
any location inside that region will be almost the
same. Referring to Table 1, three radii of leasing
region have been considered: 100 m, 200 m, and
300 m. Moreover, in order to assess the perfor-
mance of spectrum sensing, one additional leas-
ing region of size 10 m was also applied.

In order to present the potential benefits of
the PL, we analyze the averaged SINRs observed
by the primary and secondary users as a function
of transmit power and size of the leasing region.
The achieved results are presented in Fig. 3,
divided into four parts. In Fig. 3a the cumulative
distribution function of the SINR observed by
the primary users inside the coverage area
against different primary user transmission pow-
ers is presented. In Fig. 3b, the average SINRs
observed by the primary and secondary users are
plotted as a function of primary base station
transmit power for different radii of the leasing
region. The increase of the leasing radius results
in SINR degradation of both types of networks

Table 1. System setup for the considered simulation scenarios.

Assumptions

Scenario (primary/secondary)

Parameters
Scenario 1 Scenario 2 Scenario 3

Cellular BS spacing 1.6 km 3.2 km NA

Secondary leasing distance 100, 200, and 300 m 100 m NA

Separation between coverage areas

BS transmission center frequency

700 m 400 m 30 m

2.6 GHz 2.6 GHz 60 GHz

Primary BS transmission power

Secondary BS transmission power

From 40 to 52 dBm From 43 to 49 dBm From 18 to 24 dBm

NA from 43 to 49 dBm from 18 to 24 dBm

Primary terminals transmission power

Secondary terminals transmission power

Antenna gain

21 dBm 21 dBm 21 dBm

20 dBm 21 dBm 21 dBm

BST (10 dB) BST (10 dB) 2.1 dB

Path loss model from base station to terminal

Path loss model from terminal to terminal

Noise power

Cost 231 Hata model Cost 231 Hata model Anderson and Rappa-
port [11, Eq. 5]

ITU-R P.1411 end-to-end model NA NA

–105 dBm or 0.032 pW 
(in 8 MHz channel) –105 dBm or 0.032 pW –105 dBm or 0.032 pW

Shadowing standard deviation

BS effective height, primary case

6 6 6

30 m 30 m 1.5 m

BS effective height, secondary case

Primary node effective height

Secondary node effective height

NA 30 m 1.5 m

1.5 m 1.5 m 1.5 m

NA 1.5 m 1.5 m
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since the lower the frequency of sending queries
by the secondary users, the higher interference
generated to the network. Moreover, increasing
transmission power leads to a very significant
increase in SINR for the secondary and a slight
degradation for the primary, meaning that the
average link performance among the primary/
secondary users is improved. In Fig. 3c, the aver-
age number of users that can be served is pre-
sented: more users can be served when the
leasing distance is increased through the flexibil-
ity allowed by PL. Interestingly, this number
does not depend on the maximum transmit
power. It should be noted that the transmit
power of the secondary D2D users is constant
(20 dBm). In this case, the amount of interfer-
ence produced by the secondary users is
increased by adjusting the “leasing distance”
(Fig. 3b, 3c), or the distance secondary users are
able to move before they should request access
from the spectrum database again. As shown in
Fig. 3, if the distance is higher, the number of
secondary users is increased at primary SINR
expenses. Finally, Fig. 3d gives the profit
achieved by the primary and secondary users, as
well as the total profit taken from the spectrum,
based on the same assumptions of traffic utility
functions used in [10]. It is clear here that an
increase in profit can be achieved for the spec-
trum as a whole by allowing an increase in the
secondary transmission power through PL,
whereby there is a minor impact on the prima-

ry’s profit that can easily be compensated by the
secondary with the secondary still making a good
profit. Moreover, it is noted here that both the
primary and secondary users challenge ”real-
time” utility functions, underpinning a high level
of reliability for the D2D and cellular deploy-
ments sharing the spectrum. 

SCENARIO 2: 
COEXISTENCE OF TWO CELLULAR NETWORKS

In the second scenario, the coexistence of two
separate cellular networks located in close geo-
graphical proximity is simulated, where one of
the operators (secondary user) would like to
share the spectrum assigned originally to anoth-
er operator (primary user), applying the concept
of flexible PL (Fig. 2). Based on the setup pre-
sented in the third column of Table 1, we con-
centrate on measurements of the observed
average SINR as a function of the maximum
allowed transmit power. Downlink transmission
with the FDD scheme has been simulated. Based
on observed results shown in Fig. 4, one can
state that there is a slight performance degrada-
tion as secondary base stations increase their
transmit power. Furthermore, analogous to the
previous scenario, the application of the PL con-
cept generates a significant profit increase for
the spectrum while providing appropriate com-
pensation to the primary for the minor effect it
experiences due to the increased sharing.

Figure 3. Results achieved for the first scenario: a) cumulative distribution function of the average SINR; b) averaged SINR
observed by the primary and secondary users as the function of the leasing distance and transmit power; c) average number of
supported users; d) financial benefits.
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SCENARIO 3: 
INDOOR-INDOOR COVERAGE IMPROVEMENT

In this final scenario, two disjoint sets of users
are located inside nearby buildings (Fig. 2), con-
nected to indoor access points (APs) hosted in
each of the buildings. They share the same fre-
quency band; hence, they can cause interference
to each other. Reflecting a 5G scenario, this fre-
quency band is assumed to be at 60 GHz. These
two sets of users might be seen as co-primary
users, or implementing a primary-secondary sce-
nario with one set of users in one building being
the primary, and the other set in the other build-
ing the secondary. Under our results, it is best if
the sets of users are seen as co-primary; howev-
er, the simulations can also be used to infer what
would happen if one set of users were the prima-
ry and the other secondary.

The simulation parameters assumed for this
case are summarized in the last column in Table 1.
The two-strip layered model has been applied to
the buildings, and a detailed path loss model has
been selected in order to consider wall attenua-
tion [11, Eq. 5]. The goal of the conducted simu-
lations has been to verify the influence of the
maximum transmission powers used in each
building on the observed averaged SINR values
of the sets of users, these maximum transmission
powers being variable through the flexibility
brought about in a PL scenario. The correspond-
ing results are presented in Fig. 5. It is clear that
the average SINR experienced among the sets of
users increases significantly if the allowed maxi-
mum transmission power is increased for either
or both of the sets of users.

RATIONAL BENEFITS
ACHIEVED BY A SPECTRUM HOLDER

Finally, we briefly identify the benefits that can be
gained by spectrum holders. Practical utilization of
the PL concept allows definition of flexible pricing

strategies that can be applied. Taking into account
various types of traffic, it can be argued that as in
one case the interference induced by the other
users will potentially lead for high QoS degrada-
tion, in another scenario such interference power
can easily be tolerated. Such an observation is par-
ticularly important in the context of 5G networks,
where delivering various services (of different QoS
levels and associated guarantees) to the user is
envisaged. Thus, the primary user (e.g., network
operator) can accept more interference from the
other interested player (e.g., another operator, non-
first-priority end users) at the price of an increased
fee paid by that player. Higher interference means,
in fact, a greater leasing region or higher transmit
power, thus higher throughput that will be served
and managed by the licensee. On the contrary,
lower fees can be offered to such players that will
not be allowed to transmit with maximum power. 

The analysis of the results achieved in the
three simulation scenarios has proven that a
plethora of interesting variants for flexible spec-
trum sharing, and in consequence PL, can be
applied. This will be attractive for both current
spectrum holders and any other player interested
in sharing the spectrum. Thus, the LSA approach
together with the complementary PL concept can
be treated as key regulatory enablers for better
utilization of resources in 5G networks and spec-
trum availability enhancement through sharing.

CONCLUSIONS
It can be foreseen that with the introduction of
new, often technically challenging services to the
end user, the need for additional spectrum will
significantly increase in the very near future.
This has led to the conclusion that the current
static spectrum management solutions will no
longer be applicable, and a new vision for 5G
spectrum is required. Realization of the adaptive
spectrum sharing concept will definitely pave the
way for more efficient utilization of spectrum

Figure 4. Cellular-cellular sharing scenario: a) average SINR of the primary and secondary users as the function of transmit pow-
ers of primary and secondary base stations; b) profits of the two sharing operators, individually and combined.
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resources. Licensed shared access seems to be
the first practically available solution, but much
more can be beneficial from the application of
the flexible pluralistic licensing concept, which at
the same time delivers to the spectrum holder a
new tool for revenue increase. However, such
solutions have to be supported by the appropri-
ate regulatory decisions made at the global level,
which will open the doors for new definition of
spectrum usage in the context of 5G networks.
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Figure 5. a) Achieved average SINRs for the sets of users in Scenario 3, against varied transmission power; and b) profits of the
two sharing operators, individually and combined.
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INTRODUCTION

The radio frequency (RF) spectrum is a finite
natural resource with considerable economic and
social importance. The ultra-high frequency
(UHF) band from 470 to 862 MHz has tradition-
ally been used for terrestrial television broad-
casting [1]. The International Telecommuni-
cation Union (ITU) allocated the upper part of
the terrestrial broadcasting UHF band to inter-
national mobile telecommunications (IMT) tech-
nologies during the World Radiocommunications
Conferences (WRC) of 2007. This band ranges
from 790 to 862 MHz in Region 1 (800 MHz
band), and from 698 to 790 MHz in Region 2 and
Region 3 (700 MHz band), see Fig. 1. 

The term digital dividend was introduced to
name the television spectrum released during
the switch-over from analogue to digital terres-
trial television (DTT). Initially, the number of

available broadcast TV channels in Europe and
the U.S. was 49 and 55 channels, respectively,
which were reduced down to 40 and 37 after the
first digital dividend. After the second digital
band in the 700 MHz band, only 28 will be left
in Europe, whereas in the U.S. it will depend on
the outcome of the incentive auction.

Before the analogue TV switch-off took place,
most spectrum regulators worldwide auctioned
and awarded the digital dividend band to fourth-
generation (4G) Long Term Evolution (LTE)
mobile networks together with other frequency
bands (e.g. 1.8 or 2.6 GHz). The U.S. was the
first country to deploy nationwide 4G LTE net-
works in the digital dividend band. The deploy-
ments in Europe were initially hampered due to
the lack of harmonized spectrum in the region,
delays in the analogue TV switch-off, and the
popularity of terrestrial television in some coun-
tries where DTT is the main television distribu-
tion platform. Despite the issues of the
deployment of 4G networks in the digital divi-
dend band, many networks are currently on air
or are being deployed, including in the Asia-
Pacific region. Discussions have turned to the
feasibility of a second digital dividend in the ter-
restrial broadcasting UHF band. 

At the WRC-2012, it was agreed to allow the
introduction of mobile broadband services in the
700 MHz band in ITU Regions 1 and 3, to be
effective after the upcoming WRC-2015. Nation-
al administrations in those countries will have
the possibility to enable a second digital divi-
dend in that band. Some European countries
such as Finland, Germany, Sweden, and the UK
have already announced their intentions to release
these frequencies for 4G LTE (some countries
as early as 2017). Moreover, the European Com-
mission (EC) is considering reallocating the
700 MHz band around 2020 [2]. The European
Conference of Postal and Telecommunications
Administrations (CEPT) has proposed that the
established terrestrial broadcasting UHF spec-
trum below 700 MHz would continue to be used
for terrestrial broadcasting and would remain in
place until at least 2030.
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The 700 MHz band is already being used by
mobile networks in the U.S. as the first digital
dividend band. The U.S. is taking a further step
by proposing the 600 MHz band as a second dig-
ital dividend. The Federal Communications
Commission (FCC) has introduced a novel mar-
ket-based spectrum auction scheme known as
the broadcast television spectrum incentive auction
[4], in which broadcasters may voluntarily relin-
quish their spectrum licenses in exchange for a
share of the auction proceeds paid by the mobile
network operators (MNOs).

Broadcasters choosing to participate in the
auction would have different options depending
on their current RF channel assignment, which
involve different business and strategic trade-
offs. The incentive auction may represent a
financial opportunity for broadcasters who
remain on the air through the channel sharing
option. Doing so, broadcasters would continue
their business through a channel sharing agree-
ment and they would not lose must-carry rights
over cable and satellite. Depending on the agree-
ment, channel sharing may lower both operating
and capital expenditures for the broadcasters
involved. To participate in the incentive auction,
broadcasters will be offered the possibility to:
• Relinquish their current RF channel and share

an RF channel with another broadcaster.
• Move from the UHF to the VHF band.
• Move from high VHF to low VHF.
• Go off the air.

The process combines two separate but linked
auctions: a reverse auction, which will identify the
prices at which broadcasters are willing to relin-
quish their RF channels; and a forward auction,
which will determine the price MNOs are willing
to pay to acquire the new frequencies. The two
auctions will determine the buyers and sellers
and also the amount of spectrum to be cleared
in the 600 MHz band after reorganizing the tele-
vision (TV) stations that remain on air. This
process is known as repacking and will create
contiguous blocks of cleared spectrum at the high
frequency side of the UHF band for mobile use. 

This article presents an overview of the
upcoming TV broadcast spectrum incentive auc-
tion in the U.S. and reviews the main business,
regulatory, and technical challenges of a success-
ful incentive auction. The article presents the
potential plans for the 600 MHz band, which
could repurpose up to 144 MHz of broadcast TV

spectrum and allocate 120 MHz for mobile
broadband. The article discusses the broadcast
frequency repacking and the opportunities that
may bring a migration to the new and improved
global DTT standard that is currently in devel-
opment, known as ATSC 3.0.

INCENTIVE AUCTIONS OVERVIEW
Incentive auctions were introduced in the 2010
U.S. National Broadband Plan [3]. After a few
delays, the auction may take place in early 2016,
although it should be pointed out that at the
time this article was written the FCC was work-
ing to determine the final auction rules and pro-
cedures. There are several outstanding issues left
to be resolved, such as the determination of the
initial broadcast spectrum clearing target, open-
ing bid prices, benchmarks for the final stage
rule, and the final TV channel assignment process.

Incentive auctions are a market-driven tool
for repurposing spectrum. The idea behind the
incentive auction is that broadcasters may be
willing to voluntarily relinquish all or some of
their spectrum usage rights during the reverse
auction in exchange for a share of the income
raised in the forward auction. Broadcasters may,
of course, elect not to participate in the incen-
tive auction. Current estimates, while varying
widely, indicate that about 10.7 million TV
households in the U.S. rely on DTT only, which
represents an approximately 10 percent penetra-
tion, although the percentage of households with
at least one DTT set is considerably larger. 

In order for the incentive auction to be car-
ried through to completion, it is required to
raise substantial proceeds. Different estimates
based on previous spectrum auctions predict that
the proceeds could approach up to USD $45 bil-
lion [3]. Compensation may need to be signifi-
cant for broadcasters not only in the top markets,
but also in mid to smaller-sized markets in order
to clear spectrum on a nationwide basis.

The incentive auction is structured in two
separate but interdependent auctions, known as
reverse and forward auctions, linked by the
repacking process. For a given spectrum clear
target defined by the FCC:
• The reverse auction will determine the price

at which broadcasters will voluntarily relin-
quish their spectrum usage rights and the
amount of spectrum available in each market.

Figure 1. Frequency allocations in the UHF band for digital terrestrial broadcasting in ITU Region 1 (Europe, Middle East and
Africa, and Russia) and Region 2 (Americas).
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• The forward auction will determine the
price MNOs are willing to pay for such
spectrum.
The repacking process consists of reorganiz-

ing and assigning RF channels to the broadcast
TV stations that remain on air after the incen-
tive auction in order to create contiguous blocks
of cleared spectrum at the upper frequency
range of the 600 MHz band for mobile broad-
band use.

The participation of the broadcasters in the
incentive auction is totally flexible and voluntary,
and broadcasters that participate also have the
possibility to drop out of the auction (these
broadcasters will be treated as if they had not
participated in the auction). The FCC has
devised a flexible scheme to encourage the par-
ticipation of the broadcasters with four different
options, which involve different business and
strategic trade-offs, depending on their current
RF channel assignment. The four options are:
1 Bid to relinquish a UHF channel to move to

a high VHF (174 to 216 MHz) or to a low
VHF (54 to 88 MHz) channel.

2 Bid to relinquish a high VHF channel to
move to a low VHF channel.

3 Bid to relinquish their current UHF channel
and share a channel with another broad-
caster after the auction.

4 Bid to relinquish their license and go off the air.
Only broadcasters who relinquish their spec-

trum usage rights will share the auction proceeds
based on the value of their spectrum. Broadcasters
not relinquishing their spectrum licenses will con-
tinue operating in the same frequency band, be
subject to a potentially substantial disruptive RF
channel reassignment resulting from the repacking
process, and be entitled to reimbursement for
relocation costs from a USD $1.75 billion TV
broadcaster relocation fund, which must be gener-
ated from the proceeds of the forward auction. It

is intended that funds would cover up to 80 per-
cent of the eligible costs for commercial operators
and up to 90 percent for non-commercial stations.
Broadcasters that continue over-the-air operation
after the auction will retain the mandatory car-
riage rights on cable and satellite systems.

Broadcasters sharing an RF channel must
retain the capability to transmit at least one
standard definition (SD) TV channel. This is the
only constraint imposed by the FCC, and the
actual terms of the sharing agreement are left to
the broadcasters. Channel sharing agreements
should be executed prior to the auction.

Regarding the possibility of migrating from
the UHF down to the VHF bands, broadcasters
will be able to choose whether to bid for the
high-VHF or the low-VHF band, but the actual
RF channel will be assigned in the repacking
process if the broadcaster’s bid is selected in the
auction. 

Broadcasters relinquishing their license or
accepting a channel sharing bid would have to
vacate their RF channels within three months
after receiving the economic compensation.
Broadcasters remaining on the air would have
up to 39 months after the auction ends to move
to the new RF channel assigned in the repacking
process. 

The reverse and forward auctions will be
integrated in a series of stages with a reserve
price mechanism such that market forces will
determine the amount of cleared spectrum and
the revenues raised. Each stage will consist of a
reverse auction followed by a forward auction
for a given spectrum clear target defined by the
FCC. An extended round may be performed
within the forward auction if the final stage rule
is not met but bidding stops in high-demand
markets. Figure 2 illustrates the integration of
the two auctions. 

The opening prices are the starting prices for
the reverse auction, and they are the highest
prices offered to TV stations for the three
options to relinquish UHF spectrum usage
rights: go off the air, move to a low VHF chan-
nel, or move to a high VHF channel. The open-
ing prices will be published by the FCC before
the auction, and it is expected that they will be
very high in order to gather interest from broad-
casters. Prices will be calculated systematically
for each station, taking into account its covered
population and the potential interference in the
repacking process, and a uniform price (base
clock price) for a UHF station going off the air.
For moving to low VHF and high VHF, tenta-
tive price ranges are between 67 and 80 percent,
and between 33 and 50 percent of the station’s
price to go off-air, respectively. 

The initial spectrum clearing target for the
first round will be determined based on the ini-
tial position of the broadcasters indicated in the
pre-auction application process. The reverse auc-
tion will start at the highest clearing target possi-
ble based on the eleven potential scenarios for
the 600 MHz band plan described later. 

The first reverse auction bidding process will
determine the total amount of incentive pay-
ments to broadcasters required to clear the ini-
tial clearing target. If the proceeds of the
forward auction cover the bids of the reverse

1 MHz-POP is calculated
as follows: the total price
paid for a license is
divided by the product of
the bandwidth in MHz
times the population
covered by the license;
the FCC initially pro-
posed an average price
per MHz-POP bench-
mark of $1.25 in the
largest 40 markets by
population [3].

Figure 2. Integration of the reverse and forward auctions.
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auction, the TV broadcaster relocation fund
(USD $1.75 billion) [3], the auction costs of the
FCC, and the average price per MHz-POP1 sat-
isfies the minimum requirement established by
the FCC before the auction, then the incentive
auction will close at the initial spectrum clearing
target. If not, additional rounds will be run with
progressively lower spectrum targets in the
reverse auction, and consequently less spectrum
available in the forward auction, until the final
stage rule is satisfied. An extended round may
be performed within the forward auction if the
final stage rule is not met but bidding stops in
high-demand markets in order to give MNOs the
opportunity to express demand at higher prices
to meet the final stage rule, avoiding the need to
move to a lower clearing target. 

THE REVERSE AUCTION
The reverse auction will follow a descending
clock auction format, in which prices are pro-
gressively reduced until the number of RF chan-
nels that broadcasters are willing to move or
relinquish matches the clearing target. In each
bidding round, broadcasters will be offered
prices for one or more bid options, and they will
have to indicate their choices at those prices.
The descending clock structure allows broadcast-
ers to react to the prices provided by the reverse
auction, rather than having to formulate their
own bids.

Table 1 illustrates an example of the reverse
auction with a clearing target of two stations in a
given market. The opening price is $$$$, and
five broadcasters (stations) accept this price. For
the sake of simplicity, all stations are assumed
technically identical. Since there are more sta-
tions than required (i.e. excess of demand), a
new round of bidding is carried out with a lower
bid price (in the example, $$$). Only three
broadcasters accept this price, but since there is
one station above the clearing target, another
round is performed with a lower price of $$.
Only one broadcaster accepts this price, and
hence the two broadcasters that accepted a price
of $$$ will have to indicate the price level
between $$ and $$$ (i.e. between the opening
and closing prices of a round) that they accept to
relinquish their station. This methodology is
known as intra-round bidding, and it will allow
broadcasters to drop out of the auction and
remain on air if their target price is not satisfied. 

From the example, it can be noted that not
all stations willing to accept an offered price will
be selected to relinquish their licenses. Further-
more, stations in practice are not technically
identical, as assumed in the example. This means
that some stations are more suitable than others
to fulfill a given spectrum clearing target, which
also depends on the actual stations that partici-
pate in the auction. Hence, the reverse auction
system will take into account the feasibility of
repacking the remaining TV stations after the
auction when offering the prices to each station.
If a station cannot be assigned an RF channel,
its price will become frozen, and will not be
adjusted downward in the subsequent rounds.
Otherwise, stations will continue to be offered
reduced prices as long as they become necessary
to meet the spectrum clearing target.

THE FORWARD AUCTION

The forward auction will come after the reverse
auction with an ascending clock auction format,
in which prices are progressively increased until
the number of spectrum licenses demanded by
the MNOs matches the available spectrum (i.e.
prices start low and are adjusted upward). In
short, prices will continue to rise until there is
no excess demand for the available spectrum.
Another important feature of the forward auc-
tion is that MNOs will bid on the desired num-
ber of generic paired 5 MHz spectrum blocks
per market (i.e. a 5 MHz block for the uplink
and another 5 MHz block for the downlink).
After the auction, a separate auction round pro-
cess will be carried to allocate the specific blocks
per market to the MNOs. 

Table 2 illustrates an example of the forward
auction for three available spectrum blocks in a
given market in which only two MNOs are inter-
ested to obtain new licenses. The opening bid
price is $, and for this price the two MNOs
demand three spectrum blocks each, hence hav-
ing an excess demand of three blocks. Another
round is carried out with a higher price per
block ($$), which reduces the demand of both
operators to two blocks. The third round increas-
es the bid price to $$$, which reduces the
demand of the two MNOs to one block each.
The price for the third block would be the high-
est bid of the two MNOs between $$ and $$$
(i.e. the opening and closing prices of the round).
That is, the same intra-round bidding scheme
used in the reverse auction can be applied in the
forward auction. 

TV BROADCAST SPECTRUM REPACKING
Terrestrial broadcast TV in the U.S. employs
222 MHz of spectrum in the UHF band and
72 MHz in the VHF bands, with a total number
of over 8000 TV stations. The frequency plan-
ning for the first-generation U.S. DTT standard
ATSC was based on a multi-frequency network

Table 1. Illustrative reverse auction example where two stations are needed.

Table 2. Illustrative forward auction example where two spectrum blocks
(licenses) are available.

Round Bid price Stations accepting
bid price

Stations in excess of
clearing target

I $$$$ +3

II $$$ +1

III $$ –1

Round Price per
spectrum Block

Demand
MN01

Demand
MN02

Excess
demand

III $$$ –1

II $$ +1

I $ +3
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topology, where each TV station is assigned a
6 MHz RF channel to cover a particular geo-
graphical area. In the U.S., TV stations are clas-
sified as full power (“Full Power”), class A low
power television (“Class A”), low-power televi-
sion (“LPTV”), or TV translator (“Translator”).
Full-power stations are traditional high-power
high-tower stations with up to 1 MW effective
radiated power (ERP) in the UHF band, and
have the highest priority regarding RF interfer-
ence. LPTV stations are limited to up to 1 kW
ERP in the UHF band, and also cover transla-
tors that retransmit the signals of a TV broad-
cast station. LPTV stations and translators are
considered secondary to full-power stations,
unless they are classified as class A. According
to the FCC, there are 1782 full power stations,
465 class A low power stations, 1980 LPTV, and
4175 translators. It should be pointed out that
only full-power (commercial and non-commer-
cial) and class A licensees are eligible to partici-
pate in the incentive auction, and that licensees
of LPTV and TV translator stations cannot par-
ticipate. 

As part of the reverse auction, the TV sta-
tions that remain on air would be reorganized
so that they occupy a smaller portion of the
UHF band toward the low frequency side
allowing repurposing a contiguous portion of
the high frequency side of the UHF band for
mobile use. The terms of the repacking pro-
cess have been designed to preserve the popu-
lation and coverage served by each of the
remaining individual TV stations as was deter-
mined for a baseline back in February 2012. A
new RF channel assignment wil l  not be
allowed if the population served is reduced by
more than 0.5 percent due to interference.
The FCC is planning to use a software tool to
determine repack feasibility. This tool makes
use of two files. One file contains possible
repack channels for each station that are based
on restrictions associated with interference
protection into Canada and Mexico and with
protection of public safety allocations. The
second file contains the channels for each sta-
tion and for each of these channels the sta-
tions that would cause the co and adjacent
interference over the 0.5 percent limit.

THE 600 MHZ BAND PLAN

The TV spectrum incentive auction requires a
flexible band plan for the 600 MHz band because
the quantity of broadcast spectrum that will be
repurposed for mobile broadband will be an out-
come of the auction itself. In this section we
explain the flexible framework to account for
different amounts of cleared spectrum. Ideally,
after the reverse auction the same amount of
spectrum will be available nationwide. The possi-
bility of modifying the framework to accommo-
date varying amounts of available mobile
spectrum per market is currently one of the
open topics under discussion. Doing so would
result in impaired spectrum blocks and a reduc-
tion in the number of available spectrum blocks
in some markets. The FCC has initially proposed
two categories of generic spectrum blocks: cate-
gory 1 with at most 15 percent of the population
impaired by interference, and category 2 with
over 15 percent up to 50 percent of interfered
population (spectrum blocks with more than 50
percent of impaired population will not be
offered in the auction), having different price
clocks for each category, and reducing the prices
of the impaired blocks proportionally to the per-
centage of interfered population [3]. The final
stage rule would only apply to category 1 blocks
in the most populated markets, and hence after
the final stage rule is satisfied the forward auc-
tion will continue until there is no excess demand
in any category in any market.

Figure 3 shows the eleven potential scenarios
that have been defined depending on the amount
of spectrum cleared in the auction, ranging from
a maximum of 144 MHz (24 RF channels) down
to a minimum of 42 MHz (seven RF channels).
The amount of spectrum reallocated to mobile
services will range between 120 MHz in the most
aggressive scenario and only 20 MHz in the most
conservative scenario. The envisaged frequency
plan for mobile services consists of a frequency
division duplexing (FDD) scheme with specific
paired uplink and downlink bands comprised of
5 MHz frequency blocks. The number of RF
channels in the UHF band available for the
repacking of broadcast TV licenses that remain
on air would be reduced from 37 (from 14 up to

Figure 3. Potential scenarios for the 600 MHz band plan after the incentive auction.
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51, except RF channel 37, which is allocated to
radio astronomy, RAS, and wireless medical
telemetry services (WMTS)) down to 12 in the
most aggressive scenario (30 in the most conser-
vative scenario). The FCC has initially proposed
70 MHz as the forward auction spectrum bench-
mark, corresponding to a broadcast spectrum
clearing target of 84 MHz [3]. It should be point-
ed out that the RF channel 37 will continue
being reserved for RAS and WMTS applications
after the incentive auction. In the figure it can
also be noted that each scenario includes guard
bands between the different technologies, includ-
ing a duplex guard band of 11 MHz between the
uplink and the downlink mobile transmissions.
The guard band between broadcast and mobile
services would range between 7 MHz up to
11 MHz, which is intended to avoid interference
issues in adjacent channels [4]. 

In the U.S., unlicensed devices can operate
on broadcast television RF channels that are not
used at a given location, known as TV white
spaces. Unlicensed devices are to use certified
radio equipment, may not cause harmful inter-
ference to licensed incumbent services, and must
accept any interference that they receive. Inter-
ference from TV white space devices into the
incumbent services is supposed to be controlled
through a spectrum database of protected incum-
bent service areas. With the new 600 MHz band,
unlicensed devices and wireless microphones
would be allowed to operate in TV white spaces
in the repacked broadcast TV band, but also in
the new guard bands of the resulting 600 MHz
band plan. Furthermore, the FCC has proposed
to allow unlicensed devices to operate for the
first time on RF channel 37 by establishing inter-
ference protection margins for existing opera-
tions in the white space database. This proposal
seeks to promote greater innovation in new
products and services by enabling spectrum for
unlicensed devices on a nationwide basis because
currently the amount of available spectrum is
very limited or even nonexistent in many major
markets.

CHALLENGES OF THE
TV SPECTRUM INCENTIVE AUCTION

The TV spectrum incentive auction is a very
challenging process because all the pieces have
to work together in order to be successful. For
example, the opening bids by the FCC could
break the auction from the beginning, as they
will directly influence the participation of the
broadcasters and the levels at which they might
potentially drop out of the process. Efficient
repacking of the remaining TV stations that
remain on air after the auction must also be
accomplished as a component of a successful
auction. The repacking algorithm may be the
most complex technical element of the overall
process, which will be used in the reverse auc-
tion to help determine if a bid of a TV station is
critical to the relevant spectrum clearing target.

Migrating from the UHF band down to the
VHF band (and from the high-VHF down the
low-VHF) may imply reception issues for the
viewers. Although signals would reach further,

building penetration loss would increase and, in
order for them to maintain their efficiency, the
size of customer receive antennas would need to
increase.

The incentive auction will greatly affect the
use of wireless microphones, low power TV sta-
tions (not classified as class A), and unlicensed
TV white space devices, since all their operation
would have to be modified after the repacking
process. A main drawback of the incentive auc-
tion process is that broadcasters that desire to
continue their businesses well into the future
may not have enough spectrum available for
introducing new technologies.

ATSC 3.0
From an alternate perspective, the incentive auc-
tion represents a tremendous opportunity for
broadcasters who are interested in thriving in
the business well into the future by embracing
the technological advancements that are avail-
able and would greatly enhance the consumer
experience. In comparison to the high costs of
the repacking process ($2 million to $5 million
per station), which may not be fully covered by
the broadcast relocation fund, the additional
costs to migrate to a next-generation system may
not be significant ($250 thousand to $500 thou-
sand per station).

The Advanced Television Systems Committee
(ATSC) is currently developing its next-genera-
tion TV broadcasting system, known as “ATSC
3.0,” which aims to become the reference DTT
technology worldwide, leveraging all the progress
beyond prior state-of-the art. The ATSC 3.0 sys-
tem is being designed to include, among other
features, higher system capacity to deliver a
combination of emerging ultra-high definition
(UHD), high frame rate (HFR), and high
dynamic range (HDR) services and robust
indoor and mobile reception. A primary goal is
to simultaneously reach both fixed and portable
devices. It is expected that ATSC 3.0 will allow
transmitting more than 30 Mb/s in a 6 MHz RF
channel for the same operation point of ATSC
1.0 (15 dB signal-to-noise ratio at 19.4 Mb/s) [5].
Therefore, the combination of ATSC 3.0 with
the new video codec HEVC (high-efficiency
video codec), which, theoretically, provides up to
four times the compression gain with respect to
MPEG-2 video coding (two times with respect to
MPEG-4/AVC), and its one-to-everyone broad-
cast architecture, results in the most spectrally
efficient mass media content delivery system.

One of the problems with the introduction of
ATSC 3.0 may be the lack of spectrum to allow
for a simulcast period with both the existing ser-
vice and the new service, to allow users to pro-
gressively update their receivers either with a
new TV set or a new set-top-box. One possibility
may be for two broadcasters to share their two
RF channels, such that one RF channel is used
for ATSC 1.0 (since this configuration may allow
for the delivery of two lower quality high-defini-
tion HD services), and the other for ATSC 3.0.

Regarding the channel sharing of the new
ATSC 3.0 services, broadcasters may be initially
more interested in delivering a reduced set of
TV channels (e.g. one each assuming that two
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broadcasters pair up) with a very robust configu-
ration (e.g. SNR in the order of 0 dB to 3 dB),
aiming for robust indoor reception on TVs and
tablets. Another possibility would be to deliver
two higher quality HD fixed services per RF
channel. In both cases, ATSC 3.0 would enable
the transmission of new services once the simul-
cast period is concluded and more spectrum
becomes available.

OUTLOOK
The upcoming broadcast TV spectrum incentive
auction in the U.S. will be a groundbreaking
spectrum event worldwide. This innovative spec-
trum auction scheme is a market-driven tool for
repurposing spectrum. With a successful incen-
tive auction, the U.S. would be the first country
to make the upper portion of the 600 MHz band
available for mobile broadband.

The incentive auction is a very challenging
process from both technical and economic points
of view because in order to be successful the
reverse and forward auctions and the repacking
process must work seamlessly. The opportunities
that the repacking component of the auction
presents to TV broadcasters should not be disre-
garded. The introduction of the ATSC 3.0 next
generation digital terrestrial television system
makes possible the delivery of higher quality ser-
vices to an entirely new set of display devices
and allows for the service to continue being a
competitive media platform. Therefore, the
migration to ATSC 3.0 should be taken into
account as part of the overall incentive auction.
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INTRODUCTION

1.286 billion was the total number of mobile sub-
scribers in China at the end of 2014. The pene-
tration ratio has exceeded 94.5 percent of the
general population. For China, the country with
the largest number of mobile users on the plan-
et, the past year witnessed dramatically fast
development of fourth generation (4G) industry.
In October 2014, 3G subscribers saw negative
growth for the first time. However, the number
of mobile broadband subscribers (i.e., 3G plus
4G users) exceeded 582 million by the end of
the year. Meanwhile, mobile Internet traffic
maintains high-speed growth. Based on a 47 per-
cent annual increase, the average user traffic has
reached 205 MB per month, 86.8 percent of
which is from mobile phones [1].

But this is more than enough. People’s
demand for mobile data services knows no limit.
Historically in the development of mobile com-
munication systems, it has taken about 10 years
to give birth to a new generation. As 4G com-
mercializes, the research and development of 5G
has been launched, targeting commercial deploy-
ments in 2020 and beyond, according to Interna-
tional Telecommunication Union Radio
Communication Standards Sector (ITU-R)
Working Party 5D [2].

As the fundamental carrier of cellular mobile
communications, radio spectrum resources have

a decisive effect on the scale of industry devel-
opment. Among 5G studies, the spectrum issue
is one of the most important parts. How much
spectrum does 5G need? Where can appropriate
spectrum bands be found? How will they be effi-
ciently used and managed? There are many
open questions to be answered.

In this context, global 5G research institu-
tions pay great attention to research on spec-
trum. To name but a few, China’s IMT-2020
Promotion Group (IMT-2020 PG) set up a spec-
trum working group to deal with 5G spectrum
demand and candidate bands. Furthermore, the
EU FP7 METIS project has delivered a dedicat-
ed spectrum report [3]. In addition, in some
countries the released national spectrum strategy
put the spectrum for the next generation of
mobile communication in a prominent position,
such as the report to U.S. President Obama
from PCAST [4] and Ofcom’s Spectrum Man-
agement Strategy from the United Kingdom [5].

This article discusses the related considera-
tions on 5G spectrum in China. An overview is
given of the 5G vision. We focus on the spec-
trum demand, followed by the potential candi-
date bands for 5G. New spectrum usage methods
are discussed. Based on China’s current frame-
work of spectrum management, two new ele-
ments — service classification and spectrum
assessment — are proposed. The summary and
outlook are given in the last section.

WHAT IS 5G?
What requirements does 5G impose? Which new
service scenarios should 5G support? These ques-
tions are being actively discussed in China as well
as globally. Different organizations have given dif-
ferent answers, as summarized in Table 1.

The METIS project in Europe is the first
public research project aimed at 5G. In METIS’s
5G vision, large numbers of both human-centric
and machine-type users will be provided with a
wide variety of services [6]. This vision brings
challenges to future 5G systems, such as very
high data rates, super dense crowds of users, and
improved end-to-end performance. The general
Key performance indicators (KPIs) are listed in
Table 1 in terms of relative parameters com-
pared to today. Furthermore, to provide more
specific research topics, 12 concrete test cases
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(TCs) are defined [6], such as the virtual reality
office (TC1), where respective KPIs are given in
Table 1. Meanwhile, many organizations in dif-
ferent areas have also started research on 5G.
For example, the 5G Forum in Korea proposes
more aggressive data rate requirements, as
shown in Table 1.

In China, the Future Forum and IMT-2020
PG, as two main fora, are beginning to draw an
overall picture for 5G based on China’s situation
[7, 8]. First, they envision that mobile Internet
and the Internet of Things (IoT) are two main
drivers of future mobile networks in China which
will touch many aspects of life in the future (i.e.,
home, work, leisure, and transportation).
Regarding the first three aspects, there is a com-
mon view on a global level in both Europe and
China; thus, similar requirements are introduced
in terms of data rate and latency.

However, the transportation aspect is differ-
ent in China compared to other countries; the
train is the most important transportation vehi-
cle in China rather than the airplane as in west-
ern countries. A high-speed railway is becoming
more and more popular throughout the country.
Its maximum operation speed is already 350
km/h, and the experimental speed is 605 km/h,
which implies that 500 km/h is very promising
for 2020 when 5G will be deployed. Therefore,
China regards transportation scenarios as impor-
tant 5G use cases, and the mobility requirement
is above 500 km/h. Considering China’s large
population, ultra-high traffic volume density and
ultra-high connection density are real challenges
for 5G systems, which are interpreted as abso-
lute KPIs given in Table 1. In addition, spectrum
efficiency and cost efficiency are envisioned to
be enhanced by a factor of 100 compared to
today’s network.

Although they have different views on 5G,
several organizations have a common under-
standing that 5G systems aim to meet totally dif-
ferent requirements in various extreme scenarios.
Moreover, it is difficult to satisfy all require-
ments by one radio access technology (RAT).
Therefore, 5G is supposed to be a bundle of new

and heterogeneous technologies, such as the
maturing of Long Term Evolution (LTE) and
WiFi, as well as new RATs. As illustrated in Fig.
1, the overall 5G radio access solution will most
likely consist of multiple well integrated RATs,
where carrier frequencies range from low to
extremely high frequencies. In addition, imple-
mentation, deployment, and compatibility issues
change with carrier frequency due to different
propagation characteristics.

HOW MUCH SPECTRUM
DOES 5G NEED?

Every few years, ITU-R sets up agenda items in
advance to study the future spectrum demand
for international mobile telecommunication
(IMT), and to support the consideration of addi-
tional spectrum allocations. Currently, ITU-R
has almost finished study on IMT spectrum
demand toward 2020. China is actively involved
in these studies. Besides, China has also started
study on spectrum demand beyond 2020.

DEMAND IN 2020 CHINA
How should IMT spectrum demands be calculat-
ed? Generally, a methodology starts with an
analysis of future market and traffic volume,
moves on to calculate and distribute the traffic
on different RATs, and then calculates the
required capacity before concluding the estima-
tion. The actual calculation process can be very
complicated when there are a variety of traffic
types, different environments, and multiple cell
types of different RATs. For example, imagine
estimating the data rates of a high-quality video
streaming user located in indoor offices, con-
necting with future 5G small cells, in 2025.

Many countries have made contributions to
the calculation methodology. Some of them,
such as China and the United Kingdom, focused
on the improvements of the existing ITU-R
method specified in Recommendation M.1768.
There are also original methodologies proposed
by the GSM Association (GSMA), U.S. Federal

Table 1. Summary of 5G KPIs from different organizations.

KPI item 4G ITU
requirement

METIS (Europe)
5G Forum

(Korea)
Future Forum

(China)
General TC1

Peak data rate 1 Gb/s 10 ×~100 × 5 Gb/s at 20%
space 50 Gb/s 10 Gb/s

Cell edge user
data rate 6 Mb/s 10 × ~ 100 × 1 Gb/s at 95%

space 1 G b/s 100 Mb/s

User plane
latency 10 ms 5 × reduced 10 ms 1 ms 1 ms

Mobility 350 km/h 350 km/h 6 km/h 350 km/h 500+ km/h

Connection
density — — 0.1 million/km2 — 1 million/km2

Traffic density — 1000 × 0.1 Gb/s/m2 — 0.01 Gb/s/m2
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Communications Commission (FCC), Russia,
and so on [9]. In China, besides using existing
methodologies, a new method is also proposed
based on national considerations.

The main point of the new method is to esti-
mate the upper bound of demand. In fact, it is
proved by the operational data that the area
which has the largest spectrum demand is always
in urban areas. When requirements of such a
scenario are satisfied, the solution might be
applicable for others as well. In the calculation,
a typical hotspot zone in Beijing is selected as
the research area. To gather the historical data
within, the government issued an investigation
letter to all network operators. The data survey
is based on the operator’s network management
system in China, in which there is a major differ-
ence between the proposed method and other
international methods. Supported by these first-
hand data, analyses are made to estimate the
traffic increase, traffic distribution, and base sta-
tion (BS) deployments in the future. The general
flow chart of the methodology is shown in Fig. 2.
According to the calculation, the total IMT spec-
trum demand in China is 1350–1810 MHz in
2020 [10].

This demand is huge. At the end of 2014,
China has already planned 687 MHz spectrum
for IMT. There is at least a 663 MHz deficit.
Moreover, in the period of 5G commercializa-
tion after 2020, the total spectrum demand may
continue to increase.

DEMAND CONSIDERATIONS IN 2020–2030
The above result is, to some extent, a total
amount of spectrum, and the range depends on
the assumptions made in the estimation process.
However, in view of 5G beyond 2020, it is proba-
bly difficult to measure the new demand only in
a total number. For example, in 5G indoor high
traffic scenarios, in order to achieve high peak
data rates, the demand for frequency bandwidth
may be up to several gigahertz. This can be
solved by using higher frequencies and denser
deployments. But these solutions may not be the
best choice for outdoor wide area scenarios.
Therefore, it will be useful to separately estimate

how much spectrum is required for coverage,
capacity, performance, and connections for each
5G scenario to perform a mapping onto differ-
ent frequency bands, such as bands below 1
GHz, between 1–6 GHz and even above 6 GHz.
It is likely that the results from different scenar-
ios will vary a lot. Generally, the 5G spectrum
demand estimation will be a comprehensive out-
come, indicating spectrum solutions for different
scenarios. It is expected that 5G requires a high-
er the total amount, wider with respect to indi-
vidual bandwidths, greater in range, and more
flexible in usage pattern.

WHERE CAN SPECTRUM BANDS
FOR 5G BE FOUND?

Is China ready to provide sufficient frequency
bands for 5G? Overall, the potential bands can
be divided into two parts: bands below and above
6 GHz [11].

SPECTRUM BELOW 6 GHZ
For wireless communications, lower frequencies
provide better coverage. Currently, almost all
countries use spectrum below 6 GHz for IMT
systems. Besides achieving high data rates, it is
also necessary to guarantee wide-area coverage
and outdoor-to-indoor coverage in 5G. There-
fore, spectrums below 6 GHz form a very impor-
tant part of the 5G spectrum solution. In China,
potential 5G spectra below 6 GHz include the
following aspects.

Spectrum refarming: Until the end of 2014 in
China, 2G, 3G, and 4G networks respectively
occupy 132 MHz, 95 MHz, and 250 MHz spec-
trum total, respectively . For the two operators
authorized for LTE hybrid network trial, China
Telecom has 2 × 15 MHz spectrum for LTE
FDD, while China Unicom only has 2 × 10 MHz
in the beginning. Market competition has
prompted Chinese Unicom to accelerate the
pace of 2G spectrum refarming for 3G and 4G
networks. On the other hand, being the world’s
largest TD-LTE network, China Mobile has also
expressed willingness to refarm 2G spectrum for
LTE frequency-division duplexing (FDD). When
5G is put into use, it is expected that some spec-
trum from the old generation could be refarmed
for it as well. However, refarming does not
increase the total spectrum amount.

Already identified IMT spectrum: In the
Regulations of Radio Frequency Division of
China, there are several frequency bands identi-
fied for IMT, specified in footnote CHN28 [12],
such as 2300–2400 MHz and 3400–3600 MHz.
For 2300–2400 MHz in China, after careful com-
patibility study, IMT systems have proven the
capability of coexisting with radio location ser-
vices, but limited to only indoor use. This band
was assigned in December 2013 for deploying
TD-LTE systems.

Nevertheless, other bands are still to be stud-
ied with respect to compatibility before official
use. For example, in China, 3400–3600 MHz is
already used as extended C band for satellite
services, since it can provide better propagation
characteristics against the rain attenuation than
higher frequency bands. Therefore, until now,

Figure 1. 5G wireless access in relation to spectrum. (Source: Ericsson
white paper on 5G radio access.)
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allowing this band for IMT systems needs fur-
ther demonstration and coordination.

Candidate bands being studied in ITU-R: In
the current ITU-R research cycle, there are dozens
of candidate frequency bands proposed for IMT
from different nations [9]. They include, but are
not limited, to 3300–3400 MHz, 4400–4500 MHz,
and 4800–4990 MHz, which are currently support-
ed by China. Other regions may have different
considerations. For example, Europe supports
1427–1452 MHz, 1452–1492 MHz, 3400–3600
MHz, and 3600–3800 MHz; the United States sup-
ports 470–694 MHz and 1695–1700 MHz. There-
fore, to realize global harmonization, it is
necessary to achieve further regional convergence.

Spectra below 6 GHz are the best resources
for IMT in the near future. However, due to
their scarcity in China and the increasing diffi-
culty in realizing international harmonization, it
is time to seek spectrum above 6 GHz. Another
way to utilize the benefits of these spectra is
probably to share with other radio services, will
discussed later.

SPECTRUM ABOVE 6 GHZ
Above 6 GHz, there is a broad range of spec-
trum that could be considered for 5G. Here, it is
easier to find a relatively “clean” band with
much greater and continuous bandwidth (> 500
MHz). However, a lot of work is needed in seek-
ing new bands for 5G above 6 GHz. Preliminary
studies show that a lot of potential suitable fre-
quency ranges could be found from 6 GHz to
100 GHz in China [11]. From the regulatory per-

spective, it is vital to perform solid research on
these bands, including channel measurements,
system modeling, and detailed studies on com-
patibility with currently used services [13].

HOW CAN THE
SPECTRUM IN 5G BE USED?

As we know, current 2G, 3G, and 4G systems in
China only use licensed dedicated spectrum.
However, according to the above analysis, 5G
systems will need significantly more spectrum
than today, and it is hard to find enough bands.
Thus, using only licensed mode may not meet
5G requirements very well. To this end, this arti-
cle provides a complete summary of spectrum
sharing scenarios as the following categories:
1. Vertical sharing refers to spectrum sharing

between users of different priority (e.g., pri-
mary and secondary); that is, users have
unequal rights to spectrum access.

2. Horizontal sharing is sharing between sys-
tems that have the same priorities with
respect to spectrum (i.e., different users
have fair access rights to the spectrum). If
users sharing the spectrum adopt the same
technology, it is called homogeneous hori-
zontal sharing; otherwise, it is referred to as
heterogeneous horizontal sharing.
First, as shown in Fig. 3, the above-men-

tioned spectrum sharing scenarios are mapped
to different types of spectrum: licensed, licensed
shared access (LSA), and unlicensed.

Figure 2. Flow chart of the spectrum demand methodology proposed by China, where a 3.7 km × 2.6
km square area around Beijing Financial Street is selected as the typical dense traffic area.
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LICENSED SPECTRUM

In licensed mode, spectrum is allotted to wire-
less systems for primary use. The only relevant
spectrum sharing scenario is homogeneous hori-
zontal sharing (i.e., sharing spectrum with other
operators using the same RAT), which is also
called co-primary or inter-operator spectrum
sharing. 

LSA SPECTRUM
In LSA mode, a licensee has the right to access
spectrum that is unused by an incumbent user at
certain locations and/or times. This vertical shar-
ing is based on well defined conditions that are
parts of a sharing license. In initial regulatory
frameworks (e.g., the LSA concept developed in
CEPT working group FM53), the licenses are
expected to be long-term and exclusive. As it
evolves, the LSA concept may in the longer term
be combined with homogeneous horizontal shar-
ing so that the issued licenses could be non-
exclusive and require several licensees to coexist. 

UNLICENSED SPECTRUM
In unlicensed mode, a wireless system has to
share spectrum with other unlicensed systems.
For heterogeneous horizontal sharing in an unli-
censed band, a system must be prepared for
coexistence with any other technology that may
be present in the band. Meanwhile, homoge-
neous horizontal sharing between different sys-
tems with the same RAT is unavoidable. Vertical
sharing functionality may also be required for a
system operating in unlicensed mode if a prima-
ry user exists in the band.

5G systems have some natural characteristics
for facilitating the above-mentioned spectrum
sharing techniques, which are explained in detail
as follows.

•Vertical sharing can be a good way to unlock
many bands for 5G systems as soon as possible.
As mentioned above, the candidate bands for
5G systems are not “clean” even for frequencies
above 6 GHz. Almost all candidate bands have
other existing allocations and are already in use
(e.g., fixed services or radar systems). It is not
easy to coexist with them in every case. Thus,
one way to use these bands for 5G systems is to
repurpose them for licensed cellular usage. In
some cases this approach may require a lot of

effort and time to succeed. In order to make
them available for 5G use in a relatively short
time, one possible compromise is to introduce
LSA. 5G systems would then operate under the
constraint of protecting the incumbent service.
To allow for efficient operation, a spectrum
database or spectrum sensing technique may be
employed. For any approach, quality of experi-
ence (QoE) for services of both primary and sec-
ondary systems should be guaranteed. An
innovative public-private radio interference man-
agement framework that enables near-term spec-
trum sharing is proposed to guarantee 5G
performance and user QoE [14].

•Homogeneous horizontal sharing is feasible
for 5G systems particularly in high frequency
band (i.e., above 6 GHz). Using these bands
might not target providing ubiquitous coverage,
but rather non-contiguous coverage islands. Fur-
thermore, different operators may be required to
serve different traffic volumes at the same
instant. In such cases, spectrum sharing tech-
niques can bring potential gains from statistical
multiplexing. Besides, propagation conditions at
high frequencies combined with high-gain beam-
forming for 5G systems is a promising approach
for making good use of such frequencies.

•Heterogeneous horizontal sharing is likely to
be employed only in unlicensed spectrum and
can be used to boost capacity for 5G systems.
There is currently and will also be a large
amount of unlicensed spectrum even in high fre-
quency bands (e.g., 59–64 GHz in China). The
use of unlicensed spectrum for 4G systems is
being discussed in the Third Generation Part-
nership Project (3GPP) in combination with
licensed spectrum for critical control signaling. It
is very likely that unlicensed mode will continue
to be a complementary method of using spec-
trum for 5G systems. 

Finally, it should be clear that applying these
spectrum sharing techniques in practice needs
additional functions. For example, vertical shar-
ing may need databases to provide information
about primary systems, while horizontal sharing
may require coordination among different oper-
ators. These approaches may involve signaling
overhead and implementation limits, which
means extra effort is required. Thus, in our view,
licensed dedicated spectrum will continue to be the
dominant spectrum usage method for 5G systems

Figure 3. Illustration of spectrum type and related usage scenarios.
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due to better means of controlling interference and
guaranteeing coverage, while other spectrum shar-
ing approaches will act as complementary spec-
trum usage method when it is proved that there is
benefit in future research work.

HOW TO MANAGE THE
SPECTRUM IN 5G?

At present, the spectrum license pattern in
China mainly includes both licensed and unli-
censed use. In addition, there is a light license
mode, in which the user only needs to report but
not apply for setting up a new radio station to
the government for recording.

In such a management framework, spectrum
sharing is not well supported. As 5G brings
many more requirements in spectrum demand
and also new spectrum usage methods to accom-
modate the requirements, it seems that spectrum
management, to some extent, has to keep pace
with innovation. In this section, based on the
current framework of spectrum management in
China shown in Fig. 4, two new elements are
proposed: services classification and spectrum
assessment. To be clear, the new elements pro-
posed in this article do not represent the current
policy in China and are considered as research
work aiming to give some food for thought. But
from various aspects of the related work described
below, they could be a possible trend.

The basic spectrum management process is
shown at the top of Fig. 4. The spectrum alloca-
tion (to radio services), allotment (to users or
systems), and assignment (to specific radio sta-
tions), as well as the radio equipment and sta-
tion management belong to ex-ante
management. The radio monitoring belongs to
ex-post management, including radio occupancy
measurements, signal parameter and transmitter

inspection, illegal transmitter detection and find-
ing, and so on. The radio access optimization cen-
ter, composed of relevant organizations and
institutions, is in charge of spectrum demand
calculation, coexistence, and access analysis. The
spectrum database stores all the information of
radio services, stations, and monitoring reports,
which indicate the current spectrum usage and
availability. When a new service access request
arrives, the center checks the database, performs
integrated analysis, and outputs the solution to
support the process, which conversely inputs the
information to the database for further use,
establishing a closed-loop management.

SERVICES CLASSIFICATION
Intuitively, not every radio service can be shared
with IMT systems. Therefore, it is vital to make
clear which types of service can be put forward
for sharing. Here, it is proposed to divide them
into three classes.

Class one services are those involving govern-
ment affairs, national security, and public safety.
They usually occupy specified licensed spectrum
for free and need strict protection. Their spec-
trum cannot be shared with others. Some special
radio services, such as radio astronomy, may also
belong to this class. In future 5G standards, if
there are related service aspects, will probably
belong to class one services.

Class two services include commercial radio
services, and also general public and dedicated
services. The spectra for public mobile commu-
nication in 5G are included. Licensed or LSA
mode could be used here. The government
would flexibly charge the class two services,
depending on their degrees of commercialization
and behaviors of radio occupancy. At present,
the Chinese government already charges the
expense of frequency occupation, with clarified
costs for different types of radio stations. Mean-

Figure 4. Proposed new elements in the current spectrum management framework in China.
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while, there are detailed free lists and preferen-
tial lists for dedicated use. According to the lat-
est Draft Amendments to China’s Radio
Management Regulations [15], auctioning is
introduced for spectrum allotment. Recently, the
Ministry of Industry and Information Technolo-
gy (MIIT) of China is officially promoting the
study on the marketing management mechanism
of spectrum. In the study, it is necessary to dis-
tinguish the spectrum that might be participating
in the auction from others.

Class three services are dedicated for public
free use. The access process might also need
spectrum sensing, such as WiFi. However, the
transmission power of this class is required to be
low.

SPECTRUM ASSESSMENT
Spectrum assessment belongs to ex-post manage-
ment. It is not only the basis on whether a fre-
quency band can be allotted to a new service,
but also a way of supervising its utilization effi-
ciency. In [15], the assessment of the current
spectrum usage is proposed in China for the first
time. Based on assessment results, the govern-
ment can adjust or even retrieve the spectrum
allotment. Currently, the State Radio Monitor-
ing Center and State Radio Spectrum Manage-
ment Center are conducting studies on spectrum
assessment methodology and also the develop-
ment of related test instruments.

To make fair assessment, a scientific and
effective KPI system must be established. The
KPI mainly includes three aspects. One is radio
monitoring related information, such as noise
and radio occupancy measurement results in dif-
ferent scenarios and locations. Another aspect is
radio stations related information, such as loca-
tion, RF parameters, and related statistics. Fur-
thermore, the KPI system also includes service
related information, such as different quality of
service (QoS) and protection requirements. It is
important to study the feasibility of providing
such information in a technology- and service-
neutral way, and whether it allows for a practical
and efficient spectrum evaluation process.

It might not be possible to come to a correct
conclusion if a frequency band can be allotted to
others in the absence of any necessary KPI. For
example, for existing fixed satellite services
(space to Earth), by monitoring the radio occu-
pancy ratio on the ground, there might be no
room for others. But after clarifying the informa-
tion of satellite receivers from the database (e.g.,
the exact locations for a limited number of sta-
tions), there might be possibilities for 5G use in
specified scenarios. Another example is IMT
sharing with radio location services. By measur-
ing the occupancy ratio of radars, it is difficult to
know when and where they work. The analysis
must be combined with the radar station loca-
tions and transmit power information to avoid
blocking of IMT receivers.

CONCLUSION
Based on China’s situation, different aspects of
5G spectrum issues are discussed. It is proposed
that controlled spectrum sharing is an important
way of reusing spectrum to complement current

licensed dedicated spectrum, which is still the
basis for operation of 5G systems. According to
China’s current spectrum management process,
the article proposes two innovative improve-
ments, which are services classification and spec-
trum assessment. 5G brings a lot of new features
for spectrum, and the management needs to
facilitate them. It is a trend to make spectrum
access more open while strengthening the ex-
post management. However, there are still many
related political, technical, economic, and legacy
issues to be studied.
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e are back this month with a sequel to our May
2015 Feature Topic on Emerging Applications,

Services, and Engineering for Cognitive Cellular Systems
(EASE for CCS). In this followup, we have eight more
articles that present emerging applications integrated with
CCS through novel frameworks. These emerging applica-
tions include energy harvesting, network virtualization,
machine learning approaches, backward-compatible cogni-
tion in LTE, self-organization capabilities, integration of
vehicular networking over unlicensed spectrum, 2.4/5 GHz
hybrid architecture, and integration of D2D communica-
tions. 

Cognition and self-organization in future networks are
now widely considered as striking solutions to develop a
sustainable cellular infrastructure. The first article, by
Zaidi et al., presents a novel framework to evaluate the
performance of a cognitive metro-cellular network pow-
ered by harvesting a green energy resource, such as sun-
light. The authors introduce useful formulations and a
methodology, along with a case study, to show how we can
assess the potential of self-sustained operation of cellular
networks while keeping the “energy outage probability” at
a minimum. The framework can be extended and exploited
to study the potential of other green energy sources for the
operation of cognitive metro-cellular networks.

The second article, by El-Sawy et al., presents a vision

of a more flexible and adaptive cognitive network architec-
ture for 5G cellular networks. In this envisioned architec-
ture, the network functionalities are virtually instantiated
in the cloud while keeping in mind the application requir-
ing the functionality, as well as the corresponding con-
straints and physical targets for those applications. The
authors present a case study to highlight the potential ben-
efits of their proposal. The framework proposed to evalu-
ate the potential benefits of this architecture can be
further employed in future literature and research on net-
work function virtualization and software-defined network-
ing-based architectures for the next generation of cognitive
cellular networks.

The third article, by Gao et al,. introduces a multi-
parameter cognitive architecture, consisting of parameter
structuralization, cognition, and prediction. While previ-
ous studies ignore the potential relationships between dif-
ferent parameters, their structuralization can lead to
cognition accuracy and reduced complexity. Parameter
cognition can have sufficient or insufficient prior knowl-
edge, and learning techniques are considered for the lat-
ter to intelligently establish a cognition knowledge base.
Representative examples of how signal processing and
machine learning techniques can be used to cognize mul-
tiple parameters are provided. Finally, following multiple
parameters cognition, the internal structure and underly-
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ing pattern of parameters can be used to predict their
evolution. The proposed architecture represents a step
forward to the ultimate goal of “full cognition” envi-
sioned by Mitola, and thus toward future wireless com-
munication systems. 

Long Term Evolution cognitive radio (LTE-CR) over
unlicensed spectrum, such as the industrial, scientific, and
medical (ISM) band and television white space, has been
studied in Third Generation Partnership Project (3GPP)
standardization recently, in which network access is
important in determining users’ experiences. The fourth
article, by Ling et al., overviews network access schemes in
existing CR networks first, and then proposes a system
information block and cognitive pilot-channel-based back-
ward-compatible scheme to facilitate the application of
CR in LTE networks. This has potential to provide fast
network access and put no stringent requirements on ter-
minals. Moreover, due to the uncertainty of cognitive
spectrum, which compromises the quality of service of
users and the offloading efficiency of the network, the
scheme is also load-aware. The article is expected to be of
high reference value to the research and design of practi-
cal LTE-CR networks.

Small cells and their density in networks will be the
trend of future wireless systems. Yuhua et al. investigate
self-organizing optimization for cognitive small cells
(CSC), which will play an important role in future cogni-
tive cellular systems (CCS). The authors overview funda-
mental challenges and requirements for self-organizing
optimization in CCS. A framework of game-theoretic solu-
tions for self-organizing optimization in is established, and
then featured game-theoretic models are proposed. A two-
step scheme of game-theoretic solutions for self-organizing
optimization is proposed. Some existing game models are
introduced, and future research directions are
presented. The authors discuss the usefulness of applying
game theory for system analysis and optimization of cogni-
tive small cell wireless networks. 

The sixth article, by Shahid et al., explores the possibili-
ty of using LTE device-to-device (D2D) communications
for vehicular networks. Since a cellular network requires
infrastructure-based communication, this incurs large
delay that is unacceptable for vehicular applications. D2D
offers an interesting solution to this problem by allowing
vehicles to directly communicate without the need of an
eNB. The article starts with a motivation to use LTE in
vehicular networks followed by a review of D2D cellular
communication and vehicle-to-vehicle (V2V) communica-
tion. Finally, the article proposes a cognitive algorithm to
utilize LTE spectrum for V2V applications. Specifically,
the algorithm uses path loss sensing to calculate the trans-
mit power employed by vehicles, and allocates resources
to vehicles according to the interference. Simulation
results show a reduction in end-to-end delay and interfer-
ence. The topic of the article is interesting and useful for
future vehicular research. D2D communications could
play a vital role in bringing vehicular communications into
the mainstream. 

The seventh article, by Chandra et al., proposes the
CogCell concept, which is a 2.4/5 GHz assisted 60 GHz

picocellular network architecture, in which 60 GHz is
used for high-speed data communication while 2.4/5
GHz WiFi is employed for control signaling. In CogCell,
several 60 GHz picocells are managed by a single WiFi
cell, thus facilitating easy and robust network and mobil-
ity management. In the absence of a 60 GHz connection,
2.4 GHz can be used as a fallback data communication
option. By leveraging the sensing and processing capabil-
ities of smart devices (e.g., motion sensors available in
tablets and smartphones), cognitive and adaptive beam
tracking can reduce the need for frequent re-beamform-
ing at 60 GHz, and thus lead to more efficient spectrum
utilization by effective switching between 2.4/5 GHz and
60 GHz bands for control and data communications. The
proposed concept is supported by simulation results
showing that with the help of rotation-vector sensor
data, frequent re-beamforming for the 60 GHz direction-
al links can be significantly reduced resulting in fewer
requests to WiFi APs, thus demonstrating the efficient
interplay between and 2.4/5 GHz WiFi and 60 GHz of
the CogCell concept.

The eighth article, by Sakr et al., highlights key chal-
lenges in resource allocation for in-band D2D enabled cel-
lular networks and provides a comprehensive overview of
the existing research advancements related to centralized
and distributed resource allocation techniques. Since cen-
tralized solutions generally incur high computation and sig-
naling overhead, distributed or semi-distributed solutions
that exploit cognition at the D2D terminals are considered
promising. Therefore, the authors propose a semi-dis-
tributed cognitive spectrum access (CSA) solution in which
cognition at D2D terminals allows interference-aware deci-
sion making and limited control at the base stations to
assist the D2D users in selecting the spectrum band with
the least interference. The performance advantages of the
proposed CSA scheme are analyzed quantitatively in terms
of the channel access probability and spectral efficiency of
cellular and D2D links. Finally, a number of directions for
future research of CSA in D2D-enabled cellular networks
are outlined.

In conclusion, EASE for CCS are now widely consid-
ered as frameworks to facilitate the heterogeneous
demands of users in heterogeneous-type environments —
particularly in the 5G network paradigm, where networks
are anticipated to incorporate the provision of high-quali-
ty services to users with extremely low delays over limited
spectral resources. The biggest challenge is to design new
unified cross-layer network architectures for successful
integration of the EASE frameworks by exploiting aggre-
gation of highly distributed chunks of spectra (from
unseen spectra to visible light spectra), network functions
virtualization, spectrum harvesting, and orchestration of
licensed and unlicensed spectral resources for ubiquitous
connectivity. 

Based on the high-quality contributions, we are sure that
this two-part Feature Topic has been beneficial for further
research, development, and technology advancement in
future 5G CCS. Before closing this second part, we would
like to thank all submitting authors for considering this Fea-
ture Topic as a potential venue for their research work,
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reviewers for their high-quality evaluation, and the editori-
al/publishing team of IEEE Communications Magazine for
their collaboration. 
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Among the many technical challenges accompanying the aforementioned applications, leveraging the use of UAVs for delivering
broadband connectivity plays a central role in next generation communication systems. Facebook and Google announced in 2014 that
they will use a network of drones which circle in the stratosphere over specific population centers to deliver broadband connectivity.
Such solar-powered drones are capable of flying several years without refueling. UAVs have also been proposed as an effective solu-
tion for delivering broadband data rates in emergency situations through low-altitude platforms. For example, the ABSOLUTE,
ANCHORS, and AVIGLE projects in Europe have been investigating the use of aerial base stations to establish opportunistic links and
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•Channel propagation measurements and modeling for UAV communication channels
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INTRODUCTION

MOTIVATION

According to recent statistics [1], by the end of
the year 2019 mobile broadband subscriptions
are expected to reach 7.6 billion, accounting for
80 percent of all mobile subscriptions, compared
to approximately 30 percent in 2013. Such an
unprecedented incease in broadband demand
will be further complemented by the exponential
penetration of smart-phones, tablets, cyber-phys-
ical systems, machine-to-machine (M2M) com-
munication devices, and mobile cloud based
services. Gartner has predicted that Internet-of-
Things (IoT) devices will grow to 26 billion
units, representing a 30× growth compared to
2009. Similarly, Cisco Internet Business Solu-
tions Group (IBSG) has forecasted that by the

year 2020 the average number of Internet con-
nected devices per person will amount to 6.8,
compared to 1.8 in 2010, i.e. 50 billion Internet
connected devices for the estimated world popu-
lation of 7.6 billion. The steep ascent in demand
inherently translates into a traffic explosion. The
demand for mobile data traffic is expected to
grow at a compound annual growth rate (CAGR)
of 45 percent between 2013 and 2019. Conse-
quently, it is predicted that while voice traffic
will maintain its current trend, data traffic will
grow 10 fold by the end of 2019 [1].

These formidable capacity demands have led to
a so called “1000× mobile data challenge” intro-
duced by Qualcomm. More specifically, the 1000×
challenge dictates that fifth generation (5G) wire-
less networks, which are expected to roll out by
early 2020, should be designed to be 1000 times
more efficient than existing networks. In order to
enable such a high level of efficiency, the architec-
ture has to leverage three vital building blocks:
• Spectral agility.
• Network densification.
• Ultra energy efficient protocols.
While it is almost certain that the aforemen-
tioned architectural blocks should be combined
in an efficient manner to address the so called
“exabyte flood,” the key question is how these
blocks can be unified in a flexible architecture.
Specifically, several design challenges for 5G
networks are a byproduct of the trade-offs that
exist in combining these architectural elements.
The specific challenges addressed by each of
these architectural pillars and the resulting
trade-offs can be summarized as follows.

Pillar #1–Network Densification: As recog-
nized in 3GPP LTE releases 10 and 12, network
densification by small cell deployment plays an
instrumental role in expanding wireless channel
capacity. Intrinsically, the reduction in cell-size
has a two-fold impact:
• Spatial load reduction, which is attained

through both an increase in the degrees-of-
freedom due to the multiplexing gain, and a
reduction in the number of users per cell.

• Spectral aggregation, mainly due to the
aggressive reuse of available transmission
resources.

ABSTRACT

Harvesting energy from natural (solar, wind,
vibration, etc.) and synthesized (microwave power
transfer) sources is envisioned as a key enabler
for realizing green wireless networks. Energy effi-
cient scheduling is one of the prime objectives in
emerging cognitive radio platforms. To that end,
in this article we present a comprehensive frame-
work to characterize the performance of a cogni-
tive metro-cellular network empowered by solar
energy harvesting. The proposed model allows
designers to capture both the spatial and tempo-
ral dynamics of the energy field and the mobile
user traffic. A new definition for the “energy out-
age probability” metric, which characterizes the
self-sustainable operation of the base stations
under energy harvesting, is proposed, and the
process for quantifying is described with the help
of a case study for various UK cities. It is shown
that the energy outage probability is strongly cou-
pled with the path-loss exponent, required quality
of service, and base station and user density.
Moreover, the energy outage probability varies
both on a daily and yearly basis depending on the
solar geometry. It is observed that even in winter,
BSs can run for three to six hours without any
purchase of energy from the power grid by har-
vesting instantaneous energy.
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While network densification is a promising solu-
tion to improve spectral efficiency, it must be
complemented with an interference coordination
(i.e. control, mitigation, and/or avoidance)
mechanism to realize its full potential. A careful
design is required, as implementation of such a
mechanism has its own cost in terms of both the
circuit and the transmit power consumption.

Pillar #2–Spectral Agility: It is well known
that the sporadic utilization of available electro-
magnetic spectrum induces an artificial scarcity.
The impact is more pronounced in the context of
5G wireless networks, where gains of 10–100×
must be realized on top of data rates supported by
legacy systems. The artificial spectrum scarcity can
be mitigated by provisioning dynamic spectrum
access (DSA) mechanisms. Most of the existing
DSA mechanism aim to exploit one or more of
these parameters in an opportunistic manner to
enhance spectral efficiency. While opportunism
enhances spectral utilization, the price paid is
increased power consumption. In particular, the
operational environment awareness is driven from
the inference process which consumes more ener-
gy as compared to simple radio platforms.

Pillar #3–Energy Efficient Network and Pro-
tocol Design: The issue of so called “green
design” is brought into play due to a predicted
high volume of Internet connected devices.
Specifically, as predicted in a recent report by
Ericsson [2], the CO2 emissions due to the num-
ber of Internet connected devices will increase
from 800 Mtonnes to 1200 Mtonnes by 2020.
Hence, like all other sectors, ICT should signifi-
cantly reduce energy consumption to operate in
an eco-friendly manner.

IS COGNITIVE RADIO A POTENTIAL SOLUTION?
Cognitive radios (CRs) are the key enablers for
provisioning DSA. CRs are based on opportunis-
tic exploitation of radio spectrum across one or
more degrees of freedom. As observed in [3],
CR-enabled DSA mechanisms can be alterna-
tively considered as an interference management
mechanism, i.e. these strategies effectively trans-
late into interference control, shaping, and avoid-
ance. In a nutshell, CR inspired small cellular
networks are promising in terms of providing
higher spectral efficiency due to tried and tested
co-existence solutions. The state-of-the-art CRs
naturally complement network densification by
addressing the challenge posed in terms of inter-
ference coordination. Moreover, spectral agility
is an intrinsic feature of the CR empowered net-
work design. However, these intelligent radio
terminals effectively trade energy efficiency for
increased spectral efficiency. Consequently, this
necessitates the design of next generation CRs
that are capable of collectively addressing all
previously stated design trade-offs. In other
words, these desired design objectives serve as a
blueprint for the requirement specification of
the next generation of CRs.

THE SECOND GENERATION CRS FOR 5G
Requirement Specification: For 5G wireless

networks, CRs must take a leap forward in terms
of opportunism providing gains both in terms of
spectrum utilization and energy efficiency. Par-
ticularly, CR empowered small cells should:

• Maximize spectral efficiency by opportunis-
tically utilizing the transmission vacancies
across the spatio-temporal domain while
co-existing in a heterogeneous network
(HetNet) environment.

• Minimize energy consumption while oppor-
tunistically harvesting energy from ambient
sources. The harvested energy will serve as
a supplementary source to enable either a
self sustainable eco-friendly operation or to
accommodate an increasing number of users.

• Enable co-existence of small cell networks in
a manner that is flexible, demand-adaptive,
and self-organized. We need to enable co-
existence through transmission, handover,
and resource allocation coordination across
different tiers and between different cells in
the same tier. This may be provisioned in a
distributed or centralized manner, depend-
ing on the overall architecture of network.

Small cells empowered by CRs that can combine
the above mentioned attributes can be described
as “second generation CRs.” Contrary to the first
generation CRs where exploitation of transmission
opportunities was the prime objective, the second
generation CRs will additionally be geared toward
exploitation of energy harvesting opportunities
from natural (solar, wind, vibration, etc.) and syn-
thesized (microwave power transfer) sources.

Harvesting: Natural vs. Synthesized Sources:
The key measure of the rate at which the power
arrives on a unit area is termed “irradiance.”
Irradiance is the radiative flux measured in
W/m2. The amount of power harvested by
employing a natural or synthesized source is an
increasing function of irradiance experienced at
the transducer. Generally, the input-output rela-
tionship of the transducer is non-linear. Thus,
the output load is often matched to provide a
maximum energy transfer.

Table 1 summarizes the typical values of irra-
diance observed at a transducer’s input for vari-
ous energy sources. As is clear from the table,
solar and wind energy provide a minimum of
15× gain when compared with the next largest
source, i.e. vibrational energy. It should be
noticed that ambient RF energy has 10× lower
irradiance than indoor solar irradiance. Conse-
quently, harvesting from natural energy sources
to empower self-sustainable small cellular net-
works seems a natural and plausible choice.

PROBLEM STATEMENT AND CONTRIBUTIONS
In order to explore the design space of the ener-
gy harvesting empowered CR small cellular net-
works, an adequate and meaningful metric is
required. It is natural to assume that such a met-
ric will be strongly coupled with both the dynam-
ics of the energy harvester and the power
consumption profile of a small cellular network.
Furthermore, both of these factors are construct-
ed by various important building blocks/parame-
ters that jointly characterize the “network-level
self-sustainability” (which will be defined in the
subsequent discussion). Our main objective in
this article is thus three fold:
• To highlight the key parameters that deter-

mine the dynamics of the harvester and
shape the network-wide power consumption
profile.

The amount of
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is an increasing func-
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• To present a new definition for a well
known “energy outage probability” (EOP)
metric to quantify the network-level self-
sustainability. Notice that while the term
EOP has been frequently used in recent
harvesting literature, a statistical definition
that can capture the specific dynamics for a
natural energy harvesting empowered CR
metro-cellular network is yet to be developed.

• To demonstrate the potential gains that can
be harnessed by employing the proposed
second generation CR enabled small cellu-
lar network deployments in a practical setup.

Empowering small cells with energy harvesting
from a natural source such as the sun has also
been solicited by Alcatel-Lucent in [4]. To this
end, in this article we focus on the design space
of solar energy harvesting empowered small cel-
lular networks. As demonstrated in Fig. 1, the
network level power consumption profile is a
function of:
• Network architecture.
• Network wide load model.
• Desired quality of service (QoS) for mobile

users (MUs).
Moreover, the dynamics of the harvester are
coupled with:
• The spatio-temporal behavior of the ambi-

ent energy field.
• The properties of transducers that convert

the ambient field into usable power.
Thus, to address the first objective, we highlight
various design choices for the 5G metrocellular net-
work which in turn determine the required opera-
tional power. We then identify the key parameters
that dictate the characteristic of the solar energy
field. We briefly outline the process of modeling
the transducer, i.e. the photo-voltaic (PV) panels
output in terms of the ambient input irradiance by
considering an equivalent circuit model. The output
power of the PV module is the key factor in charac-
terizing the availability of energy to empower the
operation of small cellular networks.

To address the second and third objectives,
the solar energy harvesting model needs to be
superimposed with a realistic spatio-temporal
traffic and network model to characterize a net-
work-wide performance metric. The metro-cellu-
lar networks are considered since small cell
based densification by mounting platforms such
as lightRadio® on the lamp posts is becoming
increasingly common. We formulate the spatio-
temporal model for mobile users (MUs) and
metro-cellular base stations (BSs) from measure-
ments obtained from different cities in the UK.
With the help of a case study, we present:
• The modeling approach for capturing the

behavior of the network load, the deploy-
ment topology, and the desired QoS for
MUs.

• The gains exercised under the proposed
deployment architecture.

BUILDING BLOCKS FOR COGNITIVE
METRO-CELLULAR NETWORKS

There are several key design parameters which
are crucial in characterizing the power require-
ments of the small cellular BS.

Deployment Mode: Metro cells can be
deployed in a non co-channel or a co-channel
mode. Metro cells can operate in a cognitive
underlay mode where the same resource blocks
are shared by the macro cells and small cells;
power control at the small cells is implemented
such that the MUs desired QoS requirements
can always be guaranteed. An alternative phan-
tom small cellular architecture is proposed by
DOCOMO in [5, 6], where the metro cells are
deployed in a non co-channel mode. Specifically,
both the metro cells and the macro cells operate
on different frequency bands. The architecture
leverages the master-slave relationship between
the macro cells and the metro cells, resulting in
the separation of the control plane and the
capacity plane (frequently known as the C/U
plane split), thus providing support for adding
capacity on-demand.

Deployment Location: Metro cells can be
deployed uniformly across the macro-cellular
network or alternatively on the cell edges to
boost the capacity of the edge user. Even with a
uniform deployment, the co-channel operation
and the power control may push the operational
region of the metro cells toward the edges as the
interference aggregated from these edges may
not deteriorate the performance of the users
located toward the cell center.

Cloud vs. Traditional Radio Access Network
(RAN): Cloud RAN (C-RAN) leverages its flexi-
ble architecture to provide coverage and capacity
expansion in a cost efficient manner. Unlike tra-
ditional small cell networks, C-RAN architecture
exploits the advantages of centralized baseband
processing to address co-existence and schedul-
ing issues. More precisely, C-RAN decouples the
baseband processing unit (BBU) from the
remote radio head (RRH). RRHs are connected
to the cloud BBU pool via a flexible front-haul,
which is usually a fiber optic cable where signal-
ing is done using radio over fiber (RoF) or the
common public radio interface (CPRI).The

Table 1. Power densities of energy harvesting technologies.

Source Irradiance

Solar

Outdoor (solar noon) 100 mW/cm2

Outdoor (cloudy) 10 mW/cm2

Indoor 10–100 mW/cm2

Wind 10 miles Class 7 12 mW/cm2

Thermo-electric 5°C gradient 40 mW/cm3

RF ambient 1 mW/cm2

Vibrations

Piezoelectric-shoe inserts 330mW/cm3

Electrostatic @ 105 Hz 0.021mW/mm3

Electromagnetic @ 10 Hz 184 mW/cm3

Electromagnetic @ 52 Hz 306 mW/cm3
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amount of power required by the metro cell thus
depends on whether the C-RAN architecture is
implemented (where transmission and interfer-
ence coordination provides significant gains in
power reduction) or the traditional architecture
is implemented.

Interference Coordination: The attainable
performance of the network is mainly limited
by the intra-tier and inter-tier interference.
Realizing that interference is the key bottle-
neck, 3GPP LTE releases 10 and 11 have pro-
posed enhanced inter-cell  interference
coordination (eICIC) schemes. In release 10,
the concept of almost blank sub-frames (ABS)
was introduced to elevate the downlink (DL)
performance of a small cell user by scheduling
it in the so called “blank sub-frame” of the
macro cell. The concept was further extended
to reduce power sub-frames (RPS) in LTE
release 11 under the umbrella of further
enhanced inter-cell interference coordination
(FeICIC). Generally, the interference manage-
ment techniques proposed under eICIC and
FeICIC require either intra-tier and/or cross-
tier coordination. Since the transmit power
requirements are dictated by the QoS con-
straints expressed in the form of the desired
signal-to-interference-plus-noise-ratio (SINR)
threshold or throughput, the interference coor-
dination strategy is also an important instru-
ment in shaping the required transmit power of
the metro cell.

The overall architecture of 5G cellular net-
works is depicted in Fig. 1. The characterization
of the transmit power requirements with these
architectural components will be demonstrated
later with the help of a case study.

DYNAMICS OF AN
AMBIENT SOLAR ENERGY FIELD AND

MODELING OUTPUT POWER

Solar irradiance is an instantaneous measure of
the energy arrival rate and thus varies across
both the spatial and the temporal domains.
Quantification of solar irradiance requires a
comprehensive description of the underlying
meteorological parameters. To this end, we pro-

vide a brief overview of these parameters. At
this juncture it should be highlighted that in the
recent past there has been enormous interest in
studying cellular networks empowered by ambi-
ent RF energy harvesting. However, most of
these studies assume stochastic/probabilistic
energy arrival models. In practice, energy har-
vested from natural sources such as the sun have
a significant deterministic component. Conse-
quently, these models cannot accurately predict
energy deficiency of power at a given time or
day in a precise manner. Accurate prediction is
of more interest to the cellular operator than an
average performance metric. 

SOLAR INSOLATION
The radiation intensity at the sun’s surface is
6.33 × 107, W/m2. The earth revolves around the
sun in an elliptical orbit with the mean separa-
tion rSE = 1.496 × 108km (also known as 1 AU
(astronomical unit)). Due to the distance
squared spread of the radiant power, the
amount of solar energy received outside the
earth’s atmosphere is reduced to ISC =
1367W/m2. The constant ISC is frequently
referred to as the ‘solar constant’. The irradi-
ance measured outside earth’s atmosphere is
generally called the extra-terrestrial (ET) solar
irradiance. The energy that passes through the
atmosphere and strikes the surface of a PV
module is referred to as insolation. A number of
astronomical and geometrical factors govern the
amount of insolation, e.g. declination angle,
zenith angle, latitude, longitude, day number,
and atmospheric conditions [7]. Figure 2 pro-
vides a graphical illustration of these geo-physi-
cal parameters.

Using decades of past insolation and weather
forecast data, numerous analytical models have
been formulated taking all the above mentioned
factors into account in order to characterize the
direct and diffuse components of solar energy
received by a PV module (see [7] for details).
For the purpose of dimensioning a metro-cellu-
lar network, a simple yet accurate Hottell’s clear
day model [8] can be adapted to characterize the
global horizontal irradiance in the absence of
cloud cover. More sophisticated models can be
employed to capture the randomness induced by
cloud cover and aerosol absorption. 

Figure 1. 5G cognitive metro-cellular network architecture.
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HARVESTED SOLAR ENERGY
Solar panels are comprised of PV cells made with
various different materials such as mono-crys-
talline, polycrystalline, thin-film, or amorphous
silicon. The underlying material determines the
overall cost, panel efficiency, and power rating. In
practice, the maximum output power is extracted
by adjusting the cell load. The maximum extract-
ed power is obtained by maximizing the output
power with respect to the output voltage. Given
the value of insolation at a particular time, the
harvested power can be calculated using a well
known single diode model for a PV module [9].
This computation requires a set of various param-
eters, such as: short circuit current; open circuit
voltage; maximum power point voltage; and maxi-
mum power point current. These parameters can
be individually expressed as a function of ambient
temperature, insolation, and other constants that
are specific to the panel itself and can be easily
found in the panel’s data sheet, such as voltage,
current, and insolation values at standard temper-
ature conditions (25°C). A detailed characteriza-
tion of the output power (PPV) in terms of these
parameters is presented in [7]. The output power
of the PV module (PPV) can be compared with
the power requirement of a metro-cellular BS to
determine the network-wide self-sustainability. 

FEASIBILITY STUDY FOR
METRO CELLS DEPLOYED ON

LAMP POSTS IN THE UK

In this section we investigate the feasibility of
deployment of solar energy powered metro-cel-
lular networks in the UK. We build our case
study by selecting worst-case features from the
previously discussed network architecture for a
power consumption profile. The relevant
assumptions and considerations are presented in
a subsequent discussion. 

ASSUMPTIONS AND CONSIDERATIONS
Choice of Network Architecture and the PV

Panel: We assume a two-tiered C/U plane split
small-cellular network supported by the tradi-
tional IP back-hauling. Moreover, to simplify the
analysis, we do not consider any intra-tier inter-
ference coordination mechanism. For the purpose
of this case study, we focus on the DL operation
of the considered cellular network. It is assumed
that each CR metro-cellular BS is furnished with
a PW1650-24V solar panel (as in [7]).

Network Deployment: Lamp posts can serve as
ideal candidates for ultra dense outdoor BS
deployment. To evaluate the effectiveness of
metro cell deployment on lampposts, we obtained
their coordinates from various cities in the UK
including Nottingham, Winchester, Southampton,
Basingstoke, and Salford. We also acquired the
measured data for solar radiation from the British
Atmospheric Data Centre (BADC). Our objec-
tive is to quantify the time for self-sustainable
operation of metro cells with and without the
presence of an energy storage device such as a
battery. If the available energy is unable to satisfy
the minimum rate requirements of the user, the
network is said to be in energy outage. Thus, as
implied by the name, EOP is the probability that
the energy harvested from solar panels is not suf-
ficient to fulfill consumer demands and thus addi-
tional energy has to be procured from the grid.
Consumer demand can be adequately captured by
the QoS parameters such as desired DL transmis-
sion rate and link reliability guarantees. In what
follows, we present a relationship between the
energy outage and the spatio-temporal dynamics
of metro cells, user traffic, and the solar radiation
for the above mentioned cities in the UK.

A FRAMEWORK FOR CHARACTERIZING EOP
The quantification of power requirements for
the CR metro-cellular network requires the spa-
tio-temporal models for the MUs and the metro
cells. It should be noted that the required power
has a stochastic nature due to fading experienced
on the communication links between an MU and
its serving metro cell. The required transmit
power is coupled with the desired data rate
requirements (which forms the QoS constraint).

Spatial Model for Metro Cells: In the recent
past, stochastic geometry has been used exten-
sively for analyzing the performance of large
scale cellular and ad hoc networks. Most of the
studies assume that the spatial distribution of
the BSs follows a homogeneous Poisson point
process (HPPP). The key advantage of employ-
ing the HPPP based models is the analytical
tractability of performance metrics such as cov-
erage and ergodic rate. In [7] we used the near-
est neighbor statistic for testing complete spatial
randomness using the Clark-Evans test and
showed that the spatial distribution of lamp
posts in central Nottingham can be approximat-
ed by a HPPP. We conducted the same test for
various cities in Hampshire county and the city
of Salford. It was observed that the HPPP
approximation also holds for these cities. The
validity of HPPP based modeling can be intu-
itively explained by the fact that there is still suf-
ficient randomness in deployment topology
embedded due to the urban geometry even though
the lamp posts exercise some degree of repulsion
and regularity (as compared to the HPPP). Con-
sequently, it is safe to capture the spatial config-
uration of the lamp posts by a HPPP with
intensity λM for the purpose of this study.

Spatio-Temporal Model for MUs: In DL
operation of the metro cells, the power required
to serve MUs directly depends on the number of
MUs in a cell. The number of active users
changes with time, and their average density in a
cell is known to vary according to a half sine

Figure 2. Illustration of the geophysical parameters controlling irradiance.
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model with respect to the number of hours of
the day. The sinusoidal variation of mean densi-
ty has been derived from empirical traffic mea-
surements collected from operational cellular
networks. On a typical day user density has a
predictable pattern, i.e. it reaches a minimum
value around 4-5 a.m., rising steadily thereafter
to a peak value in the evening and declining
afterward. The distribution of the number of
active users may change drastically for weekdays
and weekends and also depends on the rate
requirements.

Besides modeling temporal variations of MU,
an accurate spatial distribution is also required
to develop the load/activity model for small cel-
lular networks. It has been demonstrated in the
past that the active DL users are distributed
according to a HPPP. Since the active users at a
certain time in a cell are also the number of
users distributed across space, the HPPP based
modeling of MUs can be quite reasonable. Asso-
ciation of MUs with a serving metro cell can
range from the nearest neighbor criterion to a
more complex function of SINR in the presence
of channel state information. For simplicity, we
assume that an active user associates itself to the
nearest BS, resulting in a Voronoi tessellation of
metro-cellular BSs.

Quality of Service and Transmit Power Selec-
tion: The criteria for successful DL communica-
tion for CR small-cellular BSs is satisfied when a
certain fraction of metro cell BSs in the network
are able to meet the minimum rate demand for
the active users. Mathematically, the probability
of successful DL communication is given as 

(1)

where Ro is the MU’s desired DL rate, rth is the
link reliability constraint, and f(SINR) is the
instantaneous rate. For the purpose of this study,
it is assumed that the minimum rate requirement
is the same for all users. The minimum transmit
power required (PMC) to serve an MU such that
its QoS requirements are satisfied can be estab-
lished by quantifying Psuc

MU and then inverting the
inequality in Eq. 1. The total power requirement
to simultaneously serve all users in an arbitrary
cell is Nu(t)PMC, where Nu(t) is the number of
active DL users in an arbitrary metro cell.

Energy Outage Probability (EOP): When the
metro cells operate without a battery, the user
demand is met only when the instantaneous har-
vested energy is sufficient. In this case, the
instantaneous EOP of the metro-cellular net-
work is mathematically characterized as 

(2)

The above equation implies that the instanta-
neous EOP is distributed according to the spatial
distribution of the number of active users in a
cell. Network-wide self-sustainability can be
characterized in terms of the average number of
hours for which PE

out is below a certain pre-speci-
fied threshold Eout. When the cognitive metro-
cellular BSs employ PMC to serve each active
user, the average number of self-sustainable
hours of operation per month are depicted in
Fig. 3. As expected, during the summer the max-

imum harvested energy is significantly higher
than in the winter. Consequently, the CR
enabled metro-cellular network is self-sustain-
able for 10 to 12 hours on average during the
summer for the considered set of parameters.
Nevertheless, even during the winter approxi-
mately three to six hours of operation can be
guaranteed by instantaneous expenditure of har-
vested solar power. The self-sustainable number
of hours are also coupled with lU (user density).
More specifically, it decreases with an increase
in the mean number of peak hour users per cell.
In this paper we consider lU = lMNs where
Ns = 6 is considered.

With a practical solar energy storage system,
performance can be improved significantly as the
surplus energy during afternoons can be used in
the evenings. Moreover, employing an appropri-
ate sizing of the battery, continuous self-sustain-
ability can be realized. An example of this would
be to select a trickle charge battery to avoid the
negative effects of over-charging in summers and
have dimensions such that a metro cell can uti-
lize battery reserve for a number of consecutive
overcast days. We conducted a simplified analy-
sis to quantify the energy deficit when the metro
cell BS is equipped with a battery. We consid-
ered a 12v, 1 ampere hour battery attached to a
metro cell BS and compared the average daily
energy demand with the average daily harvested
energy, each multiplied with the number of days
in a particular month. Neglecting the charging
and discharging inefficiencies, the average bat-
tery state for a particular month is simply con-
sidered to be the difference between the demand
and supply, as shown in Fig. 4. The results in
Fig. 4 show that a battery operated metro-cellu-
lar network may never go into outage for the
entire year except in the month of January.

P ρ{ }( )= > ≥f SINR RPr ,suc
MU

o th

P { }= >N P PPr .out
E

u MC PV

Figure 3. Energy outage probability of a metro-cellular network for lU
(user density) = 6lM (metro-cell density), e = 0.02, a = 4, lLP = 0.48 ×
10–3 (Nottingham City) and s2 = –90 dB/Hz.
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OPEN ISSUES AND
FUTURE DIRECTIONS

There are several important open design issues
that need to be considered to explore the design
space and full potential of CR empowered
metro-cellular networks. Due to space limitation,
we only highlight the most important and
promising research directions.

Energy Storage: Dimensioning of energy stor-
age, design of online prediction algorithms, and
optimal trading of energy with the grid still
remain open issues. With the advent of smarter
grid infrastructure, energy trading and sharing
on the micro level for self-sustainable network
deployment will become possible in the near
future. However, the impact of such an evolution
when communication networks are empowered
with green renewable sources has not yet been
fully investigated.

Energy Aware Load Balancing: Tiered struc-
tures with heterogeneous small cells, relays, and
distributed antenna systems are envisioned to be
the key enabler toward addressing the 1000×
challenge. In HetNet deployments, the transmit
power of each child tier is generally lower than
its parent tier. Thus, received signal strength
based association may overload the parent tier
due to higher transmit power. In order to cir-
cumvent this problem, 3GPP standards have
introduced the concept of “biased-association.”
In particular, a range extension bias (REB) is
introduced in received signal strength to deter-
mine the tier that will serve the MU. Due to the
introduction of such bias, the MUs may experi-
ence high interference as they may be associated
with a sub-optimal serving BS. However, perfor-
mance can be elevated through inter-tier inter-

ference coordination. We advocate that for a 5G
cognitive metro-cellular network, load balancing
should be complemented with energy balancing,
i.e. REB should designed such that the energy
burden can be shared across the network. Specif-
ically, due to the highlighted variations in both
energy field and user traffic across space and
time, association criterion should be adaptive.

Energy Aware Interference Coordination: As
mentioned earlier, inter-tier and intra-tier inter-
ference coordination are important features of
small cellular networks. As discussed earlier,
EICIC or FeICIC are employed to manage inter-
tier interference when co-channel deployment is
the preferred option. The duty cycle of almost
blank subframes or reduced power subframes is
designed to optimize the throughput. However,
in an energy harvesting empowered network, we
suggest that the design of duty cycles should
consider the natural variations in energy states.
BSs with lower residual energy may increase
blank subframe duty cycle to reduce co-channel
interference while harvesting energy. The duty
cycle should be optimized for throughput when-
ever sufficient energy is available at BSs to
schedule transmissions. Optimal duty cycling for
interference coordination in an energy aware
manner has not yet been explored.

CONCLUSION
In this paper we presented a framework to inves-
tigate the performance of a solar empowered
metro-cellular network. We depart from the tra-
ditional definition of cognition which focuses on
spectral efficiency performance; rather, we char-
acterized cognition in terms of energy efficiency.
It is demonstrated that both temporal and spa-
tial dynamics of the solar energy field and mobile
user traffic are critical in shaping the network-
wide energy requirement. The energy demand of
a metro-cellular BS is also strongly coupled with
the QoS desired by MUs. It is shown that a
metro-cellular network is self-sustainable in
terms of energy for approximately three to 12
hours of a day depending upon the time of the
year. Finally, it was argued that the dynamics
and randomness in energy state can be exploited
in the future to attain energy aware load balanc-
ing and interference coordination.
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Network architecture, in
this article, defines how
BSs are connected to
each other and how the
cellular network ele-
ments (e.g., BSs, user,
relays, etc.) communi-
cate.

2 We borrow the termi-
nology form the Internet
ossification problem due
to the analogy between
the two cases.

INTRODUCTION

The fifth generation (5G) cellular networks are
expected to offer ubiquitous and global connec-
tivity for everything (users, devices, sensors,
machines) and support diverse types of applica-
tions with different operational constraints.
Some of these applications are delay sensitive
(e.g. automation, tactile Internet), others are
bandwidth (BW) aggressive (e.g. online gaming,
multimedia), and others are demanding in terms
of the numbers of connections (e.g. smart cities).
Hence, context awareness (i.e. awareness of the
application requirements and real-time network
related information such as the network condi-
tions, source and destination relative locations,
interference levels, congestion bottlenecks) is

crucial for 5G networks to effectively support
these diverse applications. However, this is not
the case for conventional cellular networks,
which have historically preserved an application
agnostic and base station (BS) centric architec-
ture. Regardless of the underlying application,
network conditions, and relative locations of the
devices, the network functionalities (e.g. user
association, resource allocation, data routing
etc.) are performed in the same manner. This
may lead to inefficient resource utilization in the
radio access network (RAN) and unnecessary
delays in the core network. Hence, such a prob-
lem, denoted in this article by architectural ossifi-
cation2, spans both the access and core networks.
This article focuses on the RAN problems and
discusses the potential solutions.

Architectural ossification may also impede
the evolution toward the ambitious metrics
defined for the 5G networks, namely, the 1000-
fold capacity increase with at least 100-fold leap
in the peak data rate and 0.1x delay reduction [1].
In particular, network densification via small
cells and millimeter wavelength (mmW) commu-
nication, which are the main drivers for capacity
and data rate improvement, require a flexible
network architecture. For instance, the migra-
tion to the mmW band may impose spatial blind
spots to the BSs’ coverage, due to the significant
effect of shadowing on mmW propagation, which
requires redundant associations to increase the
probability of LoS connection (e.g., serving one
user by several BSs). Also, conventional associa-
tion in dense small-cell environments imposes
considerable handover signaling due to mobility,
hence, new association schemes are required for
handover signaling reduction.

To obtain the desired 5G performance metrics,
cognition and flexible architecture realized via con-
text aware network functionalities becomes a
necessity. This article integrates recent advances in
cellular networking and proposes a unified virtual-
ized and cognitive architecture wherein the control
and data planes are decoupled under a cloud-RAN
(CRAN) umbrella, so as to adapt the network
functionalities to changes in channels and traffic
conditions as well as to the underlying application.
Decoupling the control plane and the data plane,
which is proposed in [2], enables centralized soft-
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ware control for network behavior, i.e. instead of
using certain modules to perform network func-
tions at each and every BS, a single script written
in the cloud can control the entire network behav-
ior. The forwarding plane, however, remains dis-
tributed according to the physical locations of the
network entities (i.e. BSs, servers, gateways). This
leads to a self-organizing network (SON), and pro-
vides generous flexibility both in terms of network
expansion via BS deployment, and in terms of cre-
ating new services and applications.

It is worth noting that centralized network
control in the cloud does not necessarily mean a
centralized execution for network functionalities.
As will be discussed later, some network func-
tions may be implemented in a distributed cogni-
tive manner while the cloud only dictates the
operational guidelines. For instance, a proximity
application using device-to-device communica-
tion can opportunistically access the cellular
channel, in which the interference constraints for
the cellular users are defined by the cloud.3 In
such a virtualized, hybrid centralized and distribut-
ed architecture, there is no single rule to execute
network functions. Instead, network functions
are performed based on the network condition
and underlying application. According to the
traffic requirements and bottleneck location, the
cognitive cloud would steer the traffic from one
path to another, or replace a single hop congest-
ed BS link with a multi-hop non-congested link
to offer adequate quality-of-service (QoS) and
meet the application constraints. For instance,
an emergency automation message targeting an
actuator in the proximity area around the sensor

does not have to go through the serving BS and
core network. Instead, it can be directly conveyed
to the actuator in a multi-hop fashion. Further,
the cloud may suppress co-channel interference
by nearby devices and BSs during the automa-
tion message transmission, so as to ensure an
error free delivery for the emergency message.

CRAN is also an enabler for proactive,
instead of reactive, network control. The cloud
can gather information (e.g. from social net-
works) and learn about users’ interests, prefer-
ences, data usage, and mobility patterns. This
information can be used for proactive resource
allocation and data caching, which can substan-
tially enhance network performance [3]. Figure 1
illustrates the proposed architecture and empha-
sizes the different supported services. The figure
shows the different network connectivity types
(i.e. multi-hop, device-to-device, control signal-
ing decoupling) in which the control engine is
located at the cloud. Context awareness at the
cloud enables the network to respond differently
to different applications and network conditions.

The remainder of the article presents practi-
cal strategies of implementing cognitive network
functionalities. Then it introduces the related
implementation issues. The article finally shows
potential gains of the proposed virtualized cogni-
tive architecture through illustrative simulations.

NETWORK FUNCTIONALITIES
From the RAN perspective, network topology is
defined by the connections between the network
entities. Figure 2a shows the star-shaped topolo-

3 It is important to high-
light that estimating the
channel gains towards
the receivers, which is
infeasible in TV white
space cognitive network
due to their passive TV
set receivers, may be fea-
sible in cellular net-
works. This is because
cellular networks are
characterized by their
active elements, which
simultaneously transmit
and receive data. Hence,
the channel can be esti-
mated during the trans-
mission period.

Figure 1. Schematic digram for 5G cellular network. The cloud is the core engine of the network which
monitors the traffic spatial and temporal variation as well as the traffic classes, based on the underly-
ing application, and controls the network operation accordingly.
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gy enforced by conventional cellular networks.
The star-topology emerges from the fact that all
transmissions are routed through BSs, regardless
of the underlying application and the required
data flow, in a centralized manner to guarantee
efficient interference management. The commu-
nication within the conventional cellular network
is merely “BS centric” where cell boundaries
determine the region served by each BS. The
relative radio signal strength (RSS) between
neighboring BSs is the common way to deter-
mine cell boundaries. This section revisits some
of the classical network functionalities and shows
how redefining such functionalities in a cognitive
fashion yields an appreciable flexible network
operation, as shown in Fig. 2b.

USER ASSOCIATION
Conventional Operation: User association is

the most basic, yet critical, network function in
cellular networks, as it assigns users to BSs. User
association controls the traffic and load served
by each BS and each network tier. Association
impacts many performance metrics such as cov-
erage probability, rate, blockage, etc. Therefore,
many attempts have been made to optimize BS
association in cellular networks [4, 5]. The com-
mon message in these works is that RSS based
association is not always efficient. For instance,
in [4] the authors show that different users’ asso-
ciation strategies are required to attain different
design objectives (e.g. delay, rate, fairness) in a
single tier cellular network. In [5] it is shown
that the inefficiency of RSS based association is
more prominent in multi-tier networks due to
the high transmit power disparity between BS

types (i.e. macro, micro, pico, and femto). In
fact, the authors show that with the proper
manipulation of the association function, in a two
tier cellular network the minimum rate attained
by the users can be increased by four times.

Proposed Operation: The virtualized network
architecture not only renders the RSS rule obso-
lete and allows a flexible cell association, but
also allows decoupled uplink, downlink, and con-
trol association. To illustrate how virtualization
achieves such decoupling, consider a three-tier
network in which a test user has a pico-BS as
their closest BS, then a micro-BS farther than
the pico-BS, and then a macro-BS farther than
the micro-BSs. However, due to the downlink
transmit power disparity, the macro-BS (pico-
BS) provides the highest (lowest) downlink RSS.
Instead of associating with the macro-BS only,
which might be congested, the user can commu-
nicate in the downlink with the micro-BS for
load balancing, and in the uplink with the pico-
BS for transmit power reduction. To reduce the
handovers caused by mobility, the user can
receive control signaling from the macro-BS.
Cognition, in this case, becomes important, since
there is no single rule for association, as it
depends on the underlying application and the
network conditions. For example, if an applica-
tion has tight rate constraint, an uplink connec-
tion to a less loaded, although much farther and
may require higher uplink transmit power, BS
may be more efficient than a congested nearby
BS. Further, users’ association has to adapt to
the traffic and spatial distributions in order to
attain the desired network objective and applica-

Figure 2. Network topologies for the same locations of BSs and UEs in which the triangles represent the BSs and the dots repre-
sent users, black dotted lines represent cell boundaries, blue dotted lines represent single BS connectivity, red dotted lines repre-
sents multi-BS connectivity, and greed dotted lines represent peer-to-peer D2D connectivity: a) BS centric topology
(conventional star-topology) where each UE connects to its nearest BS; and b) context aware topology in which the connections
are established based on several aspects such as the relative distance between nodes, application, SINR, …etc.
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tion requirements. As shown later, significant
gains can be harvested from such a flexible asso-
ciation.

DEVICE-TO-DEVICE COMMUNICATION
Conventional Operation: The conventional

cellular infrastructure dictates that all traffic is
communicated through the BSs, regardless of
the users’ relative locations (i.e. the required
data flow). However, with the proliferation of
proximity based services and social networking,
nearby users may wish to establish connections
and exchange data. Recent studies show that if
nearby devices are allowed to bypass the cellular
infrastructure and directly communicate in a
peer-to-peer fashion, which is referred to as
device-to-device (D2D) communication, many
performance metrics can be improved [6]. D2D
communication has the potential to offload traf-
fic from congested cellular BSs and spatially
reuse short-distance small-power peer-to-peer
links. Recent studies [6] suggest that D2D com-
munication can improve cellular system through-
put by 374 percent, power efficiency by 100
percent, and cell edge users’ performance by 300
percent, when compared to conventional star-
topology. It is worth mentioning that D2D com-
munication is the key enabler for the cellular
network to support machine-to-machine (M2M)
communication and Internet of Things. D2D
communication enables a massive number of
machines to communicate together and connect
to the Internet. Admitting all of the machines’
traffic to the cellular infrastructure overloads the
network and results in congestion and blockage.
Offloading such machine-type communication to
the D2D mode whenever possible alleviates con-
gestions and enhances overall network performance.

Proposed Operation: The proposed virtual-
ized network architecture provides a flexible
paradigm for enabling D2D connectivity. That is,
on top of the decoupled uplink, downlink, and
control signaling connectivity, there is an option
to establish one or more of these connections in
the D2D mode. For instance, consider two low
power devices A and B such that A is located
between B and a nearby BS. If A is closer to the
BS than to B, the transmission from A to B can
be established via the BS and the transmission
for B to A can be established in the D2D, and
hence, the transmit power is reduced. Such a
flexible communication paradigm enables fine
tuned traffic control to reduce congestions,
reduce power consumption, and increase net-
work efficiency. However, D2D communication
increases the complexity of the admission pro-
cess as it defines a new network function. That
is, the admission process of each user includes a
mode selection function to determine the mode
of operation of each link, namely D2D mode or
cellular mode. D2D communication also changes
the conventional cellular star-topology to a
hybrid topology (i.e. coexisting star and ad hoc
topologies), in which interference management
is the core challenge. In this case, cognition is
important for interference management between
D2D and cellular links. Note that the priority of
the D2D and cellular links to use the spectrum is
based on the application. For instance, as dis-

cussed earlier, a critical D2D automation mes-
sage would be the primary spectrum user and
the cellular links would be the secondary spec-
trum users. On the other hand, a file transfer via
D2D mode would be the secondary spectrum
user and the cellular links would be the primary
users. Also, cognitive coordination between dif-
ferent D2D links for spectrum access is impor-
tant to maintain an acceptable QoS.

MULTICELL COORDINATION
Conventional Operation: Conventional net-

work architecture enforces one user to one BS
association strategy. In this case, employing
aggressive frequency reuse schemes, due to the
scarcity of the wireless spectrum, imposes high
inter-cell interference. Such interference is a
main performance limiting parameter for cellu-
lar networks, especially for cell edge users.
Multi-cell cooperation, via coordinated multi-
point transmission (CoMP), is employed to
reduce intercell-interference and improve the
signal-to-interference-plus-noise-ratio (SINR)
statistics. That is, multiple BSs cooperate (e.g.
via beamforming) to simultaneously serve multi-
ple common users. Such cooperation boosts the
system capacity by reducing inter-cell interfer-
ence and improving the SINR statistics.4

Proposed Operation: The virtualized network
architecture enables multiple BS association for
the uplink, downlink, and control signaling for
each user. CoMP changes the network topology
to mitigate inter-cell interference and enhance
cell edge performance, as shown in Fig. 2b. How-
ever, this may increase the signaling overhead
between BSs. In this case, a per user cognitive
enabled/disabled CoMP scheme can be imple-
mented. This leads to a flexible CoMP operation
that accounts to the user SINR, the application
requirement, and the state of the surrounding
BSs (e.g. congested or not). Note that in a
CRAN environment, BSs act as a virtual anten-
na system for the cloud, which transforms CoMP
scheduling into a multiuser (MU) MIMO scheme.

MULTI-HOP RELAYING
Conventional Operation: Earlier, we dis-

cussed the D2D mode of communication as an
alternative to the cellular link. A potential appli-
cation for the D2D mode is multi-hop relaying.
That is, a cellular link can be replaced by several
consecutive D2D links. Multi-hop relaying is
essential with the drastic increase in the popula-
tion of devices. There could be situations where
a massive number of machines simultaneously
need to connect to the cellular infrastructure.
One example is traffic jams where all smart vehi-
cles need to connect to the Internet to send
information or receive updates about the traffic
conditions. Another instance may occur in over
crowded places such as stadiums where a huge
population of users want to simultaneously con-
nect to the network. In these cases, the direct
link connectivity imposed by the conventional
cellular infrastructure results in high blockage
probability and degraded user experience.
Replacing the single direct link per channel per
cell by multiple short-distance low-power links
that can be reused several times within the same

4 Several cellular opera-
tors have already
launched CoMP trials,
also denoted as elastic
cell, and demonstrated
the performance
improvement.
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cell area alleviate such congestion. It is shown in [7]
that the appropriate design of multi-hop relaying
can increase the minimum achievable rate of
users by up to 100 fold.

Proposed Operation: The virtualized network
architecture allows multi-hop relaying in each of
the decoupled links. This can be exploited to
extend BS coverage, where users in coverage
holes can relay information to the BS via anoth-
er covered user, or in high connectivity demand
periods. An important application for multi-hop-
ping is proximity-based services with delay con-
straints. In some cases the BSs are located
hundreds of kilometers away from the nearest
serving gateway (SGW) [8]. Hence, routing
information in the conventional way via the core
network (i.e. SGW) may encounter unnecessarily
high delays. Therefore, multi-hop relaying is a
key solution to satisfy the delay constraint for
such applications. Multi-hop relaying defines a
new network function that selects whether to
multi-hop or directly send to the BS. Hence,
multi-hopping changes the star-topology into an
extended star-topology, which imposes an inher-
ent routing problem. The cloud should be able
to detect network congestion, in terms of users’
population, and enable multi-hopping to main-
tain an acceptable blocking probability. As dis-
cussed earlier, the priority for the channel access
between cellular and multi-hop D2D links highly
depends on the underlying application.

IMPLEMENTATION ISSUES
The massive number of network elements (i.e.
BSs, users, machines, etc.) makes a centralized
instantaneous optimization for the network func-
tions infeasible, even with super computing
agents in the cloud. That is, it is infeasible to
select a serving BS, assign powers, allocate chan-
nels, and choose the mode of operation for each
and every network element within the cellular
network. In this section we discuss some trends
to compromise between complexity and perfor-
mance in prospective cognitive CRAN networks,
as well as the limitations for CRAN operation.

FEASIBILITY AND COMPLEXITY TRADEOFFS
For feasible and efficient network operation, we
seek tradeoffs between complexity, signaling,
and performance. We advocate to split the net-
work functions into two main categories: instan-
taneously and statistically optimized functions.
While instantaneous optimization guarantees the
best performance at any time instant, statistical
optimization provides optimal averaged perfor-
mance on a long-time scale to reduce signaling
and processing overheads. Specifically, instead of
requiring instantaneous information, which is
difficult to obtain and communicate, statistical
network parameters can be exploited to guarantee
an average optimal performance. For instance,
in [9], instead of optimizing the transmit power
based on the instantaneous channel gains, a sim-
ple power policy, which is optimal to the channel
gain distribution, is developed. It is worth men-
tioning that many attempts have been made to
either statistically or instantaneously optimize
network functions. However, to the best of the

authors’ knowledge, merging statistical and
instantaneous optimization to balance perfor-
mance, complexity, and signaling overhead has
been ignored.

In addition to statistical optimization, cogni-
tive and distributed control for some network
functions can be exploited to reduce complexity.
In this case, the network elements can choose
their instantaneous operating parameters (e.g.
power level, channel, and mode of operation) in
a cognitive way to maximize the network objec-
tive subject to the enforced operator policies.
For example, based on the relative D2D and cel-
lular link distances, users can distributively select
their mode of operation. Then, on one hand,
D2D users can operate in a distributed and cog-
nitive manner. On the other hand, antenna selec-
tion, channel assignment, and power control for
the cellular mode users can be centrally con-
trolled by the cloud. The cloud enforces a mode
selection and operation policy rather than allo-
cating channels and power levels for each D2D
user. The policy typically dictates the conditions
at which users select their operation mode and/or
enforces interference limits for D2D users on
cellular users. One approach to supervise the
distributed control of network functions is
through bias factors, which encourage/discourage
users to take certain actions, as discussed in the
next subsection.

BIASED NETWORK FUNCTIONALITIES
The association strategy can be manipulated via
tunable bias factors that artificially encourage
users to associate to a certain tier for each of the
uplink, downlink, and control signaling. These
bias factors can expand the coverage regions of
small cells to proportionally balance the load
served by each network tier. Also, a control
association bias factor toward higher network
tiers (i.e. micro and macro), which is proportion-
al to user mobility, can be used to reduce han-
dover signaling.

It is worth mentioning that CoMP can be
considered as a multiple BS association that can
also be controlled via bias factors. In this case,
each user is responsible to report the set of can-
didate serving BSs to the cloud, which then man-
ages the resource allocation for that user within
the selected BSs. Tuning the bias factor that
encourages/discourages cooperation controls the
extent to which cooperation is enabled in the
network, to tune the tradeoff between the SINR
performance of CoMP and the associated back-
haul traffic [10].

Similar to user association, D2D communica-
tion and multi-hop relaying can also be manipu-
lated via bias factors that encourage/discourage
transmitters to select single/multi-hop D2D com-
munication. Setting the bias factor to zero
enforces direct BS communication; setting the
bias factor to a high value enforces D2D com-
munication and multi-hopping. Hence, the bias
factor can be tuned according to the traffic load
and population to control the number of hops,
delay, and hop distance.

Application dependent bias factors can be
exploited to enforce general operator policies (i.e.
objective and constraints) and guide the cognitive
behavior of each application. The bias factors are

For feasible and effi-

cient network opera-

tion, we seek

tradeoffs between

complexity, signaling,

and performance.

We advocate to split

the network func-

tions into two main

categories, namely,

instantaneously and

statistically optimized

functions.

EL-SAWY_LAYOUT_Author Layout  7/6/15  2:23 PM  Page 82



IEEE Communications Magazine • July 2015 83

calculated and adapted in the cloud, according to
the traffic’s spatial and temporal variation, and
then dictated to the network elements.

LIMITATIONS OF THE CLOUD OPERATION
As shown in Fig. 1, the cloud acts as an engine
that adapts the proposed virtualized architecture
to the type of applications and network condi-
tions. A written script running at the cloud con-
trols the network behavior. As discussed earlier,
some network functions may be centrally execut-
ed in the cloud and others may be executed in a
distributed manner (i.e. by BSs or devices). Note
that information about devices, BSs, and net-
work conditions are required at the cloud to dic-
tate the guidelines for distributed network
functions and to execute centralized network
functions. This information is subsequently com-
municated to the cloud by network entities via
backhaul links, e.g. fiber optic cables and wire-
less backhaul links.

While fiber connections may be suited for
cells of medium to large size (micro and macro-
cells) [11], their deployment cost becomes a
major problem for hundreds or thousands of
small-cell BSs, as is the case in dense 5G net-
works. Furthermore, even when available in
abundance in urban areas, fiber optic cables may
not be found at the exact location where a small-
cell BS exists. In contrast, wireless backhaul links
are more suitable to support small-cell networks,
as they are easy to plan and deploy when com-
pared to fiber optics [12]. However, given the
scarcity of the available sub-6 GHz licensed
spectrum band, investment in higher frequency
ranges is needed, which itself leads to a smaller
coverage and needs fine tuning (i.e. strong LoS
path) between the cloud and the served entities.
Most importantly, a major problem in wireless
backhaul design is the latency issue, as retrans-
missions are often required due to unsuccessful
reception [13]. Additional latency is also added
due to long round trip information routing to
the data centers (i.e. cloud physical locations). In
this case, routing delays can be reduced via
multi-cloud location planning [8].

The above factors (i.e. cost, latency, cover-
age) often limit the operation of the cloud, and
require intelligently jointly designing both the
core (clouds to BSs) and RAN (BSs to users).
Besides multi-cloud cooperation and coordina-
tion, synchronization and joint provisioning of
resources between the backhaul links and the
RAN are promising future research directions,
so as to ensure the feasibility of the virtualized
cognitive architecture.

NUMERICAL RESULTS
In this section we show the potential gain of
decoupling the uplink, downlink, and control
associations. While uplink and downlink decou-
pling improves SINR statistics, decoupling con-
trol association reduces signaling overhead [2].
Figure 3 shows the gain in terms of outage prob-
ability if uplink and downlink associations are
decoupled. We consider a two-tier cellular net-
work with channel inversion power control, in
which all users maintain an average power of r
at their serving BSs. The figure shows that if

users associate in the uplink based on the uplink
RSS, rather than the downlink RSS, the SINR
outage probability can be reduced by 30 percent.
Note that the outage probability for both the
coupled and decoupled association increases
with the intensity of small cells due to the
increased number of interferers and the fixed
received power at the test BS (i.e. r).

Consider the two tier network shown in Fig.
4, in which a user follows the trajectory high-
lighted in black. In conventional network archi-
tecture, the test user performs a complete
handover (i.e. dissociate from the serving BS,
associate to the target BSs, and inform the core
network for data flow switching) with every
crossing over a cell boundary. Decoupling the
control and data allows the macro-BS to act as a
mobility anchor providing control signaling while
the small cells only provide data packets (referred
to as lean carriers in the literature) [2]. In this
case, complete handovers take place in transi-
tions between macro-cells only (i.e. the red
boundary shown in Fig. 4). In contrast, only vir-
tual handovers (i.e. only data packet switching
between BSs) take place in transitions involving
small cells. In a virtual handover, the macro cell
acts as a handover anchor and the core network
is not informed (i.e. the MME and SGW), which
reduces the handover delay and core network
signaling. Further, macro BSs have large cover-
age areas, which decreases the complete han-
dover rate. In fact, the complete handover rate
becomes independent of the small cell intensity.
To show the amount of handover reduction by a
virtualized network architecture, we plot Fig. 5.
The figure shows that the complete handover
rate linearly increases in the small cell intensity.
The handover rate is dominated by horizontal
small cell to small cell handover. On the other
hand, macro to macro handover reduces as the
macro boundaries are populated with small cells.

Figure 3. Outage probability vs small-cell intensity for virtualized and con-
ventional cellular architecture, the curves are obtained via stochastic
geometry analysis following the footsteps of [14].
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For the virtualized network architecture, the
complete handover rate is constant. Hence, the
visualization gain increases with the intensity of
small cells. Note that reducing the handover rate
can be directly translated to reduced delay and
increased throughput. Hence, higher capacity
gains can be harvested from network densifica-
tion. It is worth noting that cognition may play
an important rule in selecting the BS providing
the control information, because in a dense
small-cell deployment, macro-BSs may have
insufficient BW to provide control signaling for
all users. Hence, control signaling for high mobil-
ity users only is handled by macro cells. Control
signaling for lower mobility profiles is handled
by smaller BSs (i.e. micro and pico).

CONCLUSION
Architectural ossification for cellular networks is
a limiting performance obstacle. Cognitive and
flexible network operation via data/control plane
decoupling and CRAN is an appealing trend to
overcome the architectural ossification problem.
In this case the cellular networks evolve from a
deterministic infrastructure to a flexible, cogni-
tive, and context aware architecture. Such an
evolution is expected to improve network perfor-
mance and make possible the foreseen 5G per-
formance gains. To this end, this article discussed
implementation of different network functions
and shed light on the tradeoffs between com-
plexity, signaling, and performance. The article
proposes a distributed network control scheme

in which the cloud may allow a guided distribut-
ed execution for network functions in which the
guidelines are dictated by the cloud according to
the application, operator policies, traffic, and
network conditions. The article also showed that
bias factor based guidance for network functions
can be used to achieve certain design objectives.
Finally, the article presented a case study to
show the performance gain from decoupling
uplink, downlink, and control association in
multi-tier cellular networks.
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Figure 5. The handover rate per km for conventional and virtualized net-
work architecture, the curve is plotted via stochastic geometry analysis fol-
lowing the footsteps of [15].
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INTRODUCTION

The rapid development of wireless communica-
tions has engendered rapid proliferation of
media-rich mobile devices as well as significant
enhancement of communication ability. The
actual mobile traffic in 2010 was five times
greater than an official forecast made by the
International Telecommunication Union (ITU)
in 2005, and will continuously increase about
1000 times till the end of 2020 [1].

System capacity could be enhanced by enlarg-
ing network coverage (via relays, femtocells),

increasing the space dimension (via massive mul-
tiple-input multiple-output [MIMO] technology),
improving bandwidth efficiency and energy effi-
ciency (via cognitive radio [CR] technology,
green communications) [2]. On the other side,
dynamic networks are being adopted to speed up
service innovation in a more intelligent way. For
example, self-organization networks (SONs) with
artificial intelligence serve as a promising solu-
tion to address the challenges imposed by large-
scale networks, such as the high cost of
configuring and managing networks, the fluctu-
ating nature of the available spectrum, and the
diverse quality of service (QoS) requirements of
various applications [3, 4]. In order to realize
these key technologies, cross-layer parameters,
for example, spectrum occupancy, transmit
power, modulation, constellation, channel cod-
ing, location, and cell edge, should be achieved
and shared among nodes in the network. Howev-
er, the current information exchange scheme still
relies on cooperative feedback among nodes,
which causes severe transmission overhead espe-
cially when the scale of the network and the
amount of data traffic are large. Hence, an intel-
ligent way to cognitively obtain as many parame-
ters as possible at every node could greatly
enhance the communication efficiency.

The term “full cognitive radio” was already
proposed by Mitola [5] in which the cognition tar-
gets every possible parameter observable by a
wireless node or network. However, this ultimate
goal of CR only stays at the conceptual level,
while the last decade of studies in parameter
achievement mainly focused on one single param-
eter: the occupancy of a particular spectrum. Var-
ious parameters depicting the network status —
channel occupancy, transmit power level, signal
constellation, modulation scheme, and channel
coding, as well as cell coverage, network topology,
user preferences, communication protocols, and
sensing policies — have not been considered
under a unified framework. It is then necessary to
expand the parameter space from a single “spec-
trum hole” to a “multiple parameters” space in
order to make the network more “intelligent.”

ABSTRACT

The very original concept of cognitive radio
raised by Mitola targets at all the environment
parameters, including those in the physical,
MAC, and application layers, as well as the
information extracted from reasoning. Hence,
the first CR is also referred to as “full cognitive
radio.” However, due to its difficult implementa-
tion, the FCC and Simon Haykin separately pro-
posed a very simplified definition, in which CR
mainly detects a single parameter, spectrum
occupancy, and is also called “spectrum sensing
cognitive radio.” With the rapid development of
wireless communications, the infrastructure of a
wireless system becomes much more complicat-
ed, while the functionality at every node is
desired to be as intelligent as possible, say self-
organized capability approaching 5G cellular
networks. It is then interesting to reconsider
Mitola’s definition and think whether one could,
besides obtaining the on/off status of the licensed
user only, achieve more parameters in a cogni-
tive way. In this article, we propose a new cogni-
tive architecture targeting multiple parameters
for future cellular networks, which is one step
further toward “full cognition” compared to
most existing CR research. The new architecture
is elaborated in detailed stages, and three repre-
sentative examples are provided based on recent
research progress to illustrate the feasibility as
well as the validity of the proposed architecture.
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Meanwhile, the multi-parameter space also
shares highly structured and mutually coupled
characteristics, which could be further utilized to
enhance cognition performance and reduce cog-
nition complexity. If sufficient prior knowledge is
available at each node, the cognition of multiple
parameters will be similar to the conventional
estimation and detection problem for single-
parameter cognition, but with an enlarged
dimension of parameter space. In this case,
modified signal processing techniques (e.g., mul-
tiple hypotheses testing) could be applied [6].
Nonetheless, in complicated networks, prior
knowledge is normally unavailable, and conven-
tional signal processing techniques can hardly be
executed. A solution for multiple parameters
cognition is then to introduce machine learning
theory, which is able to establish a prior knowl-
edge base automatically from the proliferation of
traffic data. The amount of data could be accu-
mulated quickly considering the signal transmis-
sion speed over mega- or gigabits. In fact,
machine learning has already emerged as a
booming research area, the core idea of which is
to mine the “patterns” behind massive data and
further identify or predict unknown patterns.
The inherent coupling and inter-relationship of
network parameters can be recognized as pat-
terns through learning techniques in this context.

Practically, the parameters that determine the
control and optimization policies in networks
change frequently, while a small change in envi-
ronmental parameters may result in a big change
in systematic behaviors [4]. Parameter cognition
should then be as adaptive and predictive as pos-
sible to cope with the dynamic characteristics of
parameters. If the cognition is able to provide
accurate prediction of the network status from
the patterns behind multi-parameter space, bet-
ter quality of service (QoS) can be achieved via
resource pre-distribution.

In this article, we propose a new cognitive
architecture based on either conventional signal
processing or machine learning techniques, tar-
geting multiple parameters in future wireless
communication networks. The remainder of the
article is organized as follows. We first describe
the core idea and the framework of the pro-
posed cognitive architecture. We also provide
three concrete examples that demonstrate the
validity and efficacy of the architecture. A sum-
mary and some prospects are highlighted at the
end of the article.

ARCHITECTURE OF
ENHANCED MULTI-PARAMETER

COGNITIVE TECHNIQUES

The architecture of the proposed cognitive tech-
nique is elaborated in three main stages: param-
eter structuralization, multi-parameter cognition,
and parameter prediction.

PARAMETER STRUCTURALIZATION
As illustrated in Fig. 1, a communication net-
work is described by a gigantic number of param-
eters at different layers, and cognition for as
many parameters as possible at each node could

greatly release the expense of feedback and
enhance network efficiency.

Several efforts have been made in parameter
cognition such as channel estimation and spec-
trum detection, and some fine results have been
established in the past decades. However, each
of these efforts concerns the extraction of only
an individual parameter, ignoring the potential
relationship among different parameters (i.e.,
parameter structure). The structure of parame-
ters in the same layer can be achieved through
direct signal processing techniques, while struc-
ture at different layers can be achieved through
pattern recognition and learning techniques. For
example, the cognized symbol constellation will
directly exhibit the spectrum occupancy status,
and could also indicate the transmission behav-
iors or preferences of users through a certain
data mining approach.

There are three main advantages of parame-
ter structuralization:
• Structuralization can improve the cognition

accuracy since various parameters comple-
ment one another in light of the “struc-
ture.”

• Complexity of cognition can be reduced
since a smaller number of parameters need
to be considered due to the correlation
among them.

• The range of parameter cognition could be
expanded because some non-cognizable
parameters can be achieved by reasoning
from the cognizable parameters via machine
learning techniques.

MULTI-PARAMETER COGNITION
The proposed multi-parameter cognitive archi-
tecture is shown in Fig. 2, where the most popu-
lar parameters include spectrum occupancy,
transmit power, modulation, and user behavior.

In general, parameter cognition can be cate-
gorized into two cases, prior-sufficient and prior-
deficient, depending on how much prior
knowledge is available before cognition. For the
prior-sufficient case, where the key information
(e.g., interference level, noise characteristics,
channel statistics) is known to users, the multiple
parameters cognition problem could be solved
by conventional signal processing techniques. In
this case, closed-form solutions normally exist,
which sometimes serve as the performance
bound for other low-complex suboptimal algo-
rithms.

When the prior knowledge is insufficient to
execute conventional signal processing algo-
rithms, one may resort to learning techniques
(e.g., data-driven algorithms from machine
learning and pattern recognition) to intelligently
establish the cognition knowledge base. Indeed,
some machine-learning-based algorithms have
been proposed for various tasks in CR parame-
ter cognition. For example, in [7], a spectrum
sensing engine based on a support vector
machine (SVM) was designed, advancing sensing
performance with smaller samples compared to
the energy detector. In the cooperative spectrum
sensing paradigm, [8] presents reinforced learn-
ing methods to reduce the sensing overhead by
releasing network flow congestion. Most of the
learning-based techniques, however, are mainly
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designed to obtain a single parameter (e.g., spec-
trum occupancy) and do not consider the learn-
ing of multiple system parameters. Moreover,
these learning-based techniques fail to perform
reasoning and inferring among parameters,
which is known as the senior functionality of
artificial intelligence, due to little attention being
paid to the parameter structure.

Learning-based cognition techniques seem to
be more applicable in real CR setups and are
subject to little performance downgrade in the
above cases. Nonetheless, there are still some
deficiencies that are worth further attention
because there is no “free lunch.” First, it is chal-
lenging to collect sufficient “clean” data for
learning and recognition. Extra overhead and
high complexity for establishing and maintaining
the database during the whole cognition process
are unavoidable. Second, in some centralized
control and optimization scenarios, learning
techniques may not be adequate to cope with
large-scale traffic data sets. Hence, it may be
necessary to incorporate non-parametric learn-
ing algorithms with low computational complexi-
ty for cognition. Moreover, data-driven
algorithms can be prone to data falsification and
attack from malicious users, and more efforts

are necessary for safety analysis and protection
operations.

PARAMETER PREDICTION
Following multiple parameters cognition, users are
able to utilize internal structure as well as underly-
ing pattern of parameters to further understand
the parameter evolution. For example, channel
occupancy status can be predicted by learning the
traffic characteristics of licensed systems using the
neural network model [9]. The reliable prediction
of channel status considerably reduces the over-
head consumed by spectrum sensing because only
those channels predicted to be idle need to be
sensed in the next time slot. Moreover, if the unli-
censed user can predict other parameters of
licensed users (e.g., power level, modulation, and
coding-scheme), it could then adjust the corre-
sponding parameters such that the interference
caused to the licensed user can be optimally
reduced. In intelligent communication networks
(e.g., SONs), predictability normally serves as the
counterpart of scalability but is difficult to model
due to the complexity of systems [4]. In this case,
learning-based cognition is much more applicable
for parameter prediction because of its extrapola-
tive nature and simple implementation.

Figure 1. The enormous number of parameters involved in cognitive communication networks.
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EXAMPLES

In the following, we provide three representative
examples of the latest research progress to show
how signal processing and machine learning
techniques could be used to cognize multiple
parameters.

EXAMPLE 1:
COGNITION FOR TRANSMIT POWER LEVELS

We first consider a practical CR scenario where
the licensed user can work under more than one
discrete power levels, as opposed to a single
power level in conventional CR. The parameter
that could be cognized is then not only the on/off
status of the licensed user, but also its transmit
power levels, where non-zero power levels indi-
cate the “on” of a licensed user and vice versa.

If the candidate power levels and noise statis-
tics are known in advance, the spectrum occu-
pancy as well as the current transmit power
levels can be obtained via multiple hypotheses
detection [6]. Besides the false alarm probability
and detection probability used to evaluate con-
ventional spectrum sensing, one may further
define a new performance metric called discrimi-
nation probability, which describes the capability
of correctly recognizing each power pattern. A
numerical result is shown in Fig. 3, where the
theoretical curves can serve as an upper bound
of performance for any suboptimal detectors.

However, the assumption that the unlicensed
user fully knows all prior information cannot be
true in a realistic setup. In this case, machine-
learning based cognition techniques, such as
clustering analysis and classifier construction,
could be exploited to replace the multiple
hypotheses testing approach. The unlicensed
users can collect energy statistics and formulate
energy feature vector so that licensed transmis-
sion patterns can be discovered by clustering
analysis from a sufficient number of energy fea-
ture vectors. Specifically, feature vectors that

share the same transmit power of the primary
user (PU) can be grouped together, and the
number of power states and the corresponding
vector clusters are determined. Hence, the trans-
mit power levels can be evaluated by the average
of the vectors in each cluster, from which the
knowledge about transmit patterns and prefer-
ences (the power states of the licensed user, the
average power level of each state, etc.) are
learned. Moreover, each energy feature vector
would be labeled by the cluster number it is par-
titioned to. Classifiers and decision boundaries
between different power states can then be con-
structed through supervised learning on the basis
of these labeled data. A numerical example
where SVM is used to train the classifiers and
perform sensing tasks is shown in Fig. 4.

Once the power level is detected, the unli-
censed users are able to adjust their own trans-
mit power such that the interference
temperature for that particular power level is
fulfilled,1 by which means the unlicensed users
could fully squeeze the tolerance of the licensed
user and maximize their own throughput.

EXAMPLE 2:
COGNITION FOR MODULATION PATTERN

In this example, we address the problem of mod-
ulation recognition (MR) in the CR scenario.
For conventional MR, there are two main genres
of methods: the theoretical maximum-likelihood-
based methods and the statistical pattern-recog-
nition-based methods [11, 12].

However, MR in CR differs from the conven-
tion in several ways. First, the existing MR meth-
ods assume prior knowledge of the candidate
signal constellations, which can be denoted as
the modulation dictionary. It is obligatory for
the dictionary to contain as many potential mod-
ulation types as possible, while a redundant dic-
tionary would definitely degrade the recognition
performance, especially in low signal-to-noise-
ratio (SNR) regions. Hence, the modulation dic-

1 The FCC has regulated
different protection for
different powered ser-
vices in their recent
reports [10].

Figure 2. Framework of the multi-parameter space cognitive architecture.
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tionary should be pruned tactfully before recog-
nition. Second, the existing methods always
assume the transmitter to be “on,” which is not
the case in the CR scenario where the channel
occupancy status is also unknown, and its detec-
tion is coupled with MR. Third, the existing
methods do not consider different transmit
power levels, which can in fact be coupled with
modulation types to characterize the transmis-
sion behavior of the licensed users.

We provide one numerical example in Fig. 5
to shed light on how to obtain the coupled
parameters from an unsupervised learning
approach. Higher order statistics (HOS) are

used as the feature for recognition because they
characterize the distribution shape of noisy base-
band samples with low complexity [11]. We
introduce a new concept, “modulation pattern,”
to denote the combination of modulation type
and transmit power level. We then organize the
estimates of cumulants of different orders and
lags as a multiple cumulant vector, serving as the
input feature of the machine learning algo-
rithms. It can be proven that the feature vector
is a multivariate asymptotic Gaussian approxi-
mation of cumulants [13]. In particular, the first
cumulant in the vector should be the second-
order cumulant in order to indicate the energy
information.

In order to construct the modulation dictio-
nary and identify different “modulation pat-
terns,” we exploit the Dirichlet process Gaussian
mixture model (DPGMM), a type of unsuper-
vised clustering analysis, to construct dynamic
and flexible statistical representations for the
training data. We formulate a mixture model in
which the number of mixture components is infi-
nite and is not required at the beginning of clus-
tering. After the convergence of DPGMM [14],
the cumulant vectors that aggregate around the
origin of coordinate system represent the “noise
constellation.” Detection of cumulant vectors
belonging to the noise constellation reveals that
only noise signals are received and no symbols
are transmitted. The variance of noise can be
evaluated from the second-order cumulant of
the noise constellation. Furthermore, the average
vector of any other cluster is evaluated. The aver-
age vectors are used to identify the alive modula-
tion types and establish the minimal dictionary
following the correspondence of HOS and modu-
lations. Consequently, new observations of cumu-
lant vector can be efficiently classified and
predicted using the predictive probability distri-
bution constructed by DPGMM. The dictionary
can also be updated along with the update of
posterior predictive distributions adaptively.

The simulation results in Fig. 5 show the effi-
cacy of the modulation recognition and indicate
superior discrimination capability compared to
the pure pattern recognition approach [11].
Moreover, Fig. 5 also demonstrates that four
modulation types as well as the channel idle sta-
tus can be specified automatically, along which
the transmit power level can be cognized as well.
Furthermore, the modulation preference of a
certain user is understood from each component
of the predictive distribution.

EXAMPLE 3:
PREDICTION FOR SPECTRUM ENVIRONMENT

In the last example, we evaluate the prediction
of multi-channel spectrum occupancy using
machine learning techniques. Due to energy and
hardware constraints, unlicensed users may not
be able to perform spectrum sensing at all chan-
nels. This can be relieved by predicting the chan-
nel occupancies before each sensing time slot
starts. As modeled in [15], the state of different
channels and the time the licensed users spend
dwelling in each state are assumed to be inde-
pendent. Moreover, the change of spectrum
environment can be considered as the process of

Figure 3. The theoretical performance metric of cognition vs. number of
samples with system parameters known a priori.
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license channel vacancy and occupancy states
appearing alternately. We introduce throughput
as the evaluation criterion of the proposed learn-
ing-based cognitive strategy. Multi-channel spec-
trum sensing based on learning and prediction
can be performed via three steps. First, the
parameters of the learning model are estimated
by the historical information embedded in the
previous observations database. Subsequently,
given a new observation of the channel occupan-
cy, the next time slot can be predicted using the
learning model. Meanwhile, the probability of
vacancy status of each channel can be ordered
from high to low. Lastly, the unlicensed user is
able to efficiently perform spectrum sensing in
accordance with the order and update the chan-
nel status database with the true channel status
detected. The average throughput can be derived
in terms of the mean error prediction probability
and the probability of vacancy state for objective
channels in closed form [15]. Simulation results
in Fig. 6 demonstrate that multi-channel spec-
trum sensing and prediction based on machine
learning techniques achieve better performance
in terms of throughput compared to random
selection of license channels.

Besides the enhancement of spectrum sensing
efficiency, there are a few other benefits gained
from learning and prediction of multi-channel
occupancy. First, prediction results can also be
utilized to foresee the traffic flow of cellular net-
works consisting of certain users at certain spec-
trum sub-bands. Hence, network congestion may
be detected in advance. Moreover, prediction of
channel occupancies makes it possible to predict
the transmission behavior of users.

SUMMARY AND PROSPECTS
In this article, we introduce a concrete multi-
parameter cognitive architecture for future wire-
less communication systems that contains three
key stages. Our efforts prompt a compromising
but necessary way toward the ultimate goal of
CR, full cognition, which currently remains at
the conceptual level. Examples demonstrate that
cognition in the multi-parameter space can be
rather different from conventional single-param-
eter cognition and reveal fundamental insights
on the proposed cognitive architecture. Future
research could include how to utilize the cog-
nized parameters to preserve QoS of the net-
work in terms of data traffic, latency, overhead,
and so on.

ACKNOWLEDGMENTS
This work was supported in part by the National
Basic Research Program of China (973 Pro-
gram) under Grant 2013CB336600, by the
National Natural Science Foundation of China
under Grant 61422109, by the Beijing Natural
Science Foundation under Grant 4131003, and
by the Tsinghua University Initiative Scientific
Research Program under Grant 20121088074.

REFERENCES
[1] S. Singh and P. Singh, “Key Concepts and Network

Architecture for 5G Mobile Technology,” Int’l. J. Scien-
tific Research Eng. & Tech., vol. 1, no. 5, Aug. 2012,
pp. 165–70.

[2] C.-X. Wang et al., “Cellular Architecture and Key Technolo-
gies for 5G Wireless Communication Networks,” IEEE Com-
mun. Mag., vol. 52, no. 2, Feb. 2014, pp. 12–30.

[3] Z. Zhang, K. Long, and J. Wang, “Self-Organization
Paradigms and Optimization Approaches for Cognitive
Radio Technologies: A Survey,” IEEE Wireless Commun.,
vol. 20, no. 2, Apr. 2013, pp. 36–42.

[4] Z. Zhang, K. Long, and J. Wang, “On Swarm Intelli-
gence Inspired Self-Organized Networking: Its Bionic
Mechanisms, Designing Principles and Optimization
Approaches,” IEEE Commun. Surveys & Tutorials, vol.
16, no. 1, 1st qtr., 2014.

[5] J. Mitola and J. Maguire, “Cognitive Radio: Making
Software Radios More Personal,” IEEE Personal Com-
mun., vol. 6, no. 4, Aug. 1999, pp. 13–18.

Figure 5. Pattern discovery and clustering results of multiple cumulants vec-
tors before normlization using the DPGMM. m denotes the mean vector
of each Gaussian component, and Pi denotes the transmit power level
where P2

1 : P2
2 : P2

3: P2
4 = 2.5 : 5 : 5.3 : 4 when overall average SNR is 10 dB

and the number of samples is 100.

Third dimension of multiple
cumulants vector

Bayesian non-parametric clustering results using Gibbs sampling

Channel unoccupied,
 = [1.0056, 0.4059, 0.1760]T

QAM(16),P1,
 = [3.5032, 4.2856, 4.2972]T

QAM(32),P2,
 = [5.9966, 4.8321, 17.2548]T

PSK(4),P4,
 = [4.9979, 16.0544, 16.1262]T

PAM(8),P3,
 = [6.2698, 34.4038, 34.3947]T

Second dimension of multiple
cumulants vector

40

2

Fi
rs

t d
im

en
si

on
 o

f m
ul

tip
le

 c
um

ul
an

ts
 v

ec
to

r

1

0

3

4

5

6

7

20

0 0
10

20
30

40

60

Figure 6. The performance of mean throughput vs. the probability of vacan-
cy state when the number of channels is 25 and the normalized channel
capacity is 1 b/s.

The vacancy state probability of objective license channel
0.20

0.1

0

Th
e 

m
ea

n 
th

ro
ug

hp
ut

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.4 0.6 0.8 1

Objective license channel spectrum sensing randomly
Spectrum sensing based on learning and prediction
The upper bound performance of spectrum sensing

ZHANG_LAYOUT.qxp_Author Layout  7/6/15  2:59 PM  Page 91



IEEE Communications Magazine • July 201592

[6] F. Gao et al., “Sensing and Recognition When Primary User
has Multiple Transmit Power Levels,” IEEE Trans. Signal Pro-
cessing, vol. 63, no. 10, May 2015, pp. 2704–17.

[7] Y. Huang, H. Jiang, and H. Hu, “Design of Learning Engine
based on Support Vector Machine in Cognitive Radio,”
IEEE Int’l. Conf. Computational Intelligence and Software
Engineering, Wuhan, China, Dec. 2009, pp. 1–4.

[8] B. Lo and I. Akyildiz, “Reinforcement Learning-Based Coop-
erative Sensing in Cognitive Radio Ad Hoc Networks,” IEEE
Int’l. Symp. Personal Indoor and Mobile Radio Commun.,
Instanbul, Turkey, Sept. 2010, pp. 2244–49.

[9] V. Tumuluru, P. Wang, and D. Niyato, “A Neural Network
Based Spectrum Prediction Scheme for Cognitive Radio,”
IEEE ICC, Capetown, South Africa, May 2010, pp. 1–5.

[10] FCC, “In the Matter of Unlicensed Operation in the TV
Broadcast Bands,” ET Docket No. 04-186, Notice of Pro-
posed Rulemaking, OET, May 2004.

[11] A. Swami and B. Sadler, “Hierarchical Digital Modula-
tion Classification Using Cumulants,” IEEE Trans. Com-
mun., vol. 48, no. 3, Mar. 2000, pp. 416–29.

[12] O. A. Dobre et al., “Survey of Automatic Modulation
Classification Techniques: Classical Approaches and
New Trends,” IET Commun., vol. 1, no. 2, Apr. 2007,
pp. 137–56.

[13] A. Dandawate and G. Giannakis, “Asymptotic Theory
of Mixed Time Averages and kth-Order Cyclic-Moment
and Cumulant Statistics,” IEEE Trans. Info. Theory, vol.
41, no. 1, Jan. 1995, pp. 216–32.

[14] G. Rasmussen, “Dirichlet Process Gaussian Mixture
Models: Choice of the Base Distribution,” J. Comp. Sci-
ence and Tech., vol. 25, no. 4, July 2010, pp. 653–64.

[15] Z. Ye, Q. Feng, and K. Shen, “Spectrum Environment
Learning and Prediction in Cognitive Radio,” IEEE Int’l.
Conf. Signal Proc., Commun. and Computing, Xi’an,
China, Sept. 2011, pp. 1–6.

BIOGRAPHIES
FEIFEI GAO [SM] (feifeigao@ieee.org) received his B.Eng.
degree from Xi’an Jiaotong University, China, in 2002, his
M.Sc. degree from McMaster University, Hamilton, Ontario,
Canada, in 2004, and his Ph.D. degree from National Uni-
versity of Singapore in 2007. He was a research fellow with
the Institute for Infocomm Research, A*STAR, Singapore, in
2008, and an assistant professor with the School of Engi-
neering and Science, Jacobs University, Bremen, Germany,
from 2009 to 2010. In 2011, he joined the Department of
Automation, Tsinghua University, Beijing, China, where he is
currently an associate professor. His research areas include
communication theory, signal processing for communica-
tions, array signal processing, and convex optimizations,
with particular interests in MIMO techniques, multi-carrier
communications, cooperative communication, and cognitive
radio networks. He has authored/coauthored more than 60
refereed IEEE journal papers and more than 80 IEEE confer-
ence proceeding papers, which have been cited more than
2500 times from Google Scholar. He has served as an Editor
of IEEE Transactions on Wireless Communications, IEEE
Wireless Communications Letters, International Journal on
Antennas and Propagations, and China Communications. He
has also served as Symposium Co-Chair for IEEE ICC ’15,
IEEE GLOBECOM ’14, VTC-Fall ’14, as well as a Technical
Committee member for many other IEEE conferences.

KAIQING ZHANG (zkq11@mails.tsinghua.edu.cn) received his
B.E. degree from Tsinghua University in June 2015. He will
pursue his Ph.D. degree in the Department of Electrical &
Computer Engineering at the University of Ill inois at
Urbana-Champaign. His research interests include machine
learning and optimization in networked systems with appli-
cations in smart grid.

Examples demon-

strate that the cogni-

tion in multiple

parameters space

can be rather differ-

ent from convention-

al single parameter

cognition and reveal

fundamental insights

in the proposed cog-

nitive architecture.

Future research could

include how to uti-

lize the cognized

parameters to pre-

serve QoS.

ZHANG_LAYOUT.qxp_Author Layout  7/6/15  2:59 PM  Page 92

mailto:feifeigao@ieee.org
mailto:zkq11@mails.tsinghua.edu.cn


IEEE Communications Magazine • July 2015 930163-6804/15/$25.00 © 2015 IEEE

Ling Liu, Yiqing Zhou
(corresponding author),
Lin Tian, and Jinglin Shi
are with the Beijing Key
Laboratory of Mobile
Computing and Pervasive
Devices, Institute of Com-
puting Technology, Chi-
nese Academy of
Sciences.

Ling Liu is also with the
University of the Chinese
Academy of Sciences.

INTRODUCTION

With the increasing demand for mobile Internet
services, mobile data traffic is predicted to be
increased by more than 1000 times in the next 10
years, which imposes a big challenge on mobile
communication networks. As an effective tech-
nique to fully utilize the allocated spectrum
resource and improve network capacity, cogni-

tive radio (CR) [1, 2] has drawn a lot of atten-
tion in cellular networks. For example, CR is
employed in IEEE 802.22 cellular systems to
provide broadband wireless access using televi-
sion white space (TVWS) [3]. Another applica-
tion of CR is for dynamic spectrum access (DSA)
in multiple-radio-access-technology (multi-RAT)
heterogeneous cellular networks, which has been
standardized in IEEE 1900.4 [4] and included in
the end-to-end efficiency (E3) project of the
European Telecommunications Standards Insti-
tute (ETSI) [5].

Recently, CR is under consideration for
fourth generation (4G) mobile communication
systems to complement more spectra for traffic
growth. Long Term Evolution (LTE) over unli-
censed spectrum such as 5 GHz and TVWS has
been studied in Third Generation Partnership
Project (3GPP) standardization [6–8] and is
known as LTE-CR. One possible application
scenario for LTE-CR is that when dual connec-
tivity is supported, cognitive spectrum can be
used for data transmission in small cells while
licensed spectrum is used for the connection to
macrocells. Alternatively, cognitive spectrum can
also be exploited in standalone mode where the
carrier supports both data transmission and con-
trol management as well as other licensed LTE
carriers. In either mode, the LTE-CR network
should be able to work on both licensed and har-
vested cognitive spectra. 

However, since the LTE network becomes a
secondary system in the cognitive bands belong-
ing to other licensed networks, various chal-
lenges occur when extending LTE to LTE-CR
due to the uncertainty of cognitive spectra, such
as spectrum sensing, network access, and spec-
trum handoff. Note that network access is espe-
cially important for an LTE-CR cellular network
when it works in the standalone mode. In this
case, users could access the network using both
the cognitive and licensed spectra, so the net-
work access procedure is quite different from
the conventional one with only licensed spectra.
Some potential network access schemes have
been considered for LTE-CR. One possible solu-

ABSTRACT

Network access plays an important role in
LTE cognitive radio (LTE-CR) cellular networks
in determining users’ experiences. An overview
is first carried out on network access schemes in
existing cognitive cellular networks such as IEEE
802.22 and IEEE 1900.4, based on which it can
be seen that cognitive pilot channel (CPC)-based
network access is a promising scheme for LTE-
CR, which may provide fast network access and
put no stringent requirements on terminals.
Next, considering the implementation issues of
CPC in practical systems, a CPC-based back-
ward-compatible network access scheme should
be designed for LTE-CR to facilitate the appli-
cation of CR in LTE networks, which could
exploit existing LTE structures and technologies
to carry CPC information. To achieve this, a new
system information block (SIB) should be
designed to carry CPC on a current physical
downlink shared channel with little standards
effort. Moreover, load awareness is introduced
so that LTE-CR is activated only when the sys-
tem load is high. The complete process of this
SIB-CPC-based backward-compatible and load-
aware network access is described, and its per-
formance is evaluated via simulations. It is
shown that the blocking ratio of LTE-CR can be
reduced notably compared to that of convention-
al LTE without CR. Moreover, by selecting an
appropriate load threshold to activate LTE-CR,
the average user throughput of LTE can be
improved with near-zero blocking ratio by
offloading users to complementary cognitive
spectra.
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tion is to modify the current LTE air interface
so that mobile users can sense the spectrum and
use existing schemes such as listen-before-talk
and request-to-send/clear-to-send to access the
network [7]. However, changing the LTE air
interface is not easy, so it is more desirable to
use the existing LTE air-interface for either
licensed or unlicensed spectrum [6, 8] to reduce
the operating cost and system complexity. There-
fore, this article focuses on backward-compatible
network access schemes for LTE-CR. 

NETWORK ACCESS IN
LTE AND CR CELLULAR SYSTEMS

NETWORK ACCESS IN LTE 
The network access process in LTE is shown in
Fig. 1. Among all the procedures, the most time-
consuming is whole band cell search, where no
previous cell information is stored and users
need to scan all the carrier frequencies for cell
search. The searching step is usually 100 kHz,
and the searching range could be around 1000
MHz for time-division LTE (TD-LTE) and
around 862MHz for downlink of frequency divi-
sion duplex LTE (FDD-LTE) [9]. At each fre-
quency, users perform frequency scanning,
synchronization, and system information (SI,
including master information block [MIB] and
system information block 1 [SIB1]) receiving

sequentially. If the strongest signal on a frequen-
cy detected by the user is below a given thresh-
old, there is no cell on this frequency and the
user switches to the next one. On the other
hand, if the signal strength is higher than the
threshold, the user continues to search the pri-
mary synchronized signal (PSS) and secondary
synchronized signal (SSS) for synchronization.
The average time required for synchronization is
several tens of milliseconds [10]. After that, the
user receives a MIB over the physical broadcast
channel (PBCH) for cell configuration informa-
tion, which is needed to find the physical down-
link shared channel (PDSCH). Next, if the user
successfully receives SIB1 over PDSCH for cell
selection information, cell search succeeds. Oth-
erwise, if any step in the cell search fails, the
user has to switch to the next frequency and
restart the cell search. 

To shorten the time of cell search, the stored
information cell search is proposed, where the
user firstly searches for cells based on the stored
carrier frequencies used previously. On average,
this could reduce the searching time significantly
because users do not move frequently in prac-
tice. If the stored information cell search fails,
the whole band cell search is performed. 

After cell search, the user performs cell selec-
tion according to certain criteria considering both
the quality of downlink and uplink received sig-
nals [9] and the cell selection information from
SIB1. If the criteria are satisfied, the user camps
on this cell and enters idle state. Otherwise, cell
selection fails, and the user should switch to the
next frequency to search for another cell. 

If a user in idle state is activated, it establish-
es radio resource control (RRC) connection via
random access and enters RRC-connected state.
Thus, it can communicate with the base station
(BS). Once the session is finished, the user
releases RRC connection and goes back to idle
state.

NETWORK ACCESS IN CR SYSTEMS
It can be seen that in the network access of

current LTE, cell search is based on the known
licensed spectrum information. However, in CR
systems, frequencies in the stored information
may belong to the cognitive spectrum and could
be occupied by primary users (PUs) with a high
probability once an LTE user powers on. Thus,
it may be unavailable and the time-consuming
whole band cell search should be performed.
Moreover, it takes a long time to detect a chan-
nel in cognitive spectra, which could deteriorate
user experiences seriously. Hence, new network
access techniques should be developed for LTE-
CR networks to avoid such a time- and energy-
consuming start-up process. 

Various effective network access schemes
have been proposed for practical CR cellular
systems (e.g., IEEE 802.22 and IEEE 1900.4 sys-
tems) and can be classified into two categories:
sensing-based (without pilot) and pilot-based
schemes. Compared to pilot-based schemes,
sensing-based schemes are more spectrally effi-
cient. However, users have to sense the whole
spectrum to obtain the information to access the
network. Hence, it is only suitable for systems
working in a limited spectrum range. For the

Figure 1. Network access in LTE networks.

1. Frequency
scanning

Stored information
cell search

Power on

Stored cell information
available

Whole band
cell search

2. PSS/SSS
synchronization

3. MIB receiving
over PBCH

4. SIB1 receiving
over PDSCH

5. Cell selection
and camping

6. Random access

Idle state

Cell reselection

No stored
cell information

Fail

Cell search

RRC-connected
state

Release RRC
connection

Establish
RRC

connection

Activate

LIU_LAYOUT.qxp_Author Layout  7/6/15  3:02 PM  Page 94



IEEE Communications Magazine • July 2015 95

pilot-based scheme, users can listen to the pilot
channel to obtain the available network informa-
tion. Without the need to sense the spectrum,
the pilot-based network access is fast and ener-
gy-efficient. But the cost is reduced spectral effi-
ciency due to additional resource allocated to
the pilot channel. 

For instance, IEEE 802.22 systems, which
aim to  using TVWS between 54 and 862 MHz,
employ sensing-based network access without
pilot. This is because the number of TV chan-
nels is usually limited between 50 to 70, each
with a bandwidth of 6–8 MHz [3], and the spec-
trum sensing time is acceptable. Moreover, most
IEEE 802.22 terminals are installed in houses, so
their power consumption is not a problem. How-
ever, for IEEE 1900.4 systems focusing on DSA
in multi-RAT networks, the spectrum range is
extremely large (e.g., from 450 MHz to 3 GHz).
Thus, the time- and energy-consuming sensing-
based network access is not preferred and a
pilot-based network access is proposed, where a
radio enabler (RE) is designed as a communica-
tion channel to carry the network information
such as the available spectrum information, the
load situation of the network, the objective of
radio resource allocation optimization, and so on
[4]. After detecting RE, a user could decide
which frequency and which RAT to access
according to its requirement and the guidance of
the resource optimization policy. 

Similar to the RE in IEEE1900.4, a cognitive
pilot channel (CPC) is employed in the E3 pro-
ject that provides access information like the
available frequencies, relevant load, and access
strategy of each RAT. Thus, a user can access a
cell by listening to the CPC after it powers on.
The implementation of CPC is also under stan-
dardization of the International Telecommunica-
tion Union Radio Standards Sector (ITU-R) to
facilitate the application of CR in land mobile
services [11], including WiMAX and LTE.

In LTE-CR networks, cognitive spectra may
include TVWS; industrial, scientific, medical
(ISM) spectra (902–908 MHz, 2.4–2.5 GHz and
5.725–5.875 GHz), unlicensed national informa-
tion infrastructure (UNII) spectra (5.15–5.35 GHz
and 5.47–5.825 GHz), and mobile communication
spectra used by various RATs such as Global Sys-
tem for Mobile Communications (GSM), wide-
band code-division multiple access (WCDMA),
and LTE. Thus, the spectrum range is large and
the sensing time could be high. Moreover, mobile
terminals feature simple hardware design, limited
cognitive ability, and limited battery life. Thus, for
mobile terminals, it is desirable to avoid energy-
consuming spectrum sensing during network
access. As a whole, pilot-based schemes are more
suitable for LTE-CR networks, which provide fast
network access with low power consumption and
put no stringent requirements on mobile termi-
nals. This paper focuses on the CPC based net-
work access for LTE-CR networks.

COGNITIVE PILOT CHANNEL

BASIC CONFIGURATIONS OF CPC
Although the basic idea of the CPC is easy to
follow, various challenges occur when imple-
menting CPC.

Spectrum resource for CPC: In multi-RAT
networks, for the convenience of searching, it is
desirable that the CPC should be global and
common to all users. In this case, the CPC is a
new and standalone channel and does not belong
to any RAT, which is known as out-of-band
CPC. However, due to the spectrum shortage, it
is extremely difficult to get a global frequency
for out-of-band CPC. Hence, in-band CPC is
proposed which is located in the existing bands
and each RAT has its own in-band CPC. It is
usually a logical channel in each RAT which can
be mapped to different resources from time to
time. But a lot of standardization efforts are
needed for in-band CPC since the existing RATs
should be modified to support the CPC. 

RAT for CPC: If out-of-band CPC is consid-
ered, a new RAT could be designed for the CPC
to provide user synchronization and information
delivery control. For in-band CPC, the delivery
of CPC can use the same RAT and reuse the
infrastructure of the located RAT. However, a
centralized CPC manager is needed to coordi-
nate the CPCs in different RATs globally. 

CPC information organization: In multi-RAT
networks, since the covering networks and avail-
able spectra change with geometrical locations, it
is necessary to organize the CPC information
according to location. One method is to divide
the coverage area of CPC into small meshes,
each with different network information, as
shown in Fig. 2. When a user powers on, it first
obtains its location with positioning techniques
such as global positioning system (GPS) and
then receives the corresponding network infor-
mation of its located mesh from CPC. To
improve the accuracy of conveying CPC infor-
mation, dynamic mesh division should be consid-
ered in a multi-RAT overlapped scenario [12]. 

Another approach is to organize the CPC
information according to the coverage area of
each RAT. The CPC information includes the
RAT type, coverage extension, coverage area,
and frequency list. If the coverage extension of a
RAT is global, the network information is useful
in the entire coverage area, and the coverage
area is omitted. Otherwise, the network informa-
tion is locally valid, and the geographic coordi-
nates of the local coverage area is given in the
coverage area item.

Transmission modes of CPC: The CPC trans-
mission can be supported in two modes, broad-
cast and on-demand. For the broadcast mode,
only a dedicated downlink CPC is needed, con-
veying information to all users. The implementa-
tion of this mode is simple, but it results in large
delay and low transmission efficiency. For exam-
ple, considering mesh-based CPC information
organization, the network information of each
mesh is broadcasted sequentially and periodical-
ly on the CPC. The period is related to various
parameters such as mesh numbers, CPC infor-
mation size, and CPC bandwidth [13]. The aver-
age time to receive the corresponding CPC
information for a user is quite long, especially
when the mesh number is large. On the other
hand, for the coverage-area-based CPC informa-
tion organization approach in which no mesh
concept is applied, the delay of receiving CPC is
not serious. However, it should be noted that in
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broadcast mode, the system keeps broadcasting
the CPC information all the time, but the infor-
mation is used by users only occasionally. Hence,
the transmitting efficiency is quite low.

Different from the broadcast mode, in the
on-demand mode, the CPC information is trans-
mitted to a user only when requested. Thus, the
user can quickly obtain the CPC information
without waiting. But the system and communica-
tion protocol become more complex in this case,
where an uplink channel is needed for users to
send CPC requests. Moreover, the delay of
receiving CPC in on-demand mode changes with
the user request rate. If the request rate is low,
the delay of the on-demand CPC is much lower
than that of the broadcast one. However, if the
request rate gets higher, the queuing delay of
CPC delivery at the network side increases and
even results in a longer delay of receiving CPC
than that of the broadcast one [12]. One obvious
advantage of on-demand mode is the high trans-
mission efficiency because spectrum resource is
only needed when there is a request. 

KEY CHALLENGES FOR CPC-BASED LTE-CR
Based on existing research and standardization,
the basic configurations of CPC for LTE-CR can
be determined. First of all, the main purpose of
LTE-CR networks is to exploit cognitive spectra
from other networks for LTE users to improve
their performance, such as lower blocking ratio
and higher data rate. Thus, there is only one
working RAT (i.e., LTE) for LTE-CR networks
with cognitive capability. In this case, in-band
CPC is more suitable, and the existing LTE
technology and infrastructures can also be reused
for CPC. Moreover, since there is no need to
carry out mesh division for a one-RAT network,
coverage-area-based CPC information organiza-
tion should be adopted in LTE-CR. In addition,
it is well known that in cellular networks, the
bandwidth requirement in downlink is much
higher than that in uplink. Hence, on-demand
mode is recommended for LTE-CR, which could
improve the downlink CPC transmission effi-
ciency at the cost of an uplink request. 

Given the previous basic configurations, the
CPC-based network access in LTE-CR can be
implemented. One possible way is to define the
in-band CPC as a new channel independent of

the current LTE standard. In this case, when a
user powers on, a CPC search over all the
licensed bands is needed. Note that the conven-
tional signal strength detection strategy in cell
search is not suitable since these channels may be
used by BSs for data transmission. Therefore,
specific searching strategies should be designed
such as matched filtering detection with prior
information of CPC signals [14]. After a CPC is
found, synchronizations with CPC should be per-
formed to receive CPC information correctly. If
the existing LTE time and frequency synchro-
nization scheme with PSS and SSS detection is
reused for CPC, this may mislead users without
CPC ability to synchronize with the CPC channel
and affect their non-CPC synchronization. Hence,
new synchronized signals should be designed for
CPC. When a user obtains the network informa-
tion, it should send a CPC request in uplink since
on-demand CPC is employed to provide better
transmission efficiency. However, at this time,
the user has not established connections to the
BS. Thus, an interaction scheme between the BS
and the user should be developed for the initial
request and response of CPC information. 

According to previous analysis, it can be seen
that if the CPC is defined as a new channel inde-
pendent to the LTE standard, a lot of effort is
needed to modify the LTE protocols to support
the CPC-based network access in LTE-CR.
Therefore, it is more desirable to implement the
CPC-based network access based on the current
LTE standard in a backward compatible way. 

CPC-BASED BACKWARD-
COMPATIBLE NETWORK ACCESS FOR

LTE-CR
SIB-CPC-BASED BACKWARD-COMPATIBLE

NETWORK ACCESS

As discussed before, a backward-compatible net-
work access scheme is desirable for LTE-CR
that exploits existing technologies and structures
of LTE to carry CPC information. It can be real-
ized by carrying CPC in the existing physical
channel PDSCH, where users receive SIB1 to
carry out cell selection during conventional net-
work access. Moreover, current LTE protocols

Figure 2. Two CPC information organization schemes.
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support the adding of a new SIB in the SI mes-
sage for new functions or services. Therefore, to
carry CPC information in PDSCH, a new SIB
(e.g., SIB17) can be designed. After a user pow-
ers on, it first carries out cell search like that in
conventional network access to synchronize to a
cell operating in licensed spectra and receive SI.
If the user has no cognitive capability, it contin-
ues the network access in licensed spectra
according to the current protocols. On the other
hand, if the user has cognitive capability, it lis-
tens to the PDSCH to receive CPC information
in SIB17 and accesses to a cognitive channel.
The following issues should be considered care-
fully when implementing the SIB-CPC-based
network access.

Camping spectrum: When a cognitive chan-
nel is available, the LTE-CR user may camp on
the channel in idle state. This could lead to fre-
quent spectrum handoffs in idle state due to the
uncertainty of cognitive spectra. Note that LTE
networks can contain a large quantity of users in
idle state (e.g., 1200) and only a limited number
of users in connected state (e.g., 200 or 400)
[15]. Thus, the capacity of LTE is mainly occu-
pied by connected users that demand additional
spectra to transmit data. Therefore, there should
be no problem for LTE to support many idle
users, and it is proposed that LTE-CR users in
idle state should always camp on the licensed
spectrum but not cognitive spectra to avoid fre-
quent handoffs. 

Load-aware CR access: Obviously, the com-
munication quality on cognitive spectra is not as
reliable as that on licensed spectra. In addition,
LTE-CR is more complicated than a normal
LTE network with additional operations includ-
ing spectrum sensing, spectrum handoff, and so
on. Therefore, cognitive spectra should be used
only if necessary. A load-aware CR access is
then proposed where access to cognitive spectra
is enabled only when the cell load h, which is
defined as the ratio of active user number to the
maximum containable user number on licensed
spectrum, exceeds a predefined threshold h0.
After the bandwidth-demanding transmission is
completed, users should be back on the licensed
spectra for the idle state. 

CPC broadcasting: As illustrated before,
access to the cognitive spectra is not always nec-
essary. Therefore, the broadcasting of the SIB17
carrying CPC is also conditional. When the cell
load is light, CR access is not enabled, so SIB17
is not needed. Once the licensed spectrum gets
crowded, the BS should inform the users to
receive SIB17. This can be realized by modifying
the current SIB1, which is periodically broadcast
and in charge of scheduling other SIBs. When
the load is high and CR is enabled, users to be
activated should try to find a proper cognitive
channel to access. If there are no such channels,
they are blocked.

COMPLETE SCHEME DESCRIPTION
The detailed SIB-CPC-based backward-compati-
ble network access is shown in Fig. 3. After
being powered on, a user accesses the licensed
spectrum according to the current LTE cell
search and cell selection mechanisms, shown in
Fig. 1. Then it camps on the licensed spectra and

enters idle state, keeping monitoring-relevant SI.
Each BS should keep detecting the load of its
cell and sensing the cognitive spectra. If the load
h is light (h < h0), CR is not enabled and no
CPC is transmitted. In this case, if a user wants
to initiate a session, it performs random access
over the camped licensed spectra regardless of
its CR capability. However, if the load is heavy
(h ≥ h0), access to cognitive spectra is allowed.
The BS modifies SIB1 to notify users that CPC
information is carried by SIB17. In this case, if a
user without CR capability is activated, it is
blocked due to the lack of licensed spectra,
while those with CR capability could select a
cognitive channel to access. After the session on
cognitive spectra is over, the user releases the
connection and returns to the licensed spectrum.

PERFORMANCE EVALUATION
Simulations are carried out to show the perfor-
mance of the SIB-CPC-based backward-compati-
ble network access for LTE-CR networks. The
bandwidth of LTE licensed band is 10 MHz, and
TVWS is considered for cognitive access in
LTE-CR. Each TV channel has a bandwidth of 8
MHz, with the central 5 MHz band for LTE-CR
and the rest reserved to avoid adjacent channel
interference. Assume that a 10 MHz LTE
licensed channel and 5 MHz cognitive channel
can support at most 20 and 10 active users,
respectively. In each TV channel, the arrival and
departure of PUs can be modeled as two inde-
pendent Poisson random processes with mean

Figure 3. SIB-CPC-based backward-compatible network access.
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rate l and m, respectively. Moreover, all users
have CR capability, and those in idle state are
activated and complete the communication fol-
lowing two independent Poisson processes with a
mean rate of l¢ and m¢, respectively. 

The blocking ratio of the conventional LTE
and LTE-CR networks is shown in Fig. 4 as a
function of the arrival rate of PUs. When all
channels are fully loaded and there are no idle
channels, new activated users are blocked. Block-
ing ratio is the ratio of blocking user numbers to
the total activated user numbers. Not surprising-
ly, for any given LTE users activated rate l¢, the
blocking ratio of LTE-CR is reduced compared
to that of LTE, thanks to the help of TV chan-
nels. However, the improvement becomes small-
er as the PU arrival rate l increases since less
TV channels are available. It can be expected
that when the number of TV channels increases,
the performance of LTE-CR can be further
improved. Moreover, for a given PU arrival rate
l, the blocking ratio of both conventional LTE
and LTE-CR increases with the LTE user acti-

vated rate l¢, with LTE-CR still outperforming
LTE. Hence, the larger the user activated rate
l¢, the busier the LTE network, and the higher
the blocking ratio for both LTE and LTE-CR. 

Figures 5 and 6 illustrate the impact of the
load threshold h0 on the average user throughput
in LTE-CR using the SIB-CPC-based backward-
compatible and load-aware network access.
Assume there are 20 active users and one TV
channel. No handoff scheme is applied, and users
interrupted by PUs stay and wait for PU depar-
ture to continue data transmission. The average
unblocked user throughput distribution on
licensed and cognitive spectrum is shown in Fig. 5
together with the blocking ratio. When the thresh-
old h0 is zero, LTE-CR is always activated, and
all 20 users are trying to use the cognitive spec-
trum while leave the licensed spectrum blank.
Since the 5 MHz cognitive spectrum can support
at most 10 users, the blocking ratio could be as
high as 50 percent. As the threshold h0 increases,
more and more users stay in the licensed spec-
trum, and fewer users are offloaded to the cogni-
tive one. Since the licensed spectrum with 10
MHz could support 20 users, the blocking ratio is
reduced to zero at high h0. Moreover, the average
user throughput of the unblocked users on the
licensed spectrum decreases since the spectrum is
shared by more users. On the contrary, when h0
increases, the CR spectrum is shared with fewer
users, so the average user throughput increases.
The average user throughput, including both the
unblocked and blocked users, is shown in Fig. 6.
For any threshold value but 100 percent, the
smaller the PU arrival rate l, the more available
the CR spectrum and the higher the average user
throughput. When h0 is 100 percent, the system is
equivalent to the conventional LTE and the aver-
age user throughput is irrelevant to h0. Moreover,
for a given PU arrival rate l, the average user
throughput in LTE-CR with the threshold from
20 to 80 percent are almost the same since the
available spectrum resource and the total user
number is fixed. Combining Figs. 5 and 6, an
appropriate selection of the threshold would be
between 0.6 to 0.8, resulting in good average user
throughput with near-zero blocking ratio. 

CONCLUSIONS
Network access is important for LTE-CR cellular
networks using cognitive spectra in stand alone
mode. Based on the investigation on network
access schemes applied in existing cognitive cellu-
lar systems such as IEEE 802.22 and IEEE
1900.4, CPC-based network access has been
shown to be more suitable for LTE-CR, which
could provide fast network access and put no
stringent requirements on terminals. Moreover, a
CPC-based backward-compatible network access
scheme is desirable to facilitate the application of
CR in LTE. Hence, a SIB-CPC-based network
access scheme that carries CPC information on
current PDSCH has been designed for LTE-CR,
featuring little standard effort. Moreover, load
awareness has also been introduced so that LTE-
CR is activated only when the system load is
high. The performance of this SIB-CPC-based
backward-compatible and load-aware network
access has been evaluated via simulations. It can

Figure 4. Blocking ratio with 10 TV channels (m = 1/1200, m¢ = 1/150).
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be seen that the blocking ratio of LTE-CR can
be reduced notably compared with that of LTE.
Moreover, by selecting an appropriate load
threshold to activate LTE-CR, the average user
throughput of LTE can be improved with near-
zero blocking ratio by offloading users to com-
plementary cognitive spectra. 
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INTRODUCTION

Small cells have been regarded as a promising
approach to meet the increasing demand of cel-
lular network capacity. In comparison to macro-
cells, low-cost small cells operating with low
power and short range offer a significant capaci-
ty gain due to spatial reuse of spectrum.
Researchers in the community have realized that
enabling cognitive ability into small cells, which
is referred to as cognitive small cells (CSCs) [1],
would further improve resource utilization. Simi-
lar to cognitive radio, CSCs are able to sense the
environment, learn from historical information,
make intelligent decisions, and adjust their oper-
ational parameters.

It is expected that small cells are to be densely

deployed in the near future. Furthermore, small
cells may be deployed by mobile operators, enter-
prises, or households, which means that they
would operate in a self-organized, dynamic, and
distributed manner. Thus, resource optimization
problems for small cells (e.g., spectrum sharing,
carrier selection and power control, interference
management, and offloading mechanism) cannot
be solved in a centralized manner since it results
in heavy communication overhead and cannot
adapt to a dynamic environment. As a result, it is
important and timely to develop self-organizing
optimization approaches for CSCs.

In this article, by exploring the inherent fea-
tures of CSCs, we first discuss and analyze some
fundamental challenges and requirements for
self-organizing optimization in CSCs. Following
the attractive advantages of game-theoretic mod-
els for self-organizing optimization, we propose
some featured game-theoretic solutions. It
should be pointed out that there are also some
other useful approaches for self-organizing opti-
mization in distributed wireless networks, for
example, the swarm intelligence inspired evolu-
tionary algorithms [2]. The reasons for using
game-theoretic solutions are:
• The interactions among multiple decision

makers can be well modeled and analyzed.
• The outcome of the game is predicable;

hence, the system performance can be
improved by manipulating the utility func-
tion and the action update rule of each
decision maker.
Game-theoretic models have been investigat-

ed extensively in wireless communications, and
there are some preliminary game-theoretic solu-
tions for CSCs, such as reinforcement learning
with logit equilibrium for power control [3], a
hierarchical dynamic game approach for spec-
trum sharing and service selection [4], and an
evolutionary game for self-organized resource
allocation [5]. The presented models in this arti-
cle mainly address the inherent features, funda-
mental requirements, and challenges of CSCs
and hence differ significantly from previous ones
seen in the literature. In fact, the main objective
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optimization for cognitive small cells (CSCs),
which have the ability to sense the environment,
learn from historical information, make intelligent
decisions, and adjust their operational parameters.
By exploring the inherent features, some funda-
mental challenges for self-organizing optimization
in CSCs are presented and discussed. Specifically,
the dense and random deployment of CSCs brings
about some new challenges in terms of scalability
and adaptation; furthermore, the uncertain,
dynamic, and incomplete information constraints
also impose some new challenges in terms of con-
vergence and robustness. For providing better ser-
vice to users and improving resource utilization,
four requirements for self-organizing optimization
in CSCs are presented and discussed. Following
the attractive fact that the decisions in game-theo-
retic models are exactly coincident with those in
self-organizing optimization (i.e., distributed and
autonomous), we establish a framework of game-
theoretic solutions for self-organizing optimization
in CSCs and propose some featured game models.
Specifically, their basic models are presented,
some examples are discussed, and future research
directions are given.

EMERGING APPLICATIONS, SERVICES, AND
ENGINEERING FOR COGNITIVE CELLULAR SYSTEMS

Yuhua Xu, Jinlong Wang, Qihui Wu, Zhiyong Du, Liang Shen, and Alagan Anpalagan

A Game-Theoretic Perspective on 
Self-Organizing Optimization for
Cognitive Small Cells

XU_LAYOUT.qxp_Author Layout  7/6/15  3:05 PM  Page 100



IEEE Communications Magazine • July 2015 101

of this article is to propose and discuss the fea-
tured game-theoretic models suitable for CSCs.

The rest of this article is organized as follows.
The cognition functionality for CSCs is present-
ed. Some fundamental challenges and require-
ments for CSCs are discussed. Some featured
game-theoretic models for self-organizing opti-
mization in CSCs are presented, and future
research directions are given. Finally, we provide
concluding remarks.

COGNITION AND SELF-ORGANIZING
OPTIMIZATION FOR

COGNITIVE SMALL CELLS

We first present the cognition functionality for
CSCs, which is the basis of self-organizing opti-
mization. The cognition functionality in cognitive
radio is mainly concerned with acquiring spec-
trum availability information (i.e., sensing and
identifying spectrum opportunities in time, fre-
quency, and space domains). To capture the
complex environment and network state, the
cognition functionality in CSCs is extended to
explore multidimensional information. Such
multidimensional information is referred to as
contextual information, which is used to identify
an object of interest.

As illustrated in Fig. 1, the target contextual
information includes user type, user demand,
access content, user perception, location, energy,
network state, and spectrum state. For presenta-
tion, we briefly illustrate the above contextual
information. The user type represents the hard-
ware category (tablet, phone, or laptop). Access
content is related to a specific application, such as
browsing breaking news or downloading an app.
User perception is related to the service quality
experienced by the user, while location is where
the small cell is (e.g., indoors or outdoors). Ener-
gy is related to the power for wireless transmis-
sion and cooling. Network state is related to the
current network deployment of small cells, and
spectrum state is related to the spectrum avail-
ability. Technically, the above contextual informa-

tion has great impact on the resource allocation
schemes, which are discussed later.

As shown in Fig. 1, the contextual informa-
tion in CSCs can be obtained by the following
three methods: sensing, database, and informa-
tion exchange among neighbors.

Sensing: With the help of cognitive radio
technologies, CSCs perform sensing to obtain
useful information. For example, the spectrum
occupancy state can be obtained by energy detec-
tion or feature detection (e.g., pilot, modulation
type, cyclic prefixes, and cyclostationarity). Sens-
ing is real-time but consumes resources includ-
ing time, energy, and bandwidth.

Database: The database approach is a power-
ful tool to provide useful information for CSCs.
For example, a spectrum database has recently
been developed to provide spectrum occupancy
state for a particular region, through which the
CSCs can request location-dependent spectrum
availability information. Compared to sensing,
the database approach is more efficient but is
not real-time.

Information exchange among neighbors:
Since the CSCs are connected to the core net-
work via cable or optical fiber, information
exchange among CSCs is feasible. However, note
that local information exchange between neigh-
bors is more desirable since global information
exchange leads to heavy communication and sig-
naling overhead.

We argue that the term cognitive in CSCs is not
limited to observing the environment and acquir-
ing contextual information. Instead, it should
include having high-level intelligence. To achieve
such high-level intelligence for CSCs, the most
promising way is to realize knowledge discovery
from the contextual information. Generally speak-
ing, knowledge is a broad concept including gener-
al principles and natural laws. Taking the spectrum
dynamics as an example, the probability q that a
particular band is occupied by macrocells during
01:00 a.m. to 04:00 a.m. is very small (e.g., q =
0.05) is viewed as knowledge in CSCs.

Based on the contextual information, the
CSCs can build a knowledge base that contains
useful knowledge for self-organizing optimization.

Figure 1. The paradigm of cognition functionality and self-organizing optimization in CSCs.
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CHALLENGES AND
REQUIREMENTS FOR

SELF-ORGANIZING OPTIMIZATION IN
COGNITIVE SMALL CELLS

In this section, by exploring the inherent fea-
tures of CSCs, we briefly discuss some funda-
mental challenges and requirements for
self-organizing optimization in CSCs.

TECHNICAL CHALLENGES
The technical challenges for self-organizing opti-
mization in CSCs are discussed from the per-
spectives of network deployment and
information constraints respectively.

First, from the perspective of network deploy-
ment of CSCs, two challenges arise in the fol-
lowing two aspects:

Scalability: With the increase in the number
of small cells, how would the self-organizing
optimization solutions scale up? This is the first
basic issue of dense deployment in CSCs. In
addition, since the decisions of CSCs are interac-
tive, addressing the complicated interactions
among densely deployed CSCs is another impor-
tant issue.

Random deployment :  Small cells are
deployed by different entities (e.g., mobile
operators, enterprises, or households). In addi-
tion, they may be inactive if there is no serving
client. As a result, the deployment of small cells
is always random and dynamic. Thus, it  is
important for self-organizing optimization solu-
tions to behave in random and dynamic envi-
ronments.

Second, it is known that information is key to
optimization problems, and the challenges relat-
ed to information arising in the CSCs are listed
below.

Uncertainty: The observed information may
not be the same as the true information. A well-
known example is that the sensed spectrum
states are always imperfect due to the corruption
of noise.

Dynamic :  The observed information is
time-varying, and the dynamic changes are
not determinate. For example, the network
and spectrum states may change from time to
time, and the set  of  active CSCs may also
change from time to time. Furthermore, the
network and spectrum states in each decision
period are random, the set of active CSCs
are random, and their demands are random
as well.

Incomplete: Due to the constraints in hard-
ware and resource consumption, each CSC
only has partial information about the environ-
ment; furthermore, it only has information on
its neighboring CSCs (in some extreme scenar-
ios, it has no information on others). In addi-
tion, a CSC does not know the total number of
small cells in any systems, not to mention the
active ones.

Due to the above technical challenges, it is
seen that the task of resource optimization in
CSCs is hard to solve even in a centralized man-
ner, not to mention in a distributed and self-
organizing manner.

REQUIREMENTS FOR
SELF-ORGANIZING OPTIMIZATION

We list some fundamental requirements for self-
organizing optimization in CSCs. Specifically,
these requirements are for user service, network
deployment (architecture), and optimization
methodology. As shown in Fig. 1, based on the
contextual information and knowledge, some
self-organizing optimization approaches can be
applied to resource allocation in CSCs. By
employing their inherent features, we discuss
some featured requirements of self-organizing
optimization in CSCs, which mainly include
user-centric optimization, scalability, robustness,
and heterogeneity.

First, it should shift from throughput-oriented
optimization to user-centric optimization. Tradi-
tionally, resource optimization schemes in wire-
less systems are throughput-oriented, with the
objective to maximize throughput/capacity or
minimize delay. However, it is now realized that
throughput-oriented schemes cannot provide sat-
isfactory service for users. In future mobile com-
munication systems, there is an increasing trend
to develop user-centric optimization schemes
rather than throughput-oriented schemes. The
underlying reasons are twofold: 

•Eventually, the purpose of (wireless) com-
munication is to serve end users. Thus, the con-
textual information of users (e.g., their locations,
demands, access contents, and energy) should be
taken into account not only at high layers but
also at the physical (PHY) and medium access
control (MAC) layers for optimization

•It is realized that mobile (cellular) systems
have migrated toward data and Internet services.
In particular, multimedia service delivery
through cellular systems (e.g., watching online
video) is becoming common. For this kind of
service, people may not care about the specific
volume of allocated resources, but sensitively
react to the perceived service quality, which is
known as quality of experience (QoE) [6]. This
means that user perception should also be taken
into account in self-organizing optimization.

Second, it should admit scalability and
address network density. As stated before, it is
expected that CSCs will be densely deployed in
large numbers. A consequence is that the
resource optimization for dense deployment is
completely different than that in a sparse envi-
ronment. Thus, the self-organized optimization
schemes should scale up in dense CSCs. In addi-
tion, density creates congestion and interference
among CSCs, which implies that efficient con-
gestion control and interference mitigation
approaches should be developed.

Third, it should be robust to the dynamic
environment. As discussed before, there are sev-
eral random and dynamic factors in CSCs (e.g.,
the spectrum availability is dynamic; the CSCs
switch between active and inactive randomly).
Moreover, the observed information may be cor-
rupted by noise. Thus, self-organizing optimiza-
tion solutions should be robust to address the
randomness, dynamics, and uncertainty in CSCs.

Last, it should address the hierarchical decision
making in CSCs. There are always heterogeneous
cells with overlapping coverage in future wireless
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self-organizing opti-

mization solutions

scale up? This is the

first basic issue of

dense deployment in

CSCs. In addition,
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systems, that is, macrocells and small cells. In such
hierarchical networks, the cells at different layers
have different priority and utility functions. Hence,
it involves heterogeneous decision makers. How-
ever, traditional self-organizing optimization solu-
tions are mainly for homogeneous decision
makers. Thus, it is important to develop new hier-
archical self-organizing solutions for CSCs.

GAME-THEORETIC SELF-ORGANIZING
OPTIMIZATION FOR

COGNITIVE SMALL CELLS

Game theory [7] is an applied mathematic tool
to model and analyze mutual interactions in
multiuser decision systems. Generally, a game
model consists of a set of players, a set of avail-
able actions of each player, and a utility function
that maps the action profiles of all the players
into a real value. There are two major branches
of game-theoretic models: non-cooperative
games and cooperative games. From a high-level
comparison perspective, players in a non-cooper-
ative game make rational decisions to maximize
their individual utility functions, while players in
a cooperative game are grouped together accord-
ing to an enforceable agreement for payoff allo-
cation. In a non-cooperative game, the
commonly used solution concepts are Nash equi-
librium (NE) and correlated equilibrium.

Researchers began to apply game-theoretic
models to wireless communications a decade
ago; nowadays, it is regarded as a powerful tool
for wireless resource allocation optimization,
such as power control, spectrum access, network
selection, spectrum auction and trading, and
incentive mechanism design. The decisions of
the players in (non-cooperative) game-theoretic
models are distributed and autonomous, which is
an exact coincidence with those in self-organiz-
ing optimization. Thus, a game-theoretic
approach is important to achieve self-organizing
optimization in CSCs [8].

FRAMEWORK OF GAME-THEORETIC
SELF-ORGANIZING OPTIMIZATION

To cope with the technical challenges in CSCs
— dense and dynamic deployment, and uncer-
tain, dynamic, and incomplete information con-
straints — we propose a framework of
game-theoretic self-optimizing optimization,
which is shown in Fig. 2. It is noted that there
are two key steps:
• Game formulation and analysis
• Design of multiuser learning algorithm
On one hand, the stable solutions are the inher-
ent properties of game-theoretic models, and not
relevant to the learning algorithms. On the other
hand, except for the utility function in game-the-
oretic models, the uncertain, dynamic, and
incomplete information constraints have great
impact on the convergence and performance of
learning algorithms. 

Game Formulation and Analysis: For game
formulation, one needs to first identify the play-
er and available action set, and define suitable

utility functions for the players. For CSCs, the
player may be a single entity (e.g., small base
station or user equipment) or a collection of
multiple entities (e.g., a cluster consisting of
multiple nearby small cells). The available action
set can be regarded as a combination of multiple
optimization variables. Defining utility function
is key to game formulation since it eventually
determines the properties and performance of
the game-theoretic models.

The most efficient game-theoretic model
used in wireless networks is potential game [9],
in which there is a potential function such that
the change in the utility function caused by the
unilateral action change of an arbitrary player
has the same trend with that in the potential
function, both increasing and decreasing. Poten-
tial game has at least one pure strategy NE, and
all NE points are global or local maxima of the
potential function. Thus, the NE solutions are
desirable if the potential function is related to
the original optimization objective. Furthermore,
to ensure that the stable solutions of game-theo-
retic models are optimal (near-optimal), another
efficient method is to define the utility function
as the received payoff minus the cost of using
the amount of a particular resource.

Design of Multiuser Learning Algorithms:
Identifying the stable solutions of game-theoret-
ic models is one thing, but finding them is a dif-
ferent thing. This issue, however, was
underestimated in previous studies. In pure
game theory, players can monitor the environ-
ment and other players, which means that they
have perfect information about the actions and
payoffs of other players. As discussed above,
this assumption does not hold in CSCs. With
the cognition functionality of CSCs, players
need to observe the results of multiuser interac-
tions (e.g., interference, collision, and competi-
tion), learn useful information from limited
feedback, and then adjust their behavior toward
some desirable solutions. In the context of game
optimization, the objective of multiuser learning
is to converge to a stable solution with good
performance.

Figure 2. The proposed framework of game-theoretic solutions for self-
organizing optimization in CSCs.

Find the optimal (better)
stable solutions under
practical constraints in
a wireless environment

Design of multiuser
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Make the stable solutions
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Self-organizing optimization problems in cognitive
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Denote an(k) as the action of player n in the
kth iteration, and a–n(k) as the action profile of
all other players except n. Due to the interac-
tions (interference, congestion, or competition)
among players, the received payoff rn(k) of each
player is jointly determined by the action profile
of all players, and it may be deterministic or ran-
dom. Generally, the players update their actions
based on the current action-payoff information
{an(k), a–n(k); rn(k), r–n(k). Thus, the system evo-
lution can be described as {an(k), a–n(k)} 
{rn(k), r–n(k)}  {an(k+1), a–n(k+1)}, and the
objective is to converge to a stable action profile
that maximizes system utility.

The uncertain, dynamic, and incomplete
information constraints in CSCs may pose some
new challenges. Specifically:
• A player does not know the information

about all other players (i.e., a–n(k) and
r–n(k) are unknown).

• The received payoff rn(k) may be random
and time-varying.

Thus, the update rule needs to be carefully
designed to guarantee the convergence toward
desirable solutions. When local information
among neighboring players is available, it is
desirable to develop partially uncoupled learn-
ing algorithms based on the partial action-
payoff  information {an(k) ,  aJn(k) ;  rn(k) ,
rJn(k)}, where aJn(k) and rJn(k) are the action-
payoff information of the neighboring players.
In some extreme scenarios with no informa-
tion exchange available, one needs to develop
fully uncoupled learning algorithms based on
the individual  act ion-payoff  information
{an(k), rn(k)}. There are some useful partially
coupled learning algorithms, such as local
altruistic behavior with spatial adaptive play
[10], and fully uncoupled learning algorithms
(e.g., stochastic learning automata [11]) that
can be applied to self-organizing optimization
in CSCs.

SOME FEATURED
GAME-THEORETIC MODELS FOR CSCS

In methodology, previous game-theoretic models
in wireless communications can be applied to
CSCs. However, most previous game-theoretic
solutions mainly focused on analyzing the proper-
ties of game-theoretic models in ideal scenarios,
and did not take into account the challenges and
requirements in CSCs. In this subsection, we pro-
pose some featured game modes for CSCs. Due
to the low-power, the transmission of a small cell
only affects its neighbors; as a result, graphical
games [10] are appropriate for small cell networks.

Demand-Aware Game: Most existing resource
optimization approaches have mainly focused on
maximizing resource utilization, while ignoring
the actual demand of users. In future CSCs,
demand-aware design and decision are more
desirable. To include user demand in the resource
optimization problems, a useful method is to map
the allocated resource to the user satisfaction util-
ity. Specifically, denote user n’s demand as dn and
the allocated resource as rn; then its satisfaction
utility can be expressed as sn(rn, dn).

Generally, there are two kinds of satisfaction
functions in the literature:
• Linear satisfaction: The satisfactory utility is

determined by rn/dn if rn £ dn, and is equal
to one otherwise.

• Sigmoid satisfaction: The satisfactory utility
function is generally determined by 

where c is used to adjust the slope of the
satisfaction utility curve around the user
demand dn with different types of traffic.

In particular, real-time traffic such as online
video is sensitive to acquired resources and has
strict performance requirements, which corre-
sponds to a large value of c, while non-real-time
traffic such as email or file transfer is less sensi-
tive, which corresponds to a small value of c.
The linear and sigmoid satisfaction functions
have been well investigated in previous game-
theoretic wireless resource optimization prob-
lems. As the satisfaction utility function is strictly
increasing, each user proceeds to compete for
wireless resource even if the obtained resource is
larger than the demand, which would decrease
the satisfaction of others. However, this draw-
back has not been addressed in previous work.

To improve network satisfaction, an efficient
approach is to prevent users competing for extra
resources when they are satisfied and to decrease
the satisfaction utility when it occupies addition-
al resources. Based on this intuition, the concave
satisfaction utilities may be more suitable for
multiuser communication networks. An example
of concave satisfaction utilities is given by

where a is used to adjust the slope of the utility
curve for different types of traffic. For illustra-
tion, we consider the problem of distributed
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Figure 3. The comparison results of satisfied user ratio for different satis-
faction utility functions.
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spectrum access for CSCs. Specifically, the CSCs
are randomly located in a region of 100 m × 100
m, and the sensing-based spectrum access proto-
col proposed in [1] was applied. The problem of
distributed spectrum access is formulated as a
graphical game, and the stochastic learning
automata [11] is applied. Different typical appli-
cations, such as G.711PCM, WMV, AVI/RM,
Flash, and H.264, are considered in the simula-
tion. The comparison results are presented in
Fig. 3. It is noted that with the proposed satisfac-
tion function, the satisfaction user ratio is largely
improved. In particular, as the network scales up,
the throughput gain becomes significant.

Discrete-QoE-Aware Game: Eventually, the
purpose of wireless communications is to serve
people. Thus, the perception by people, QoE,
should be included in the game formulation.
Unlike the satisfaction function, which is charac-
terized by continuous and real values, the percep-
tion of people is generally subjective and discrete.
For example, a person may feel “Excellent,”
“Good,” “Fair,” “Poor,” and “Bad” by the the
mean opinion score method [6]. Compared to a
traditional continuous optimization game, an
interesting result of the discrete-QoE-aware game
is the expansion of NE, which is shown in Fig. 4.

In a traditional continuous optimization
game, users maximize their throughput as there
is an inherent principle: larger throughput is
always better. On the contrary, a user in dis-
crete-QoE-aware games does not always maxi-
mize its throughput unless its QoE level can be
improved, say, from “Poor” to “Fair.” Thus, it
can be expected that a discrete-QoE-aware game
would improve the network QoE.

To further show the benefit of a discrete-
QoE-aware game, we consider the problem of
distributed user association in Long Term Evolu-
tion-Advanced (LTE-A) small cell networks [12].
For users located in the overlapping areas, there
are multiple small cell access points (SAPs)
available, and the users need to choose one with
which to associate. Consider three types of video
call users using Skype [12]:
• The first one is the group video call with the

required minimal throughput Rm = 512
kb/s and the recommended throughput
Rc = 2 Mb/s.

• The second one is the high definition video
calling with Rm = 1.2 Mb/s and Rc = 1.5
Mb/s.

• The third one is the general video calling
user with Rm = 128 kb/s and Rc = 500 kb/s.

Each user falls into one of the above three types
with equal probability. It is believed that the
minimal throughput only supports the basic user
demand (“Poor”), while the recommended
throughput offers sufficiently good user experi-
ence (“Good”). With the method proposed in
[12], the throughput thresholds for other QoE
levels (“Excellent,” “Fair,” and “Bad”) can be
obtained accordingly.

Considering a network with 78 users that can
access only one SAP, and 20 users located in the
overlapping regions of neighboring CSCs, the
comparison results of the number of users at dif-
ferent QoE levels are shown in Fig. 5. It is seen
that the discrete-QoE-aware game outperforms

the continuous optimization game. Specifically,
with the discrete-QoE-aware game, 12 users are
in “Excellent,” one in “Good,” two in “Fair,”
and five in “Bad”; with the continuous optimiza-
tion game, 11 users are in “Excellent,” none in
“Good,” three in “Fair,” and five in “Bad”. Also,
it is noted that the throughput maximization
approach (the user demand is neglected)
achieves poor network QoE. This result validates
the superiority of the discrete-QoE-aware game.

Hierarchical Game: As stated before, CSCs
would interact with macrocells for dynamic spec-
trum sharing and mobile offloading. While origi-
nally studied in the economic context of
duopolies in which one company has the power
to act before the other companies, the Stackel-
berg game, which is an important kind of hierar-

Figure 4. An illustrative expansion of NE of a discrete-QoE-aware game.
BR(x2) (BR(x1)) denotes the best response curve of player 1 (player 2)
with respect to the decision variable of the other player: a) an illustrative
diagram of NE for games with continuous utility function; the intersection
point (x1*, x2*) is NE; b) an illustrative diagram of NE for QoE-aware game
with non-continuous utility function; due to the discontinuous feature of
the QoE-aware game, NE is expanded to the shadow region.
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chical game, is suitable for systems that contain
a natural hierarchy. Therefore, to address the
hierarchical decision making between macrocells
(always acting as a leader) and CSCs (always
acting as followers), the Stackelberg game is
becoming a useful tool [4].

In addition, following the idea of “divide-and-
conquer,” a hierarchical game can also be used
to address the dense deployment of CSCs. In
particular, in order to ease the challenges caused
by the large number of participants, we can cre-
ate hierarchy to transform the large-scale opti-
mization problem into several layers of sequential
sub-problems. To achieve this, a useful method is
clustering. An example of creating hierarchy to
use cluster-based hierarchical game in large-scale
CSCs is shown in Fig. 6. In Fig. 6a, the network
topology and the interference relationship are
presented. In Fig. 6b, the neighboring small cells
distributively form two disjoint clusters, with cell

3 and cell 6 serving as the cluster headers, respec-
tively. In Fig. 6c, in the upper layer, the headers
compete for resources with each other, aiming to
maximize the aggregate utility of the cluster; in
the lower layer, the cluster members compete
with other members, under the policies imposed
by the header. In Fig. 6d, since different clusters
behave independently, there may be interference
between neighboring clusters (e.g., cells 4 and 5
still interfere with each other). Thus, the interfer-
ing cells further mitigate mutual interference via
distributed learning,  (e.g., Q-learning). With the
proposed cluster-based hierarchical structure, the
self-organizing optimization in large-scale net-
works can then be solved with moderate compu-
tational complexity.

We compare the computational complexity
between the proposed cluster-based hierarchical
game and the simultaneous Q-learning approach
[13], in which all cells performs Q-learning simulta-
neously. The achievable network throughput of two
approaches is almost the same. The cumulative dis-
tribution function (CDF) of the iterations needed
to converge is shown in Fig. 7. It is noted from the
figure that for the same size network (N = 50 or N
= 80), the iterations needed to converge with the
hierarchical game Q-learning approach are signifi-
cantly decreased. Furthermore, when the network
scales up from N = 50 to N = 80, the convergence
speed of the hierarchical-game-based Q-learning
approach slightly decreases, while that of the simul-
taneous Q-learning approach is much decreased.
This implies that the proposed hierarchical-game-
based approach is especially suitable for dense and
large-scale networks.

Robust Game: To capture the random and
dynamic behavior in CSCs, a robust game is a
good candidate. Specifically, the utility function
in robust games is defined over statistics [14],
such as expectation or other high-order statistics.
In the following, we present a robust spectrum
access game for CSCs as an illustrative example.

Consider a distributed CSC network operating
in the TV white space. Each cognitive SAP
inquires about the spectrum availability from the
geo-location database, which specifies the avail-
able channel set and the maximum allowable
transmission power for each cell. To capture the
dynamic cell load in practical applications, we
consider a network with a varying number of
active cells. Specifically, it is assumed that each
cell performs spectrum access with probability ln,
0 < ln £ 1, in each decision period. Note that
such a model captures general kinds of dynamics
in wireless networks; for example, a cell becomes
active only when it has data to transmit and inac-
tive when there is no transmission demand. Also,
it can be regarded as an abstraction of the
dynamic cell loading, that is, the cell active prob-
ability corresponds to the probability of a non-
empty loading buffer. Note that the active cell set
in each period is not deterministic and randomly
changes from period to period. Also, a cell does
not know the active probabilities of other cells.

To address the dynamic and random deploy-
ment of CSCs, a robust spectrum access game
can be formulated in which the utility function
of a CSC is defined as the expected Shannon
capacity over all possible active cell sets. The

Figure 6. An example of using “divide-and-conquer” to use cluster-based
hierarchical game in large-scale CSCs. In c) and d), the colors represent
the channels chosen by the small cells.
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game can be proved to be a potential game [9];
hence, the distributed learning automata algo-
rithm [11] can be applied to converge to NE
points in the dynamic environment. Taking a
network with nine CSCs as an illustrative exam-
ple, the throughput performance comparison
results are shown in Fig. 8. The optimum is
obtained using the exhaustive search method in
a centralized manner, by assuming that there is a
genie that knows all required information. The
best and worst NE is obtained using the best
response algorithm in a distributed manner, by
assuming that information exchange among
neighboring cells is available. Some important
results can be observed:
• The best NE is almost the same as the opti-

mal one, while the throughput gap between
the worst NE and the optimum is also triv-
ial, which validates the effectiveness of the
formulated robust spectrum game.

• The achievable throughput of the distribut-
ed learning automata is very close to the
optimal one.

Content-Aware Game: As legacy cellular sys-
tems have migrated toward data and Internet ser-
vices, taking into account the access content in
the self-organizing optimization would enjoy con-
tent gain. For Internet traffic, it has been shown
in [15] that a relatively small portion of the access
items accounts for a vast fraction of the informa-
tion accesses, and Zipf’s law can be used to deter-
mine the occurrence frequency of the access
items, given the content rank, the content pool
size, and the characteristic curve of the access
pattern. Nowadays, content caching has become a
core technology for wireless cellular systems.
Thus, it is reasonable to replicate significant por-
tions of popular contents on the wireless caches.
As a result, the search and access time for popu-
lar content is fast compared to that of unpopular
content. The reason is that popular content can
be accessed in wireless caches, while unpopular
content is accessed from faraway servers. There-
fore, the differences in access time of different
contents will have a great impact on wireless
resource allocation, and it is promising to explore
content-aware game-theoretic solutions for CSCs,
which would achieve better performance.

COMPARATIVE SUMMARIZATION AND ANALYSIS
In comparison, the game-theoretic models for
CSCs presented in this article differ from previ-
ous ones significantly. Specifically, they shift
from throughput-oriented optimization to user-
centric optimization (e.g., demand-aware game,
discrete-QoE-aware game, and content-aware
game), address the dense deployment of small
cells (e.g., graphical game and hierarchical
game), and cope with randomness and dynamics
well (e.g., robust game). Although the research
on game-theoretic self-organizing optimization
for CSCs is in infancy, we believe that the pre-
sented game-theoretic models will draw great
attention in the near future.

For a specific resource optimization problem
in CSCs, one can choose a suitable game-theo-
retic model and a learning algorithm to con-
struct a self-organizing optimization solution.
However, it should be pointed out that a game-

theoretic solution for CSCs is application-depen-
dent, which means that the game-theoretic
model and distributed learning algorithm should
be carefully formulated and designed.

FUTURE RESEARCH DIRECTION
It is seen that game-theoretic solutions for self-
organizing optimization in CSCs definitely have
a beautiful and exciting future, although current
research is still far away from the expected
vision. We list some future research problems
for game-theoretic models and learning proce-
dures below.

•Develop or investigate new game-theoretic
models for self-organizing optimization from
social/biological behaviors. The rationale behind
this is that in old days humans first self-orga-
nized and then evolved successfully with popula-
tion growth. For example, motivated by local
altruistic behavior in biological systems, a local
altruistic game with each player maximizing its
utility and the aggregate utilities of its neighbors
was proposed to achieve global optimization via
local information exchange [10]. The key to the
design with this issue is to properly abstract and
model the social/biological behaviors, which is
interesting and challenging.

•It is noted that each kind of game presented
mainly addresses a single aspect of challenges in
CSCs. However, as can be expected, one may
combine more than one game-theoretic model
(e.g., robust discrete-QoE-aware game or Stack-
elberg graphical game) to address multiple
aspects of challenges of CSCs simultaneously.
Such combinations bring about new challenges
since the game structure is completely changed.

•Design and analyze heterogeneous learning
algorithms. In most existing studies, it is assumed
that all the decision makers employ the same
learning algorithm. However, this assumption is
for academic research but not true in practical
systems. In practice, the small cells may belong to

Figure 8. The expected Shannon capacity when varying the active probabili-
ties of the cells.
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different holders, which may adopt different
learning algorithms; in addition, even the small
cells belonging to the same holder may have dif-
ferent processing ability and preference, and
hence choose heterogeneous learning algorithms.
Introducing heterogeneity into the learning pro-
cedure will change the convergence and asymp-
totic behavior, which needs to be further studied.

•Design knowledge-assisted learning algo-
rithms. The common procedure in existing learn-
ing algorithms is to update the strategies based
on the historical action-payoff information. It
may take a long time to converge to stable solu-
tions since the players need to explore all the
possible actions. As shown in Fig. 1, knowledge
can be viewed as high-level intelligence obtained
from contextual information, which is truly bene-
ficial for decision making. Thus, we should
develop some new knowledge-assisted learning
technologies to increase the convergence speed
and achieve better performance.

CONCLUSION
In this article, we investigate self-organizing opti-
mization for CSCs, which will play an important
role in future cognitive cellular systems. By explor-
ing the inherent features, some fundamental chal-
lenges and requirements for self-organizing
optimization in CSCs are presented and discussed.
Following the attractive advantages of game-theo-
retic models (i.e., distributed and autonomous
decision making), a framework of game-theoretic
solutions for self-organizing optimization in CSCs
is established, and some featured game-theoretic
models are proposed. Specifically, the basic game-
theoretic models are presented, some insights are
discussed, some examples are discussed, and
future research directions are given.
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INTRODUCTION

Each day the world embraces more devices to
connect everything, everywhere, and everyone.
This kind of interconnecting concedes a huge
volume of data traffic among the connected
devices. The newly hyped “fifth generation (5G)”
paradigm is anticipated to provide the necessary
impetus to carry the burden of achieving massive
system capacity, reducing latency, and enor-
mously increasing energy saving for the devices.

In addition to the above mentioned expecta-
tions, wireless devices in 5G networks are also
expected to be constantly interacting with each
other as well as with their environment (e.g. data
communications from wireless sensors to devices
or vice versa). In addition to human-centric D2D
communications, one very important use case for
D2D is vehicle-to-vehicle (V2V) communica-
tions. Recently [1] it has been shown that the
integration of information and communication
technologies with transportation infrastructure
and vehicles will revolutionize the way we travel.
Moreover, vehicles are indeed the third place,
after homes and offices, where citizens spend the
most time daily. V2V communications have
already been of the focus of the wireless commu-

nications community for many years. For exam-
ple, IEEE has already developed the 802.11p
standard for V2V communication which is based
on dedicated short-range communication
(DSRC) technology. DSRC technology is mainly
used to support intelligent transportation system
(ITS) applications in V2V [2] scenarios, but due
to the lack of pervasive infrastructure deploy-
ment and sufficient transmission range, the
IEEE 802.11p standard is normally considered
to offer intermittent and short-lived connectivity
between vehicles and roadside infrastructure
(V2I) [3]. Using DSRC technology to provide
V2V communication in a pure distributed fash-
ion may not always guarantee reliability and effi-
ciency in practical applications.

It is commonly accepted that one solution to
this problem relies on Long Term Evolution
(LTE) technology. However, LTE does not
natively sustain V2V communications [4]. For
instance, when vehicle density is high, the bea-
coning signals of vehicular safety applications
may easily overload the serving eNB. To handle
this issue, a significant amount of such signals
should be distributed directly among vehicles,
without going through the eNB. In LTE-
Advanced (LTE-A), D2D communication is con-
sidered to allow direct message delivery between
terminals in proximity to lighten the load of eNB [5].
Hence the infrastructure-aided D2D technolo-
gies can serve as a natural approach to enable
reliable and efficient V2V communications with-
out negatively affecting conventional cellular sys-
tems. Current research considers that D2D
would be one of the mainstays for 5G networks.
To this end, the Third Generation Partnership
Project (3GPP) is already in consensus for study-
ing D2D systems rigorously within the LTE
Proximity Services study item. This study item
belongs to the timeframes between 3GPP Rel-12
and Rel-13.

In general, LTE based cellular systems have
no intra-cell interference due to orthogonal sub-
carriers, but this orthogonality will disappear
when D2D users co-exist with other cellular
devices. Therefore, there are two approaches to
assign radio resource in D2D-based networks.
First approach is to assign orthogonal resources
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between D2D and other cellular devices (static
allocation); second approach is to assign concur-
rent resources between D2D and other cellular
devices (dynamic allocation) [5]. Clearly, the sec-
ond approach permits a more efficient use of the
available radio resources, but it also introduces
new interference problems [6].

To this end, we propose a novel cognitive
radio-based resource allocation policy when
applying D2D techniques in V2V. This alloca-
tion policy will control the interference between
cellular devices and D2D vehicles. Moreover,
the decision about the vehicles’ communication
mode should account for a feasible range under
different V2V and eNB distances. By using D2D
it is possible to both reduce the latency and to
design a solution that works without cellular net-
work coverage. In D2D mode, vehicles in close
proximity communicate directly, which eventual-
ly decreases the latency and offloads the traffic
from eNBs. D2D will be an appealing solution
for local data exchange between vehicles. .

The rest of the article is organized as follows.
We discuss why we need LTE-A for vehicular
communication, and we present the design
aspects for V2V. We then discuss the standard-
ization activities of V2V and the state of the art
(SoTA). We then present the system model with
simulation results, followed by a discussion of
future challenges and the conclusion.

IEEE 802.11P VS LTE-A:
DEFICIENCY AND REMEDIES

There are several reasons to choose LTE-A for
vehicular communication. The major ones are
discussed below [3].

Licensed communication: LTE-A communi-
cation is based on the licensed band as com-
pared to IEEE 802.11p, so there will be a control
for interference on V2V in LTE-A networks that
can easily be manageable, either by the operator
or the vehicles. 

Coverage: LTE-A relies on the deployment of
eNBs, which have coverage of approximately
1000 m, which solves the problem of poor, inter-
mittent, and short-lived connectivity in IEEE
802.11p. For instance, in IEEE 802.11p connec-
tion performance suffers severely in non-line of
sight (NLOS) environments such as metropoli-
tan city areas where big skyscrapers prevent
(shadow or scatter) signals frequently, which
brings out fading scenarios. On the contrary, the
eNBs in LTE-A networks provide much better
performance in NLOS environments due to their
position in higher stature. 

Scalability: LTE-A networks are accessible
for a large number of cellular devices, thanks to
its scalable bandwidth, as compared to IEEE
802.11p, which is not scalable for high vehicle
density scenarios and also lacks a mechanism to
quickly disseminate messages over an increased
coverage range.

CAPEX/OPEX: LTE-A uses only one eNB
for coverage, which saves CAPEX/OPEX as
compared to IEEE 802.11p, which needs many
road side units (RSUs) for coverage and to com-
municating with the Internet.

Capacity: LTE-A offers high downlink and

uplink data rates (up to 1 Gps and 500 Mpbs),
applying advanced antenna techniques, which
eventually supports a higher number of vehicles
inside a cell compared to IEEE802.11p, which
only supports data rates up to 27 Mb/s.

Infotainment streaming: Future modern vehi-
cles will be capable of exchanging infotainment
content (i.e. audio/video streaming, email, soft-
ware updates) between them, and this will be
possible by using D2D communication over the
LTE-A band.

Delay: One of the major concerns when con-
sidering LTE-A for vehicular communication is
delay. LTE-A traffic always crosses infrastructure
nodes, even though devices are close to each
other. Recent advances in D2D communication
in LTE-A mode will solve this problem and
offload traffic from infrastructure nodes. 

Please see Table 1 [7] for a detailed compari-
son of LTE-A with other technologies.

D2D DESIGN ASPECTS FOR
VEHICULAR COMMUNICATION

Most of the D2D design aspects described in [5]
directly apply to V2V communication in addition
to the following enhancements.

The communication environment in V2V is
quite different than in D2D due to the high
mobility of the vehicles. Thus, network connec-
tivity may play a more important role in vehicu-
lar communications, compared with system
throughput. These characteristics can significant-
ly affect D2D resource allocation strategies and
system performance, and thus should be re-
examined for V2V.

Scheduling mechanisms envisioned for D2D
communications can be used for vehicular com-
munications, but to accommodate these mecha-
nisms in vehicular systems is a not a trivial task.
Both uplink and downlink channels must be
taken into account while applying D2D schedul-
ing mechanisms to vehicular applications. For
the uplink, efficient schedulers must be devel-
oped to avoid congestion in crowded networks.
For the downlink, a new cross-layer based
scheduling is needed in LTE-A to cope with
vehicular applications. This can be done by
designing a new efficient LTE-A QoS class
scheduler [3].

Control plan latency is the time required to
perform the transitions between different LTE
states. A D2D in LTE is always in one of three
states: connected (active), idle, or dormant (bat-
tery saving mode). 3GPP specifies that the tran-
sition time from the idle state to the connected
state should be less than 100 ms, excluding
downlink paging and non-access stratum (NAS)
signaling delay. Furthermore, it is specified that
the transition time from the dormant state to the
connected state should take less than 50 ms.
Similarly, one way user plan latency in D2D is
approximately 5 ms. These latency requirements
should be re-redesigned for more strike con-
straint in the context of vehicular communica-
tion where safety applications require every
vehicle to transmit a periodic safety message.

Standardization bodies, e.g. ETSI ITS, must
rectify their presently available standards along
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with architectures to enable D2D to support on-
board vehicular applications that provide the
impetus for road safety and intelligent vehicular
systems.

Economic issues should also be considered
when deploying D2D mechanisms onto vehicular
applications, because D2D uses licensed spec-
trum which is not free of charge while exchang-
ing data among the vehicles’ owners. Therefore,
new business models compatible with market
pricing must be envisioned.

V2V STANDARDIZATION
To achieve V2V safety communications, many
consortia involved in industrial, governmental,
and university research have created significant
opportunities in many projects such as US Intel-
liDrive, CAMP/VSC-2, CICAS, SafeTrip21, and
California PATH [8]. In these projects a catego-
ry of protocol standards for a special mode of
operations in IEEE 802.11 for vehicular net-
works is designed, called wireless access in vehic-
ular environments (WAVE). These protocols are
standardized by IEEE in the IEEE 802.11p and
IEEE 1609 protocol set. The IEEE 802.11p [9]
is an extension to IEEE 802.11 which includes
physical (PHY) and (MAC) layer specifications
as well as upper layer protocols for such vehicu-
lar networking applications. It inherits simplicity
among several characteristics and distributes
medium access control mechanisms. Further-
more, these standards are mostly utilized in

vehicular on-board units (OBUs) and roadside
units (RSUs) such as traffic signals which are
normally fixed with transport infrastructure.
Apart from the USA, such projects in Japan try-
ing to investigate the deployments aspects of
vehicular infrastructure consists of ETC (elec-
tronic toll collection) and ongoing rollout for
vehicular safety communication. Moreover, such
research activities are contributing to ARIB
(Association of Radio Industries and Business)
and ISO CALM (continuous air-interface long
and medium range) standardization. On the
other side in the EU, the outcome of such pro-
jects is mainly used for standardization activities
carried out by industry consortia e.g. C2C-CC
(Car 2 Car Communication Consortium) and
standardization bodies such as ETSA (European
Telecommunication Standards Institute) ITS and
ISO (International Organization for Standard-
ization) CALM standardization. In contrast,
V2V communications are not natively supported
in 3GPP standardization, but given the diverse
performance requirements from the wide spec-
trum of vehicular communication, LTE-A can be
an emerging solution for such V2V communica-
tion. It has been envisioned to exploit the very
existing LTE-A infrastructure to support vehicu-
lar networking applications either through
advanced LTE-A-enabled OBRs (on-board
radios) or using smartphones with LTE-A con-
nectivity. However, the key challenge is to deliv-
er time critical data and efficient resource

Table 1. Comparison of various technologies.

Feature Name LTE-A 802.11p Wi-Fi Direct NFC ZigBee Bluetooth UWB

Standardization 3GPP LTE-A IEEE 802.11 ISO 13157 802.1504 Bluetooth SIG 802.1503a

Frequency Band Licensed band 5.86–5.92
GHz 2.4, 5 GHz, 13.56 MHz 868/915 MHz,

2.4 GHz 2.4 GHz 3.1–10.6 GHz

Max transmission
distance 1000m 200m 200m 0.2m 10–100m 10–100m 10m

Max data rate 1 Gb/s 27 Mb/s 250 Mb/s 424 kpbs 250 kpbs 24 Mb/s 480 Mb/s

Mobility support Up to 350 Km/h Up to 60 Km/h low low low low low

QoS QCI and bearer classes

Enhanced
distributed
channel
access (EDCA)

Enhanced
distributed
channel
access (EDCA)

Enhanced
distributed
channel
access (EDCA)

Enhanced
distributed
channel
access (EDCA)

Enhanced
distributed
channel
access (EDCA)

Enhanced
distributed
channel
access (EDCA)

V2V Through D2D Ad hoc Ad hoc Ad hoc Ad hoc Ad hoc Ad hoc

Vehicle-to-
infrastructure (V2I) Yes Yes Yes Yes Yes Yes Yes

Uniformity of
service provision Yes No No No No No No

Application
Offload traffic, public safety,
context sharing, local 
advertising, cellular relay

Context
sharing 

Context
sharing,
group gam-
ming, device
connection

Contactless
payment,
Bluetooth and
Wi-Fi 
connections

Home 
entertainment
and control, 
environmental
monitoring

OBject
EXchange
peripherals
connection

Wireless USB,
high-definition
video, preci-
sion location
and tracking
systems

Infrastructure Users transfer data directly
in licensed band Users transfer data directly in un-licensed band

Expenses

CAPEX: no costs as users are
using the same terminal.
OPEX: very low costs in
terms of battery usage.

CAPEX: No costs as users are using the same terminal.

OPEX: very low costs in terms of battery usage.
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sharing between vehicles and users over the
LTE-A interface.

V2V STATE OF THE ART
There have been quite a few works done so far
for V2V communication in the LTE-A band, but
to the best of our knowledge, no works have
been conducted on D2D communication for
vehicular technology. D2D communication
would be an interesting candidate for local data
exchange among vehicles. In [8] the authors pro-
vide a detailed review and survey on LTE-A for
vehicular networking applications. Different
aspects of the suitability of LTE-A over HSUPA
cellular networks have been presented in [10].
Similarly, the authors in [11] provide a unified
framework to offset the scalability issues by com-
bining LTE-A and cloud-based architecture. In [12]
the authors analyze capacity of such LTE-A
based vehicular communication networks. Mov-
ing on, the authors in [13] devise a software
based framework for designing and developing
vehicular network applications on smartphones.
The authors in [14] anticipated a methodology
for 3G cellular network-assisted data delivery for
vehicular ad hoc network. The authors in [15]
present a heterogeneous network architecture to
address smartphone-based information dissemi-
nation issues. The authors in [3, 9] present an
excellent performance evaluation of IEEE
802.11p and LTE-A.

V2V FUNCTIONAL BLOCK IN THE
LTE-A SAE ARCHITECTURE

As described in the previous section, there has
not been any specific architecture proposed in
3GPP to support V2V communication in LTE-A.
In order to do so, we reuse the architecture of
D2D communication presented in Fig. 1. In our

model, we divide the location services into two
parts: location discovery and direct communica-
tion. The location discovery mechanism can be
network-assisted or vehicle-assisted. It involves
the discovery of neighborhood vehicles that are
within the LTE-A coverage area. Moreover, loca-
tion discovery can act as a stand-alone service to
vehicles in case of accidents and does not require
direct communication. Direct communication
enables vehicles to communicate directly without
an eNB, within their coverage area. Furthermore,
vehicles may initiate direct communication with-
out location discovery. However, location discov-
ery is considered a natural process for direct
communication, which reduces the need for man-
ual interaction. Indeed, network supported loca-
tion discovery is the foremost step for direct
communication underlying cellular networks. 

In order to assist the existing infrastructure to
support V2V communication, it is assumed that
vehicles are equipped with advanced LTE-A
enabled OBRs. The proposed architecture con-
sists of vehicles, a radio access network, and a
core network. To enable the location discovery
services, “location server” is embedded into the
core network. The location server provides the
following functionalities to the proposed V2V
based infrastructure:
• Connect between OBRs and the mobile

network.
• Identify proximity between vehicles and

inform the OBRs about the opportunities.
• V2V session initiation.
The V2V session initiation process is triggered
by the location server by sending initiation
requests to the MME, while the MME is account-
able for the V2V radio bearer setup and delivery
of IP addresses of V2V terminating devices, as
illustrated in Fig. 2. Moreover, MME provides
seamless connectivity operations among higher
protocol layers and the mobility process between
V2V and cellular networks. Finally, OBRs gath-
er relevant information through periodic exchange
of data messages among vehicles controlled by
eNBs. However, these data messages are directly
communicated over the LTE-A band.

From a data flow perspective, OBRs gather
relevant information and periodically exchange
date messages with other vehicles via direct com-
munication over the LTE-A band. Please note that
vehicles are always under the control of eNBs.

SYSTEM DESCRIPTION AND MODEL
This section presents the system description,
modelling, and sensing algorithm 

SYSTEM DESCRIPTION
LTE-A operates in two modes: a frequency divi-
sion duplex (FDD) mode and a time division
duplex (TDD) mode. The TDD mode supports
duplexing UL/DL (uplink/downlink) by allocat-
ing time slots in a common band as a function of
the service asymmetric level. Therefore, LTE-A
TDD is suited to fit the asymmetric services
without wasting system capacity. The LTE-A-A
FDD mode uses paired uplink and downlink
bands and is currently being adopted by Euro-
pean and American operators. In the case of
Internet based applications, the traffic patterns

Figure 1. Core architecture V2 V communication.
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Network based
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OBRs OBRs

EPC

Location server

MUMTAZ_LAYOUT_Author Layout  7/6/15  3:07 PM  Page 112



IEEE Communications Magazine • July 2015 113

are asymmetric with much lower usage of the
uplink band in comparison to the downlink band,
which is used for downloading high speed data.
This means that LTE-A FDD is a downlink
capacity-limited system and consequently UL
bands have been underutilized by cellular opera-
tors. To confirm this, recent spectrum occupancy
measurements performed in Europe pointed out
that a power spectrum density (PSD) measured
on the UL bands is 20 dB below the DL bands.

SYSTEM MODEL
The proposed V2V system exploits the LTE-A-
A UL bands; the victim device is the LTE-A
eNB, which is likely to be far from the V2V
radio (each car has an LTE-A radio) which cre-
ates local opportunities due to the transmit
power between the V2V transmitter and the
LTE-A eNB. These potential opportunities in
LTE-A FDD UL bands are in line with the inter-
ference temperature metric proposed by the
FCC’s Spectrum Policy Task Force. The interfer-
ence temperature model manages interference
at the receiver through the interference temper-
ature limit, which is represented by the amount
of new interference that the receiver could toler-
ate. As long as vehicles do not exceed this limit
by their transmissions, they can use this spec-
trum band. However, handling interference is
the main challenge in V2V networks, when they
are operating on the same band as cellular users.
Therefore, the interference temperature concept
should be applied in LTE-A-A licensed bands in
a very careful manner.

We envisage that a V2V network is able to
sense its path loss (i.e. LTE-A radio) between
the LTE-A-A eNB and its location. This sensing
information is then used by the LTE-A eNB to
control the transmit power of a V2V radio in
order to avoid harmful interference with the
LTE-A-A UL bands. The key issue to enable
this is to implement a reliable sensing algorithm
and define a strictly non-interference rule for
V2V and LTE-A-A coexistence. The resources
are centrally controlled by the eNB. In uplink
transmission, V2V networks cause interference
on the LTE-A eNB if they are operating on the
same band or radio resource, as shown in Fig. 3.

In order to avoid harmful interference caused
by a V2V network, we propose a simpler approach,
i.e. fill part of the available interference temper-
ature with a certain amount of extra interference
caused by the D2D network. For simplicity, we
consider that the aggregated signals coming from
the D2D network are AWGN and cause a noise
rise of equal dB, as shown in Fig. 4.

We are considering an LTE-A system operat-
ing at FDD 5 MHz of bandwidth, as shown in
Fig. 4. An eNB is located in the center of the
hexagonal cell. The cellular users act as primary
users and the V2V network acts as a secondary
user. The LTE-A eNB have an opportunity man-
agement entity (OME) which computes the max-
imum allowable transmit power of each V2V
network in order not to disturb the eNB.

The maximum transmit power allowed to a
particular V2V network (PV2V) is computed
using a non-interference rule that takes into
account the aggregated interference of the entire
V2V network,

(1)

where GV2V and GeNB are the antenna gains of
the V2V network and the eNB, respectively,
PV2V is the transmit power of the V2V performed
by a sensing algorithm, Lp is the estimated path
loss between the V2V network and the eNB, K
is the number of V2V networks, and Nth is the
thermal noise floor. µ is a margin of tolerable
extra interference that, by a policy decision, the
eNB can bear. Finally,  is a safety factor to
compensate shadow fading and sensing impair-
ments. Notice if the margin of tolerable interfer-
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ence is set m = 0, the V2V network must be
silent. 

It is straightforward to extend this scenario to
a 4G multi-operator scenario where several
LTE-A UL frequencies cover the same region,
as shown in Fig. 5. In this case, the V2V can
exploit a spectrum pool of some LTE-A UL car-
riers. Figure 5 shows a spectrum pool mecha-
nism. As a basic principle, the V2V network is to
rent the most appropriate LTE-A UL band to
transmit the required power to meet a QoS tar-
get. Whenever the required power is sufficient,
the V2V signal is formatted by a spectrum shap-
ing module, e.g. using an OFDM modulator. If
during the D2D transmission the allowed power
becomes lower than the target, the V2V leaves

that frequency and switches to another frequen-
cy. Sensing is done on a periodic basis to follow
the V2V’s movement and the correspondent
path loss change.

Inter cell interference is computed assuming
six adjacent cells, each of them with LTE-A cel-
lular users transmitting its maximum power (21
dBm) in a cell border. The path loss of Lp is cal-
culated as [5] Path loss (Lp) = 40 log10d + 30
log10fc + 49, where d represents the distance
between a sender and a receiver in meters and fc
is the carrier frequency.

SENSING ALGORITHM
In order to obtain the maximum allowable
power for V2V communication, the V2V nodes
need to estimate the path loss between the eNB
and its particular location. Although we exploit
opportunities in the LTE-A UL band, we pro-
pose to sense DL signals. This is possible
because there is a significant correlation
between the average pathloss of the uplink and
downlink bands of LTE-A-A. Since the eNB
antenna is typically situated in a high location,
the DL signal is easier to detect than the multi-
ple UL signals coming from different users. In
addition, the DL signal arrives at the sensing
antenna in a synchronized manner, which facili-
tates detection through cyclostationary features
of the LTE-A signal. Moreover, sensing and
transmission in different bands avoids the allo-
cation of special quiet periods for sensing, as is
done in IEEE802.22 systems, booting the D2D
spectrum efficiency.

Figure 6 depicts the block diagram of the
cyclostationary detector implemented. After a
FFT operation, a sliding window of samples
performs frequency shifts of +a /2 and –a /2.
The shifted spectrums are then multiplied to
obtain the spectrum cyclic density function
(SCD). After that, a time smoothing operation
is performed through an averaging process dur-
ing the observation time. The complex values
are then squared and integrated over the f
domain. Finally, the detection statistic, d, is
given by the ratio between the power of the
cyclostationary feature, measured at cyclic fre-
quency, ac, and the estimated noise floor, mea-
sured at an.  In order to estimate this noise
floor we take a measurement of the noise at
any cyclic frequency, where it is guaranteed
there will be no cyclic features present. Notice
that as the LTE-A symbol rate is a known cyclic
frequency, the algorithm needs to compute only
two spectral lines of the SCD functions, ac and

Figure 4. Example of LTE-A-A FDD spectrum band with asymmetric load.
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an, which keeps the detector at a low complexi-
ty level.

V2V nodes sense the pathloss between their
locations and the eNB. Based on the sensing
result and by comparing it with the non-interfer-
ence rule in Eq. 1, we will categorize the D2D
users as interfering and non interfering users. 

START:

Step 1: Cognitive Sensing Stage
1) All V2V nodes sense their pathloss from

their location to a nearby LTE-A eNB.
2) Compare the transmission power of the

V2V nodes with the non-interference rule in
Eq. 1.
a) If PV2V > Eq. 1
D2D  interfering list

b) If PV2V < Eq. 1
V2V  non-interfering list

3) The interfering lists of the V2V nodes are
fed back to the eNB.

Step 2: Resource Allocation Stage
1) The LTE-A eNB allocates resource blocks

(RBs) to the cellular users and the V2V
nodes in the non-interfering V2V list.

2) Based on the unused white space in the
LTE-A UL band, the LTE-A eNB allocates
available RBs to the V2V nodes in the 
interfering list. 

End.

Figure 7 shows the flow diagram of the sens-
ing algorithm.

SIMULATION RESULTS AND ANALYSIS

We are considering an LTE-A simulation using
a system level simulator [7]. Detailed simulation
parameters are shown in Table 2. The number of
cellular users in each cell is 30, and they are uni-
formly distributed. There are a total of 20 V2V
pairs in each cell, and they are separated from
each other at 20 m. Figure 8 shows the E2E
delay experienced by the vehicles. It is interest-
ing to know that for a higher number of vehicles,
the delay also increases in LTE networks, where
traffic goes through eNBs, while in D2D mode
the delay stays almost constant as the number of
vehicles increases. With these results one can
conclude that D2D in LTE mode has good delay
constraint for V2V communication.

We also compared (Fig. 9) the proposed
resource allocation scheme with a random
scheme (i.e. resources are assigned randomly),
with the horizontal axis indicating the simulation
step in TT1 (i.e. one TT1 in LTE-A is one sub-
frame). As the number of vehicles increases, our
proposed scheme has less interference because it
uses the unused white space in the UL band. 

RESEARCH CHALLENGES
There are several challenges and future perspec-
tives that should be considered when designing
new efficient V2V communication approaches
for 5G, described below.

•5G networks are expected to contain highly
heterogeneous vehicular networks. Therefore, it
is important for vehicles to have seamless con-
nectivity across different heterogeneous nodes
under time-varying network topology. Hence,
next generation vehicles should be more intelli-
gent to support the coexistence of multiple dif-
ferent co-located wireless networks to provide
ubiquitous and universal access to broadband
services. 

•As the volume of V2V communication
increases in 5G networks, this will impact the
huge data transfer between vehicles and will
pose new and unique challenges to data manage-
ment of vehicular networks. 

•Currently GPS is used as a localization sys-
tem in automobiles. GPS is vulnerable to several

Figure 7. Sensing algorithm flowchart.
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Table 2. Simulation parameter.

Parameter Value

eNB transmission power 43 dBm

V2V node transmission power 4 dBm

V2V node speed 50 km/h

Antenna type Directional (eNB)

Noise power density –170 dBm/Hz

Noise figure 4 dB

Inter-eNB distance 1000 m

Inter-D2D pair distance 100

V2V pair distance 20 m fixed

Number of cells 7

Carrier frequency 2.6 GHz

System bandwidth 5 MHz

Bandwidth of a channel 180

Number of channels 25
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types of attacks, such as spoofing and blocking.
Moreover, GPS signals are unavailable in tun-
nels and during bad weather. Therefore, there
should a new localization system for the vehicles,
rather than depending on conventional GPS.

•Due to the greater number of vehicles in
future heterogeneous networks, security and pri-
vacy of these networks will be a major concern.
Therefore, new secure communication protocols
must be investigated, taking into consideration
the unique characteristics of heterogeneous
vehicular networks. 

•To decrease the E2E delay in future het-
erogeneous vehicular networks, D2D should be
a part of vehicular communication, i.e. control
will  be over the l icensed band and data
between vehicles can be transfered via D2D
(either using IEEE 802.11p or the licensed
band). This approach increases the coverage
and the capacity of future heterogeneous vehic-
ular networks.

CONCLUSION

In this article we presented the idea of D2D
communication for vehicular technology. We
showed that D2D communication is a good
candidate to decrease the delay constraint in
vehicular communication. Then we presented a
novel resource allocation scheme that decreases
the interference between vehicular nodes and
normal cellular users. Finally, we showed by
simulation that our scheme outperformed con-
ventional schemes, and that vehicular commu-
nication in LTE-D2D mode is a good
application for 5G technology. In the future our
plan is to provide a comparative study between
the proposed schemes and the IEEE802.11p
standard.
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INTRODUCTION
The unprecedented but anticipated massive
growth of mobile data traffic is posing many
challenges for 5G communication systems. 5G
networks aim to achieve ubiquitous communica-
tion between anybody and anything, anywhere
and at anytime. The performance requirements

are far beyond what is offered by current sys-
tems; in particular, a 1000x increase in network
capacity is targeted. All this requires new net-
work architecture and technologies. Moreover,
new spectrum will be needed. For example, mil-
limeter wave (mmWave) communication
requires very different approaches for the PHY,
MAC, and network layers. The general consen-
sus among researchers and industry is that 5G
will not be a mere incremental evolution of 4G [1].
However, 2G–4G will have to be integrated with
the new technologies to ensure the support of
legacy systems.

Figure 1 shows the 5G communication sce-
nario, where multiple radio access technologies
(RATs), i.e. 60 GHz wireless local area networks
(WLANs), 2.4/5 GHz WiFi, 28–30 or 38–40 GHz
outdoor mmWave base stations (BSs), and
macrocell femtocell BSs, are present. For effi-
cient spectrum utilization, multiple licensed as
well as unlicensed bands will need to work in
cohesion for different applications. mmWave
based mobile communication (28–32 GHz and
38–42 GHz spectrum) and WLANs at 60 GHz
will coexist with legacy cellular networks and
WLANs. Thus, 5G spectrum would span from
sub-GHz to mmWave frequency bands to sup-
port diverse applications and services. To exploit
the available spectrum across the various fre-
quency bands, a highly flexible communication
interface is required that can support multiple
RATs for various, possibly very different, ser-
vices at the same time. To meet the above stated
requirements, various solutions are being dis-
cussed. We summarize them as follows.

Network architecture: Instead of a rigid and
infrastructure-centric approach adopted by pre-
vious generations, device-centric and user-centric
architectures are being advocated for 5G, in
order to better support ubiquitous and seamless
communication. Further, the concept of cloud-
based radio access networks (C-RANs) is pro-
posed to reduce operational costs by efficient
utilization of radio resources [2]. In C-RAN, tra-
ditional base station functionality such as base-
band processing and resource allocation is

ABSTRACT

The rapid proliferation of wireless communi-
cation devices and the emergence of a variety of
new applications have triggered investigations
into next-generation mobile broadband systems,
i.e. 5G. Legacy 2G–4G systems covering large
areas were envisioned to serve both indoor and
outdoor environments. However, in the 5G era,
80 percent of all traffic is expected to be gener-
ated indoors. Hence, the current approach of
macrocell mobile networks, where there is no
differentiation between indoors and outdoors,
needs to be reconsidered. We envision 60 GHz
mmWave picocell architecture to support high-
speed indoor and hotspot communications. We
envisage the 5G indoor network as a combina-
tion of, and interplay between, 2.4/5 GHz having
robust coverage and 60 GHz links offering a
high data rate. This requires intelligent coordi-
nation and cooperation. We propose a 60 GHz
picocellular network architecture, called CogCell,
leveraging ubiquitous WiFi. We propose to use
60 GHz for the data plane and 2.4/5GHz for the
control plane. The hybrid network architecture
considers an opportunistic fall-back to 2.4/5 GHz
in case of poor connectivity in the 60 GHz
domain. Further, to avoid the frequent re-beam-
forming in 60 GHz directional links due to
mobility, we propose a cognitive module, a sen-
sor-assisted intelligent beam switching proce-
dure, that reduces communication overhead. We
believe that the CogCell concept will help future
indoor communications and possibly outdoor
hotspots, where mobile stations and access points
collaborate with each other to improve the user
experience.
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offloaded to a central location, to provide
dynamic resource allocation leading to a better
utilization of baseband processing resources.
Another architectural change expected is the
macro-assisted small cells, also called phantom
cells [3]. In this approach, the control plane and
data plane are decoupled. The macrocell cover-
ing a large area is responsible for the control
and management functions, while small cells are
used solely for providing high data rate commu-
nications. Usually small cells remain in a turn-off
state to save energy. Furthermore, for devices
that are in proximity of each other, direct device-
to-device (D2D) communication is considered
and is expected to become an integral part of 5G.

Medium access control and signaling: 5G
needs to support a variety of applications that
are very different in terms of traffic patterns,
data rates, and latency constraints. For example,
machine-to-machine (M2M) communication will
have infrequent small packets with low data
rates but with critical latency requirements.
Video applications, e.g. 4K video, have some
latency requirements, can tolerate errors to an
extent, but will require very high data rates. Web
browsing and file sharing applications, on the
other hand, have different requirements. In the
case of M2M, signaling and control mechanisms
employed in current networks would cause high
overheads. Widespread use of M2M may lead to
situations where thousands of devices try to
access a channel simultaneously. Current access
mechanisms are not designed for this. Further-
more, to enable D2D, very efficient signaling
mechanisms are required so spectrum utilization
can be increased. In the case of ultra-dense net-
works, coordination among small cells, needed
to mitigate interference, will lead to high signal-
ing overhead. Thus, flexible medium access and
signaling protocols are needed to optimize chan-
nel utilization for a wide variety of applications.

Physical layer techniques: From the perspec-
tive of the physical layer, to combat the scarcity
of available radio spectrum in the lower frequen-
cy bands, mmWave frequencies (30 GHz to 300
GHz) are being explored as alternatives for both
outdoor and indoor communication due to the
huge bandwidth they provide. Licensed 28-30
GHz and 38–42 GHz bands are suitable for out-
door cellular networks [4], while the unlicensed
60 GHz band is suitable for indoor communica-
tion due to its propagation characteristics [5].
Another breakthrough technology that will cer-
tainly have a distinct place in 5G is massive
MIMO [6, 7]. In massive MIMO the number of
antennas at a BS is much higher than the num-
ber of devices being served, enabling simple spa-
tial multiplexing and demultiplexing. The small
size of antennas and antenna spacing at mmWave
frequencies make massive MIMO a suitable
beamforming technology for devices1 as well as BSs.

It is predicted that by the year 2020 indoor/
hotspot traffic will account for 80 to 90 percent
of total traffic volume [8]. Data rates on the
order of multi-Gb/s will be required in indoor
environments to support high definition video
streaming and gaming applications. Existing 3G
and 4G systems were designed to support the
same set of services both in indoor and outdoor
environments. However, this will not be the case

in 5G. A variety of services are emerging and
many of them, in particular high data rate
uncompressed video, will be mainly confined to
indoors and hotspots. Therefore, 5G networks
must take care of the traffic dissimilarities
between indoor and outdoor environments. To
tackle this challenge, high capacity indoor local
small cells need to be designed that can provide
multi-Gb/s connectivity with better coverage.

The 60 GHz frequency band has emerged as
the most promising candidate for high speed
indoor communications. However, its inability to
penetrate walls poses a serious challenge for
providing seamless connectivity. Further, the use
of narrow beamforming makes it challenging to
support mobile devices, due to the link outages
caused by antenna beam misalignment resulting
from the mobility of users. This requires beam
tracking and adaptive beamforming. We propose
the CogCell concept, a 2.4 GHz assisted 60 GHz
picocellular network architecture in which 60 GHz
is used for high speed data communication (data
plane traffic) while 2.4/5 GHz WiFi is used for
control purposes (control plane traffic). Several
60 GHz picocells are managed by a single WiFi
cell, thus facilitating easy and robust network
and mobility management with picocells. In the
absence of a 60 GHz link, 2.4 GHz can also be
used as a fall-back data plane option in CogCell,
leveraging the best of both worlds. The problem
of frequent re-beamforming in 60 GHz can be
circumvented by leveraging the sensing and pro-
cessing capabilities of smart devices that are
using the 60 GHz links. We will show how
motion sensors (present in smart phones and
tablets) will be used to predict user movement
and thus maintain beam alignment. The CogCell
architecture has many features, including:
• Better spectrum utilization by switching

between the 2.4 GHz and 60 GHz bands
for control and data transmission, respec-
tively.

• Opportunistic fall-back to the 2.4 GHz band
for data transmission, if the 60 GHz link is
not available.

• Sensor assisted cognitive and adaptive
beam-tracking, which reduces the need for
frequent re-beamforming of 60 GHz links
in case user devices move. 

1 We use the term device
to mean a mobile station
or a handheld user
equipment.

Figure 1. A 5G scenario with multiple radio access technologies.
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60 GHZ COMMUNICATION FOR
MULTI-GB/S INDOOR CONNECTIVITY

Despite very sophisticated PHY/MAC layer tech-
niques such as MU-MIMO, higher order modu-
lations, channel bonding, and frame aggregation,
it is hard to improve the WiFi data rate further.
For example, despite using channel bonding and
multi-user MIMO schemes, IEEE 802.11ac can
only provide a peak data rate of around 1 Gb/s
because of limited bandwidth in the 2.4/ 5 GHz
frequency bands. On the other hand, large band-
width is available in the unlicensed 60 GHz band.
The 60 GHz MAC standards IEEE 802.15.3c [9]
and IEEE 802.11ad [10] have already been com-
pleted, providing data rates up to 5 Gb/s to 7 Gb/s
for a range of 10 m to 20 m. IEEE 802.11ad is
backward compatible with IEEE 802.11b/g/n/ac.
However, there remain several issues that need
to be addressed to realize multi-Gb/s 60 GHz
indoor networks. 

Access delay: 60 GHz devices and access
points (AP) employ directional antennas to com-
pensate for free space path loss. IEEE 802.11ad
and IEEE 802.15.3c divide the area around an
AP into sectors, e.g. a sector can span over 60°
or 90°. CSMA/CA based random access is used
during predefined time periods — in each sector
in a round robin fashion — called contention
based access periods (CBAPs). A device has to
wait for the CBAP period allocated to its sector.
For example, if each sector spans an angle of 90°
then there are four sectors. Thus, if a device
generates a request just after the allocated
CBAP period for its sector, it has to wait until
the next three CBAP periods. This could intro-
duce a considerable amount of delay before the
request is fulfilled. 

Re-beamforming: Although the peak PHY
data rate promised by IEEE 802.11ad is about 7
Gb/s, realizing a seamless multi-Gb/s WLAN sys-
tem providing a sustained peak data rate is diffi-
cult. 60 GHz links are highly susceptible to
blockage caused by obstacles such as humans,
furniture, walls, etc. Further, communication
using narrow beams has to track moving devices
to maintain the link. With narrow beams, beam
misalignment caused by small movements may
result in broken links. If a device moves away
from the beam coverage area, an exhaustive
beam-search is required, resulting in excessive
delays and communication overhead. Therefore
it is important to keep beam alignment in order
to maintain a stable link.

Hand-off: While using directional antennas at
60 GHz, AP/device discovery and fast handover
are difficult. Since 60 GHz signals cannot pene-
trate walls, there will be many 60 GHz APs in an
indoor area. This can result in frequent hand-off
when a user moves in the indoor area. When
moving from one room to another, one should
be able to quickly reconnect with another AP.
To ensure this, fast discovery and authentication
are needed. Since the data rate is very high, a
small interruption in signal coverage can lead to
the loss of a large amount of data. Further, fre-
quent device discovery and association could
lead to excessive energy consumption, resulting
in fast battery drain. 

To address the above issues, we propose to
use a WiFi  and mmWave CogCell  hybrid
architecture. This will enable smooth network
management and fast  channel  access  and
device discovery. Here WiFi supports control
plane functions while  60 GHz offers  data
plane functionality.  To avoid frequent re-
beamforming caused by mobility, we employ
motion sensors to predict the next location of
the user so that appropriate beam switching
can be performed. 

INDOOR NETWORKS BASED ON A
COMBINATION OF WIFI AND
60 GHZ COMMUNICATION

In this section we discuss the capacity and cover-
age limitations of 2.4/5 GHz and 60 GHz signals,
respectively. We illustrate that 2.4 GHz and 60
GHz systems are complementary in terms of
coverage and capacity, and explain how the pro-
posed CogCell architecture enables the interplay
of both to provide robust multi-Gb/s WLAN
connectivity. 

COMPLEMENTARITY OF 2.4 GHZ AND 60 GHZ
Figure 2a shows the coverage of 2.4 GHz (left)
and 60 GHz (right) signals in an indoor envi-
ronment. A radio-wave propagation simulator
(RPS) [11] employing ray tracing is used to
determine the coverage in the indoor area. To
calculate the signal power, reflections, up to
second order, are considered and all the anten-
nas are assumed to be omnidirectional. The
transmission power of antennas is 10 dBm. It is
clear that three antennas operating at 2.4 GHz
are sufficient to cover the whole area. On the
other hand, at 60 GHz every room needs a ded-
icated 60 GHz antenna, because signal propa-
gation characteristics are significantly different
at 2.4 GHz and 60 GHz. mmWaves at 60 GHz
do not penetrate through walls. A significant
fraction of signal power is absorbed by the
walls. This is illustrated by the black ellipses
over the blue colored areas in Fig. 2a. 

Figure 2b compares the maximum data rates
promised by different WLAN standards operat-
ing at 2.4/5 GHz and 60 GHz frequency bands.
Even though IEEE 802.11n and IEEE 802.11ac
use very sophisticated PHY layer techniques
such as MIMO, MU-MIMO, channel bonding,
and frame aggregation at the MAC layer, the
expected data rate is much lower compared to
what can be achieved at the 60 GHz frequency
band.

It is evident from Fig. 2 that the 2.4 GHz
and 60 GHz signals complement each other in
terms of capacity and coverage. The capacity of
60 GHz signals is at least 10 times higher than
the 2.4 GHz systems. Thus, a hybrid solution,
involving 2.4 GHz transmission assisting the 60
GHz devices, can be very effective. Almost
every consumer electronic device, such as
smartphones, tablets, laptops, cameras, etc., is
equipped with WiFi and this trend is expected
to continue. Hence, assistance of the 2.4/5 GHz
band for 60 GHz communications seems a prag-
matic solution.
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HYBRID 2.4 GHZ AND 60 GHZ
WLAN ARCHITECTURE

There can be two types of solutions:
• Utilizing the existing 2.4 GHz WiFi and

IEEE 802.11ad, and modify them accord-
ingly; or

• A new system other than IEEE 802.11b/g/n
and IEEE 802.11ad. The former category is
more likely to succeed as a majority of wire-
less communication devices are already
equipped with IEEE 802.11b/g/n.
One possible approach in the first category

could be to use WiFi as a supportive technology to
manage the 60 GHz network. The WiFi AP can
cover several 60 GHz APs and hence, several 60
GHz APs can be managed by a single WiFi AP.
This is the basic idea behind the proposed Cog-
Cell architecture. We propose to split the control
plane and data plane over 2.4 GHz and 60 GHz,
respectively. This scheme is similar to the concept
of phantom cells [3] proposed for 5G networks.

Figure 3a shows the conceptual diagram of
the CogCell architecture. One 2.4 GHz AP cov-
ers all the rooms. Further, every room has a 60 GHz
PCP/AP (802.11ad APs are called PCP/APs)
dedicated for high speed data transmission. In a
smaller indoor area such as small homes, a sin-
gle 2.4/5 GHz AP can be sufficient to provide
the coverage, but if the indoor area is large (e.g.
a large office, shopping malls, or airports), mul-
tiple 2.4/5 GHz APs would be needed to cover
the complete area. Moreover, when areas are
separated by walls, they always require separate
60 GHz PCP/APs.

In the proposed CogCell architecture, device
discovery, association, and channel access
requests are transmitted over the 2.4 GHz chan-
nel, while data is transmitted over the 60 GHz
channel. If a device wants to transmit data, it
first sends its request using the 2.4 GHz frequen-
cy band. Thereafter, the appropriate 60 GHz AP
is directed to facilitate the high speed data trans-
mission. IEEE 802.11ad PCP/APs are tri-band

Figure 2. Comparison of signal coverage and offered datarates at 2.4/5 GHz and 60 GHz: a) signal cov-
erage comparison at 2.4 GHz and 60 GHz; b) comparison of peak datarates at 2.4/5 GHz and 60 GHz.
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devices, hence a WiFi AP can communicate with
a 60 GHz PCP/AP over 2.4/5 GHz. Figure 3
shows the schematic of signal transmission in the
CogCell architecture.

ADVANTAGES AND CHALLENGES OF
WIFI AND 60 GHZ INTERPLAY

It is to be noted that, other than WiFi, LTE
may also assist the mmWave communications
(LTE-WiGig) [12]. Especially outdoors, LTE
can provide better control functionality instead
of WiFi due to its limited range. However, in
indoor environments, exploitation of WiFi
would be more suitable instead of LTE due to
the prevalence of WiFi networks over licensed
LTE cells. Furthermore, WiFi would be more
suitable for indoor mobility management due to
its localization capabilities, which are accurate
up to a meter and can help in handover
between 60 GHz APs, where room level posi-
tioning accuracies would be required. When
LTE is used in conjunction with WiGig, the
data path could be via LTE base stations, or
there must be different backhaul connectivity to
the WiGig AP. In the first case, an LTE BS
would be the bottleneck and it would defeat the
purpose of having WiGig. In the latter case,
where a backhaul is used for data path via a
WiGig AP, then it would indeed be similar to
CogCell except that LTE handles the control
(rather than a WiFi AP as in the CogCell).
LTE-WiGig, of course, helps in outdoor envi-
ronments and it can provide a high data rate if
backhaul connectivity exists. Now we briefly
describe the advantages and challenges of the
interplay between WiFi and 60 GHz.

Advantages: There are many advantages in a
hybrid 2.4 GHz and 60 GHz WLAN system.
First, isolated (behind the walls) 60 GHz APs
can still facilitate a seamless WLAN experience
to indoor users. Second, device discovery and
association can be easily performed over 2.4 GHz.
As users move from one room to another room,
they are still under the same 2.4 GHz APs.
Third, information sent over the 2.4 GHz chan-
nel can also help in the 60 GHz beamforming
procedure. Instead of using two-level exhaustive
beam searching, as in IEEE 802.11ad, devices

can estimate the approximate direction of each
other using 2.4 GHz frames. 

Generally, 2.4/5 GHz communications (IEEE
802.11n, IEEE 802.11ac) employ multiple anten-
nas in which approximate direction of arrival can
be obtained. Using this rough estimate of direc-
tion of arrival, the search space of exhaustive
beam searching for 60 GHz is reduced. A similar
approach has been employed in [13], which shows
that inferring the direction of 60 GHz transmis-
sion using 2.4/5 GHz can reduce the link setup
overhead by avoiding exhaustive beam searching.

Figure 4a shows results from MATLAB simu-
lations for the WiFi assisted device discovery
mechanism, assuming devices can infer rough
sector estimates using 2.4 GHz transmissions.
The beamwidth of all the devices and PCP/APs
is assumed to be 60°. All the parameters are list-
ed in Table 1. The results are compared with the
stand-alone 60 GHz directional device discovery
scheme proposed in [14]. It can be observed that
the WiFi assisted scheme is nearly 150 percent
to 300 percent faster than the 60 GHz direction-
al device discovery scheme. The results also show
the effect of signaling overhead due to 2.4 GHz
control frame transmission, which is obtained by
including the time required for transmission of
extra management frames over 2.4 GHz. 

Furthermore, the CogCell architecture can
reduce channel access delay because a device
can place the data transmission request over the
2.4 GHz channel whenever it wants. On the
other hand, in sectorized MAC protocols such as
IEEE 802.11ad, a device has to wait for channel
access if the 60 GHz AP is serving a different sector.

Challenges: The hybrid 2.4/5 GHz and 60 GHz
network also poses many challenges. First, an
increased number of WiFi devices can hinder
control plane communication. To address this
issue, we propose to prioritize the 60 GHz chan-
nel access requests over the 2.4 GHz requests.
We define two categories of frames sent over the
2.4 GHz channel:
• 60 GHz channel request frames.
• 2.4 GHz channel request frames by non-60

GHz devices.
We assign different contention window sizes and
allowed maximum number of retransmissions for
these categories, which are shown in Table 1.

Figure 3. Interplay of 2.4 GHz and 60 GHz frequency bands in the proposed indoor network in 5G: a) network architecture; 
and b) sequence diagram of dual band transmission.
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Figure 4b and Fig. 4c show the MATLAB simu-
lation results for the average channel access
delays and transmission probabilities for both
types of requests. It can be seen that a signifi-
cantly faster channel access and higher transmis-
sion probabilities can be guaranteed for the 60 GHz
channel requests.

Second, power consumption of multiple
radios working simultaneously can drain the bat-
teries of mobile devices. Hence, novel schemes
are required to reduce device power consump-
tion. One possible solution could be to turn on
the 60 GHz radio only when data plane commu-
nication is required. Third, the 2.4/5 GHz con-
trol plane would also be used as a fall-back
option if the 60 GHz data plane is not available.
This requires an intelligent mechanism to deter-
mine when the data plane fall-back should be
triggered as 60 GHz link quality can deteriorate
due to multiple reasons such as antenna mis-
alignment due to user movement, blockage due
to obstacles, etc. 

SENSOR-ASSISTED
INTELLIGENT BEAM SWITCHING

Communication using narrow beam directional
antennas can cause frequent link degradation
due to device movement. This is particularly the
case with handheld devices such as smartphones,
tablets, etc. To set up the directional link
between two devices, IEEE 802.11ad  provides a
beamforming mechanism for the selection of the
best transmit and receive antenna-beam pair. In
the case of device mobility, beam alignment can
be disturbed, whichs could result in frequent
outages of links. If the link quality degrades
below a certain limit, the mechanism to select the
best beam-pair is restarted (we call this re-beam-
forming). The re-beamforming procedure involves
exhaustive searching in all the possible transmit
and receive directions. This leads to a consider-
able amount of communication overhead as well
as degradation of quality of service (QoS).

If the next position of the users is known, the
PCP/AP and the device can switch their beams
to the appropriate beam sectors. We propose to
use the motion sensors, such as the accelerome-
ter and gyroscope, to identify device movements
and predict the next location of the device. These
sensors are already embedded in most modern
devices, hence this method is not unrealistic and
is economically viable. To retrieve the useful
information from these sensors it is possible to
combine the data from two or more sensors.
Such combination of sensors is referred to as a
virtual sensor. The rotation vector sensor is such a
virtual sensor, where the accelerometer, gyro-
scope, and magnetometer data are fused. The
rotation vector sensor gives the orientation of
the device relative to the East-North-up coordi-
nates. The azimuth angle from this sensor can be
used as an indication of the direction of the
user, which can assist in identifying the next
beam-pairs.

Figure 5a shows the system diagram of sensor
assisted beamforming. Whenever a movement
occurs, based on the gathered sensor data, the
next location of the user is predicted and beam

Figure 4. Device discovery time comparison and channel access perfor-
mance: a) average device discovery vs number of devices; b) channel
access delay; and c) transmission probabilities.
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switching is performed to maintain beam align-
ment. Figure 5a shows the preliminary simulation
results when a device moves along the stated
route in [15]. When the PCP/AP beamwidth is
30°, 14 instances of re-beamforming are required
without using sensor data. On the other hand,
with the help of sensor prediction, the number of
re-beamformings can be reduced to four. Similar-
ly, when the PCP/AP beamwidth is 20°, instead
of 18 re-beamforming instances without sensor
prediction, re-beamforming is needed only five
times using the rotation vector sensor data. In
this simulation, we assumed that the PCP/AP
knows the sensor information. However, in prac-
tical scenarios, sensor information needs to be
communicated to the PCP/AP. This can be done
by including sensor information in the 802.11ad
data frames. This preliminary examination of
using sensor data for beam switching seems
encouraging and requires further investigation.

CONCLUSIONS
In this article we proposed a novel indoor net-
work architecture, CogCell, for 5G. The pro-
posed CogCell architecture enables the interplay
between 2.4 GHz and 60 GHz bands for control
plane and data plane transmissions, respectively.
CogCell promises a robust multi-Gb/s WLAN
experience at 60 GHz frequency bands enabling
faster device discovery and medium access. We
believe that the combination of 2.4/5 GHz WiFi
and 60 GHz communication will play an impor-
tant role in indoor networks in the 5G era, and
we showed the approach to exploit them togeth-
er. Further, a sensor-assisted intelligent beam
switching scheme for 60 GHz communication
was proposed. It was shown that with the help of

rotation-vector sensor-data, frequent re-beam-
forming in the 60 GHz directional links can be
significantly reduced. Thus, link maintainability
in 60 GHz is guaranteed, resulting in fewer
requests on WiFi APs leading to efficient use of
60 GHz and WiFi.
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Figure 5. Sensor-assisted intelligent beamforming: a) system diagram of sensor assisted beamforming; b) re-beamforming
instances.
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INTRODUCTION

Device-to-device (D2D) communication
enables nearby wireless devices to exploit
their proximity and communicate directly with
each other, bypassing their corresponding cel-
lular base stations (BSs) [1, 2]. By enabling
single-hop communication instead of dual-hop
uplink (UL) and downlink (DL) communica-
tion, D2D communication improves the radio
resource utilization at the BSs, and enhances
the latency, spectral efficiency, and power
consumption of D2D transmitters (TXs). Also,
it offloads traffic from the cellular BSs and
thus reduces congestion on radio resources

used by cellular user equipments (CUEs).
Potential commercial applications of D2D
communication include localized social net-
working and data transfer, home automation,
and commerce and advertising. Public safety
is another application where local connectivity
can be ensured in the absence of BSs or haz-
ards at BSs. 

Since D2D transmissions typically occur in
proximity, D2D terminals are expected to dis-
cover their peers (or communicating partners),
select spectrum, schedule transmissions, and per-
form power control while avoiding interference
from/to cellular transmissions in a smart manner.
For instance, a D2D user can perform licensed
spectrum sensing (similar to a cognitive radio) to
detect the idleness of a given channel. Moreover,
the D2D user can sense the surrounding envi-
ronment to obtain required channel state infor-
mation (CSI), interference, mobility, and other
information related to nearby wireless devices.
Exploiting cognition in D2D communication
thus empowers the D2D users to make
autonomous decisions and adjust their transmit
power, operating frequency, and spectrum access
policy opportunistically. Consequently, cognitive
spectrum access (CSA) in D2D networks paves
the way to developing distributed resource man-
agement solutions with reduced signaling over-
head and complexity [3].

This article first overviews the different sce-
narios of D2D communication in cellular net-
works from an implementation perspective.
Then the challenges related to resource alloca-
tion and interference management in D2D-
enabled cellular networks are discussed, followed
by a qualitative overview of the existing central-
ized and distributed resource allocation
approaches. A CSA scheme is then proposed to
demonstrate the impact of cognition and priori-
tized spectrum access in D2D-enabled cellular
networks. The performance gains of the CSA
scheme are then analyzed quantitatively. Finally,
several potential directions for future research
are outlined. 

ABSTRACT

Cognitive spectrum access (CSA) in in-band
D2D-enabled cellular networks is a potential
feature that can promote efficient resource uti-
lization and interference management among
coexisting cellular and D2D users. In this article,
we first outline the challenges in resource alloca-
tion posed by the coexistence of cellular and
D2D users. Next, we provide a qualitative
overview of the existing resource allocation and
interference management policies for in-band
D2D-enabled cellular networks. We then demon-
strate how cognition along with limited informa-
tion exchange between D2D users and the core
network can be used to mitigate interference
and enhance spectral efficiency of both cellular
and D2D users. In particular, we propose a CSA
scheme that exploits channel sensing and inter-
ference-aware decision making at the D2D ter-
minals. This CSA scheme at the D2D terminals
is complemented by a D2D-aware channel access
method at the cellular BSs. The performance
gains of the proposed CSA scheme are charac-
terized in terms of channel access probability for
a typical D2D transmitter and spectral efficien-
cies for both cellular and D2D transmissions.
Finally, potential research issues that require
further investigation are highlighted.

EMERGING APPLICATIONS, SERVICES, AND
ENGINEERING FOR COGNITIVE CELLULAR SYSTEMS

Ahmed Hamdi Sakr, Hina Tabassum, Ekram Hossain, and Dong In Kim

Cognitive Spectrum Access in
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D2D-ENABLED
LTE/LTE-A NETWORKS

The Third Generation Partnership Project
(3GPP) targets D2D communication in Long
Term Evolution (LTE) Release 12 to provide
new commercial or public safety proximity ser-
vices (ProSe) [4]. In general, D2D communica-
tions can be enabled in a cellular network in
three possible ways: D2D-unaware transmissions,
D2D-aware transmissions, and network-controlled
D2D transmissions.

In D2D-unaware transmissions, D2D users
can exchange control and data packets with
each other without any intervention from the
eNB (i.e., BS). The eNB does not have any
supervision over the radio resources used by
the D2D pairs (e.g., power control and spec-
trum allocation), as shown in Fig. 1a. To be
specific, coordination between D2D and cellu-
lar transmissions is not possible in this sce-
nario. Note that the D2D users can use the
PC5 interface, which is defined by the LTE
standard for discovery and direct communica-
tion between D2D users. On the other hand,
in D2D-aware transmissions, a D2D pair can
perform limited information exchange with
the core network through the eNB using the
LTE-Uu (i.e., cellular link) interface. In this
case, the core network can perform limited
supervision of D2D transmissions for better
coordination with the concurrent cel lular
transmissions. Nonetheless, this supervision
should be l imited in terms of information
exchange and signaling overheads. The D2D
users can possibly decide their mode of opera-
t ion ( i .e . ,  D2D or cel lular)  and the radio
resources for data transmission using the PC5
interface (as shown in Fig. 1b). 

In network-controlled D2D transmissions, an
eNB fully controls the radio resources manage-
ment of all cellular and D2D users in a cell. The
network architecture in this case is similar to the
one shown in Fig. 1b but with full control exer-
cised by the eNB. This scenario enables the net-
work to make perfect coordination between
cellular and D2D users, which may require a
large amount of information exchange and sig-
naling overheads. Moreover, a D2D pair cannot
establish a communication link without initiating
a request and the approval of the request from
the eNB. 

Figure 2 shows the control and data protocol
stacks for the network-controlled D2D-enabled
LTE/LTE-Advanced (LTE-A) cellular networks
[5]. It can be seen in Fig. 2a that the LTE con-
trol plane is reused for the D2D control plane
over the LTE-Uu interface, where there is no
control signaling between D2D users. On the
other hand, the D2D user plane in Fig. 2b reuses
the LTE data protocol stack with the introduc-
tion of the PC5 interface. The same protocol
stacks in Fig. 2 can be used for D2D-aware
deployment with minimal use of the LTE-Uu
interface. Finally, for D2D-unaware cellular net-
works, D2D users do not interact with the radio
access network; hence, data and control signal-
ing are performed over the PC5 interface
between each D2D pair.

FUNDAMENTAL CHALLENGES OF
RESOURCE ALLOCATION IN
D2D-ENABLED CELLULAR

NETWORKS
For in-band D2D communication (i.e., where
the same radio resources are used for both cellu-
lar and D2D communication), the primary
resource allocation challenges include interfer-
ence management among coexisting CUEs and
D2D users, development of low-complexity cen-
tralized or semi-distributed spectrum access and
interference mitigation techniques with minimal
signaling overheads, and the notion of priority
for the resource management of D2D and CUEs.
These challenges are elaborated below.

RESOURCE ALLOCATION
Network-controlled D2D architecture considers
centralized resource allocation where the BS in a
cell allocates resources to both CUEs and D2D
users to improve its own utility. However, the
centralized approaches may incur high computa-
tional and signaling complexities. For instance,

Figure 1. Architecture of a) D2D-unaware; b) D2D-aware LTE cellular
networks.
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the BS may need to be totally aware of the inter-
ference status at various D2D pairs or the chan-
nel information between a D2D pair for efficient
spectrum allocation. In contrast, distributed
resource allocation methods could be simpler.
For example, local sensing can be used at the
D2D terminals to sense the network environ-
ment and adaptively utilize the radio resources.
Local sensing will enable the D2D terminals to
measure the harmful interference (e.g., from
CUEs and BSs, respectively, when uplink and
downlink resources are used) and utilize this
information to improve the spectral efficiency of
D2D transmission. Another approach could be
to exploit message passing [6]. This message
passing approach requires exchange of local
information among neighbors. However, in a
densely deployed multi-tier network, the signal-
ing overhead can become very high. As such,
exploiting cognition at D2D terminals with limit-
ed information exchange with the BSs can be
useful in such scenarios.

PRIORITIZATION OF CELLULAR AND D2D USERS
In D2D-enabled cellular networks, typically,
CUEs are offered a higher priority than D2D
users. For example, a typical assumption in most
of the existing literature is that D2D users can
communicate only if they do not cause excessive
interference to the CUEs. Since D2D communi-
cation aims at offloading traffic from cellular
BSs in a distributed manner, priority for D2D
users may need to be implemented in such a way
that the performance of CUEs is not affected.
For instance, to facilitate D2D communication, a
few channels may not be assigned to the CUEs
(i.e., allocated for D2D communication only)
until the traffic load of CUEs becomes high
enough to require those channels. This informa-
tion can be transmitted by the BSs to the D2D
pairs.

COGNITIVE SPECTRUM ACCESS
Spectrum sharing between CUEs and D2D pairs
allows higher spectrum reuse. However, it may
lead to severe cross-tier interference at D2D
links when they coexist with CUEs and other
tiers such as the small cell tier in a multi-tier cel-
lular network. On the other hand, static spec-
trum splitting among different tiers eliminates
cross-tier interference but still could significantly
degrade spectral efficiency depending on the
number of D2D terminals and the proportion of
available spectrum for them. Cognitive spectrum
access methods with limited control of BSs can
potentially adapt to the traffic load intensities of
CUEs and D2D pairs.

D2D-AWARE SCHEDULING IN
HIGH TRAFFIC LOAD

For high-intensity CUEs, prioritizing spectrum
for D2D transmissions will not work. As such,
simple D2D-aware scheduling techniques need
be developed that allocate resources to D2D
users in an opportunistic manner while providing
fairness among CUEs and D2Ds. In this regard,
D2D terminals can exploit cognition to sense
user activity in a set of channels and then inform
the BS about their most favorable channel. The

BS then allocates the channels considering the
overall intensity of D2D pairs and CUEs, and
informs the D2D users about the spectrum allo-
cation.

MANAGEMENT OF
CROSS-TIER AND INTER-D2D INTERFERENCE

The introduction of D2D communication in cel-
lular networks is challenging for both D2D and
CUEs due to the cross-tier interference resulting
from the concurrent cellular and D2D transmis-
sions. This issue is more challenging in multi-tier
networks in which low-power small cells are
densely deployed over existing single-tier net-
works (as will be in the emerging fifth genera-
tion, 5G, cellular wireless networks) [7]. These
small cells result in additional cross-tier interfer-
ence on top of that from the macro BSs and
CUEs. Efficient interference management tech-
niques (e.g., power control, spectrum allocation,
multiple antenna beamforming) will therefore be
essential. Furthermore, the interference incurred
at a D2D receiver from neighboring D2D trans-
mitters (referred to as inter-D2D interference)
also needs to be mitigated through proper user
pairing and frequency assignment techniques.

THE STATE-OF-THE-ART
RESOURCE ALLOCATION METHODS

FOR IN-BAND D2D-ENABLED
CELLULAR NETWORKS

A qualitative summary of the state-of-the-art
approaches for centralized and distributed
resource allocation in D2D-enabled cellular net-
works is provided in Table 1 when all D2D pairs
and CUEs share the same radio spectrum. 

CENTRALIZED APPROACHES
In [8], a near-optimal greedy resource allocation
scheme is proposed for a single-cell scenario
with multiple underlaying D2D pairs. The dura-
tion of simultaneous D2D transmissions is mini-
mized while meeting cross-tier interference
thresholds, signal-to-interference-plus-noise ratio
(SINR) for D2D links, and maximum power
constraints. The problem is formulated as mixed
integer programming (MIP), and a column-gen-
eration-based method is proposed to obtain a
low-complexity centralized solution where cellu-
lar links are given higher priority. 

In [9], the authors consider a single-cell
uplink network where multiple CUEs and one
D2D pair can share the same radio spectrum. In
this article, the cross-tier interference caused by
cellular transmissions is managed to improve the
overall network throughput where the interfer-
ence from D2D transmissions is ignored, assum-
ing that a power control method is in place. The
interference management scheme does not allow
CUEs to coexist with the D2D pair in the same
spectrum resource if the resulting interference-
to-signal-ratio (ISR) at the D2D receiver
becomes higher than a predefined threshold. 

A sum-rate maximization problem is formu-
lated with both D2D and CUEs considering
D2D-enabled uplink MIMO cellular networks
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[10]. Optimal resource allocations are obtained
by using a pure random search. Moreover, a
non-cooperative resource allocation game for
joint channel allocation, power control, and pre-
coding of D2D users is formulated. The feasibili-
ty and existence of the pure strategy Nash
equilibrium are then established by developing a
self-optimizing algorithm. Finally, a distributed
resource allocation algorithm based on the best
response dynamic is proposed. 

DISTRIBUTED APPROACHES
In [6], a distributed resource allocation scheme
is proposed to maximize network sum rate while
satisfying the data rate requirements for CUEs
and D2D users considering a multi-user and
multi-relay network. A message passing tech-
nique is used where each user sends and receives
information messages to/from the relay node in
an iterative manner with the goal of achieving an
optimal allocation. The authors in [11] propose a
distributed CSA policy in which D2D users can
opportunistically share the UL spectrum
resources with the CUEs. In order to limit the
degradation of SINR in cellular links, each D2D
user is assumed to perform power control to

limit the level of cross-tier interference. Then
the D2D user determines if the link should be
established in a single- or multihop manner. A
random access technique is used to mitigate
inter-D2D interference by allowing only one
D2D pair to access the spectrum at a time. 

In [12], an efficient resource allocation
method is proposed for a cognitive cellular net-
work with D2D communication. While a sec-
ondary user may operate in either cellular mode
or D2D mode, the theory of evolutionary game
is used to model the behavior of such users. The
proposed solution attempts to optimize the
mode selection criterion with a set of utilities
considering the data rate, transmit power, and
cross-tier interference. The application of several
game models in the distributed resource alloca-
tion of D2D-enabled cellular networks is dis-
cussed in [13]. For D2D communication,
noncooperative and auction game models are
suggested as the most suitable option to solve
the resource allocation problems. 

An iterative two-stage pricing-based algo-
rithm is proposed in [14] in which the BSs send
a pricing signal depending on the gap between
the aggregate interference from D2D links and a

Table 1. Existing literature on in-band D2D-enabled cellular networks.

Approach Article Objective and assumptions Overhead Spectrum User
priority

Centralized

[8]
–RA for spectrum utilization maximization
–Single cell and multiple D2D pairs
–MIP solved by a column-generation-based method

Medium DL/UL Cellular

[9]
–Interference management to enhance overall data rate
–Single cell and one D2D pair, multiple CUEs
–Scheme to control interference limited area is proposed

Low UL D2D 

[10]

–Network rate maximization with target rate constraints for both
D2D and CUEs

–Single cell with multiple CUEs and D2D pairs
–Non-cooperative RA game is solved by self-optimization algorithm

High UL Both

Distributed

[6]

–Subcarrier and power allocation for two-hop rate maximization
–Relay-assisted cellular network
–Signaling overhead due to messages between relay and CUEs
–Message passing approach

Low UL Both

[11]

–Opportunistic spectrum access protocol with minimal SINR
degradation of CUEs

–Statistical estimates of the channel gains
–Network information in the discovery packet

Medium UL Cellular

[12]
–RA for D2D mode selection optimization and utility maximization
–Utility of secondary users in D2D mode and total secondary users
–Evolutionary game model

Medium DL/UL Cellular

[14]

–Maximize D2D rate under CUEs’ interference constraints
–Overhead due to price broadcast at each channel
–BS requires CSI of cellular links
–D2D TX requires CSI of the D2D link and its link to the BS
–Stackelberg game 

Low UL Cellular

[15]

–Network utility maximization with pricing
–Near optimal solution
–CSI of both D2D and CUEs required at BS
–Reverse iterative combinatorial auction method

Medium DL N/A
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predefined interference tolerance level. Next,
each D2D link independently maximizes its utili-
ty consisting of a reward equal to its expected
rate and a penalty proportional to the interfer-
ence caused by this link to the BS, as measured
by the pricing signal. In [15], a reverse iterative
combinatorial auction method is used to opti-
mize the system sum utility. A non-monotonic
descending price auction algorithm is proposed
to maximize the utility function that accounts for
the channel gain from D2D and the costs for the
system. The scheme is cheat-proof and con-
verges in a finite number of iteration rounds. 

The centralized or near-optimal solutions are
not scalable for dense networks with large num-
bers of BSs, CUEs, and D2D users. On the other
hand, the distributed solutions that exploit cog-
nition at D2D terminals for automated channel
sensing and decision will be scalable for such
networks. 

COGNITIVE SPECTRUM ACCESS FOR
D2D-AWARE CELLULAR NETWORKS

CSA in D2D-enabled cellular networks can be
realized by enabling channel sensing and inter-
ference-aware decisions at the D2D terminals
distributively. To enhance the performance of
CSA, a prioritized channel access policy for
D2D transmissions is also used at the BSs, which
offers limited network control. To evaluate the
performance of the proposed solution, we char-
acterize:
• Channel access probability (CAP) of a D2D

TX
• Spectral efficiency for both cellular and

D2D transmissions.

COGNITION AT D2D DEVICES
A cognitive D2D user is capable of sensing the
received interference level on a given transmis-
sion channel. With this knowledge, a D2D user
can make an intelligent decision about utilizing a
given channel while avoiding interference from
nearby cellular transmissions (in UL or DL). We
exploit cognition at the D2D RXs. That is, the
D2D TX sends a ready-to-send (RTS) request to
its intended receiver over a PC5 interface. Then,
on a given channel, if the maximum received
interference from any neighboring TX is sensed
to be lower than a predefined sensing threshold g,
the intended D2D RX sends a clear-to-send
(CTS) signal over the PC5 interface to its corre-
sponding TX. 

Cognition at the D2D RXs provides a protec-
tion region around each D2D RX in which a
D2D communication link cannot be established if
there is at least one TX (i.e., CUE in uplink or
BS in downlink) using the same channel inside
this region. In general, the protection region
around each D2D RX has a random shape due to
the randomness in channel conditions and trans-
mit power. As an example, for channel gain h and
an interferer at a distance r with transmit power
P, the decision is made by comparing the received
interference power Phr–4 (assuming that the path
loss exponent for radio propagation is 4) to the
sensing threshold g. If r > (Ph/g)1/4, this means
that the interferer is outside the protection region,

and the D2D TX can thus transmit; otherwise,
the D2D TX remains silent. Note also that
decreasing g provides more protection to the
D2D RXs by decreasing the aggregate interfer-
ence; however, it reduces the channel access
probability for the D2D TXs. To avoid inter-D2D
interference, we assume that, after sensing a free
channel, each D2D TX sets a random backoff
timer upon expiration of which the D2D TX can
use the channel if the channel is still available. 

SPECTRUM ACCESS POLICY ADOPTED BY BSS
We consider the two following spectrum access
techniques at the cellular BS:
• D2D-unaware spectrum access (DUSA)
• D2D-aware spectrum access (DASA)
as described below. The first policy is the base-
line scenario in which BSs assign different fre-
quencies to their users without considering the
D2D transmissions. On the other hand, the sec-
ond policy is a conservative policy in which the
BSs avoid causing interference to the D2D trans-
missions whenever possible. 

DUSA policy: A BS can utilize any channel to
serve any CUE based only on its scheduling poli-
cy, whereas each D2D pair selects a random
channel to perform CSA.

DASA policy: A BS first assigns one of the
channels (say cd) for D2D transmissions and
exchanges the ID of this channel with the D2D
users in its coverage area over the LTE-Uu
interface. Once the D2D users are informed of
the D2D channel, they are responsible for initi-
ating the communication session by exchanging
control and data signals over the PC5 interface
with no further supervision from the BS. This
channel is not exclusive for D2D users and can
be used for cellular transmissions based on the
following policy: The BS schedules CUEs in any
of its available channels except cd as long as the
number of CUEs Nu is less than the total num-
ber of available channels C. Thus, cd is guaran-
teed to be the least congested channel. That is,
the D2D transmissions can fully exploit cd when
Nu < C. When Nu ≥ C, a CUE and a D2D user
will compete for cd. In this case, the CUE is
granted the channel since it normally has higher
priority than D2D users.

Using the DASA policy with CSA (referred
to as the DASA-CSA policy), the interference at
D2D RXs can be further minimized while
improving the overall spectral efficiency of D2D
transmissions. To compare the performance of
the DASA and DUSA policies, we calculate the
probability for a D2D pair to find a free channel
to establish a communication link. The channel
access probability in a given cell is directly relat-
ed to Nu. Users are uniformly distributed, and
Nu is modeled by a Poisson random variable
with mean 

—
3/2Ud2, where U is the spatial inten-

sity of CUEs and d is the inter-BS distance. This
is derived by using the area of the hexagonal cell
A = 

—
3/2 d2. 

To cope with the dynamics of spectrum access
in a D2D-enabled cellular network with the
DASA-CSA policy, the D2D user can exchange
other information such as the spectrum sensing
range (or equivalently, the spectrum sensing
threshold) for the cognitive D2D transmitters,
with the BS over the PC5 interface. 
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PERFORMANCE EVALUATION RESULTS

We compare the four possible scenarios: DUSA-
only without CSA, DASA-only without CSA,
DUSA-CSA, and DASA-CSA, in terms of CAP
and spectral efficiency. The results are shown in
Fig. 3, which shows the effect of increasing the
spatial intensity of CUEs on the CAP for a D2D
TX. Note that the CAP for the DASA-CSA sce-
nario is equivalent to the probability that the
number of CUEs served by a BS is at most C –
1, that is,

where P{Nu = n} is the probability mass func-
tion of Nu which is a function of the spatial
intensities of BSs and CUEs and the user associ-
ation policy. 

On the other hand, for the DUSA-CSA sce-
nario, the CAP is obtained using the fact that
each BS assigns all channels to different users
with the same probability, that is, 

In this comparison, the network has a total of 15
channels where the inter-site distance is 500 m
according to the 3GPP evaluation methodology.

Impact of cognition (CSA vs. no-CSA): It can
be seen in Fig. 3 that exploiting cognition in
D2D transmissions can greatly improve the CAP
for a D2D TX for both DUSA and DASA sce-
narios. Note that cognition is more advantageous
in dense networks due to significant interfer-
ence. For example, with the DUSA policy, the
improvement in CAP due to cognition is only 3
percent (i.e., from 0.85 to 0.87) when the density
of CUEs is 10 CUEs/km2 compared to 85 per-
cent (i.e., from 0.29 to 0.53) when the density of
CUEs is 50 users/km2. This result suggests that
CSA is not crucial when the number of CUEs is
low since not all radio resources are used by the
macro-tier and the D2D TXs have a good chance
of finding free channels. On the other hand, for
dense networks, CSA is crucial to avoid the
nearby interferers and increase the efficiency of
using the available resources.

Impact of D2D-awareness (DUSA vs. DASA):
Figure 3 also quantifies the performance gain of
DASA over the DUSA policy for both scenarios
(i.e., with and without CSA). The figure shows
that as the density of CUEs increases, CAP
degrades for both DUSA and DASA. For exam-
ple, increasing the CUEs in the DUSA-only sce-
nario from 10 to 50 users/km2 degrades CAP by
a factor of 3 (i.e., from 0.85 to 0.29). Most
importantly, it can be seen that with and without
cognition, the DASA scenario offers better per-
formance for all network parameters compared
to the DUSA scenario. For instance, in the
D2D-aware scenario, with a 5× increase in the
intensity of CUEs from 10 to 50 users/km2, the
CAP becomes 0.87 compared to only 0.29 in the

D2D-unaware scenario. In addition, we can see
that the gains of DASA become more evident in
dense networks (i.e., the CAP decreases signifi-
cantly). Note that this improvement comes at the
expense of making other channels more congest-
ed for the CUEs. However, in the worst case,
when all BSs have more users than the available
channels, both access policies offer similar per-
formance. 

Gain of the proposed framework (DASA-CSA
vs. DUSA-only): It can be seen from Fig. 3 that
there is a value for the spatial intensity of CUEs
below which the gain of prioritized spectrum
access is higher than that of CSA. After this
point, using CSA is more beneficial. Therefore,
combining both the schemes will offer better
performance for high and low spatial intensities.
Figure 3 shows that the scenario in which both
cognition and prioritized techniques are com-
bined (i.e., DASA-CSA) gives superior perfor-
mance compared to the baseline scenario
(DUSA-CSA) for all values of U. For instance,
in the scenario with 70 CUEs/km2, DASA-CSA
offers a 525 percent improvement in perfor-
mance in terms of CAP for D2D TXs. 

Furthermore, Fig. 4 illustrates the gain in
spectral efficiency (SE) when combining cogni-
tion and prioritization in D2D-enabled networks.
In this context, the spectral efficiency is defined
as the number of successfully transmitted bits
per unit time per Hertz where the data is consid-
ered successfully transmitted when the received
signal-to-interference-plus-noise ratio (SINR) is
higher than a predefined threshold t. The fol-
lowing remarks can be made.

•The spectral efficiency for both cellular and
D2D users degrades with increasing U. This is
intuitive due to the increase in both cross-tier
and co-tier interference levels. 

•The DASA-CSA policy can provide higher
data rates for D2D transmissions compared to
the DUSA-only scenario, especially for dense
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Figure 3. Channel access probability for a D2D TX vs. spatial intensity of
cellular users for DUSA and DASA policies (with and without cognition).
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cellular networks. For example, the DUSA-only
scenario cannot support an SE of 1 b/s/Hz for
D2D transmissions when the number of CUEs is
higher than 13 users/km2, while the DASA-CSA
scenario provides the same SE with minimal
coordination for CUE intensity up to 63
CUEs/km2.

•The proposed DASA-CSA scheme does not
impact the performance of CUEs where the gap
between the SE of transmission by cellular users
in this scenario, and the scenario with no D2D
network is negligible.

•While the SE of CUEs is higher than that of
the D2D users in the DUSA-only scenario due
to the cross-tier interference, the opposite hap-
pens in the DASA-CSA scenario since the D2D
users almost operate in an interference-free
environment using their cognition capabilities.

OPEN RESEARCH ISSUES
The performance of cognitive spectrum access in
D2D-enabled cellular networks can be further
improved (e.g., in terms of both spectrum effi-
ciency and energy efficiency) by using more
advanced resource allocation methods as well as
emerging communication techniques such as
full-duplexing, and also RF energy harvesting
techniques. In this context, several research
directions are outlined below. 

1) Traffic-load-aware spectrum selection:
Due to highly asymmetric UL and DL data traf-
fic in cellular networks, spectrum selection for
D2D transmission needs to be adaptive to the
traffic load. Traffic-load-aware channel selection
has a direct impact on the interference, spectral
efficiency, and receiver complexity. 

2) Optimal spectrum allocation for priori-
tized D2D channels: Since the proposed CSA
scheme along with BS awareness of D2D com-
munication allocates part of the spectrum for

D2D transmissions, an important question is
how to optimally decide the proportion of priori-
tized resources for D2D transmissions. Given
the intensity of D2D and CUEs, the proportion
of prioritized spectrum needs to be decided in a
dynamic fashion. 

3) Admission control to manage inter-D2D
interference: The performance gains of D2D
transmissions highly depend on the intensity of
D2D pairs on a given channel and their dis-
tances from each other. Efficient D2D admission
control algorithms need to be developed that
maximize the overall utility of both the CUEs
and the D2D users. D2D admission control can
be triggered in an opportunistic manner and the
transmission of D2D users can be switched
through the BS when communication using the
direct D2D links is no longer beneficial. 

4) Exploiting full-duplex transmissions:
While D2D links are typically exploited for half-
duplex data transmissions, they may be used for
interference mitigation or channel selection if
exploited in full-duplex mode. For instance, a
cognitive D2D transmitter, when operating in
full-duplex mode, can hear interference signals
and provide information about the interference
to its intended receiver along with the data pack-
ets. In a similar way, a CUE receiving transmis-
sion in the DL can also exploit the D2D
communication to forward interference knowl-
edge to a nearby cognitive D2D user. This
knowledge can help the D2D user in either
interference cancellation or channel selection. 

5) Cognitive spectrum access in the presence
of RF energy harvesting: With cognitive spec-
trum access, a D2D user can harvest energy
while performing spectrum sensing or waiting for
a free channel. Then the stored energy can be
used later for data transmissions. Thus, resource
allocation schemes need to be aware of the
amount of energy available at the transmitter.
Also, the duration of data transmission and
energy harvesting will need to be optimized to
maximize the system performance and reliability.

6) Combination of full-duplex and energy
harvesting: If a D2D transmitter is equipped
with dual antennas, one for transmission and the
other for reception, the hybrid mode of informa-
tion transmission and energy harvesting can be
implemented using one antenna for each pur-
pose. Unlike the information reception in tradi-
tional full-duplex mode, the self-interference
from the transmission in full-duplex mode can
be utilized for energy harvesting since decoding
of the self-interference would not be required in
this case. Therefore, adaptive (or cognitive)
D2D can be used for this hybrid mode to further
enhance the spectrum efficiency and energy effi-
ciency through energy harvesting in full-duplex
mode instead of the costly self-interference can-
cellation for information reception. 

CONCLUSION
This article has focused on highlighting the key
challenges in the resource allocation of in-band
D2D-enabled cellular networks. A qualitative
overview of the existing research advancements
related to centralized and distributed resource
allocation techniques has been provided. Since

Figure 4. Spectral efficiency of transmission in D2D links vs. spatial intensity
of cellular users for DUSA and DASA policies (with and without cogni-
tion).
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centralized solutions generally incur high com-
putation and signaling overheads, distributed or
semi-distributed solutions that exploit cognition
at the D2D terminals are promising. We have
proposed a semi-distributed CSA solution in
which cognition at the D2D terminals allows
interference-aware decision making, and limited
control at the BSs helps the D2D users select
the spectrum band with the least interference.
The performance of the CSA scheme has been
analyzed quantitatively in terms of channel
access probability and spectral efficiency of
transmission in cellular and D2D links. The per-
formance of CSA in a D2D-enabled cellular net-
work can be optimized through a proper choice
of network design parameters such as the spatial
intensity of BSs, the mode selection criteria, and
the spectrum sensing threshold.
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his is the 19th issue of the series on Network and Ser-
vice Management, which is published twice a year. Until

2012 it was published in July and December, but since 2013 it
has been published in January and July. The series provides
articles on the latest developments in this well established dis-
cipline, highlighting recent research achievements and provid-
ing insight into both theoretical and practical issues related to
the evolution of the discipline from different perspectives.
The series provides a forum for the publication of both aca-
demic and industrial research, addressing the state of the art,
theory, and practice in network and service management.

An important event for both the network/service manage-
ment community but also for the networking research com-
munity as a whole has been the appointment of Prof. Aiko
Pras of the University of Twente, Netherlands, as Chair of
IFIP TC6 Communication Systems, taking over from Prof.
Guy Leduc of the University of Liege, Belgium. Prof. Pras has
also been Chair of IFIP 6.6 Management of Networks and
Distributed Systems since 2008. Prof. Pras was also a Co-Edi-
tor of this series since its inception, having stepped down
approximately a year ago.

The key annual event in this area, the IEEE/IFIP Integrat-
ed Management Symposium (IM 2015), was held May 11–15
in Ottawa, Canada; http://ieee-im.org/2015/. The second key
annual event in this area will be the 11th International Con-
ference on Network and Service Management (CNSM 2015),
taking place November 09–13 in Barcelona, Spain; http://cnsm-
conf.org/2015/. CNSM is a single-track flagship event spon-
sored and supported by IFIP, IEEE, and ACM. It
complements IM and NOMS, which alternate every other
year. The next edition of NOMS, NOMS 2016, will take place
in Istanbul, Turkey, in April 2016. In addition, the 1st IEEE
Conference on Network Softwarization (NetSoft 2015) was
held April 13–17 in London, United Kingdom;
http://sites.ieee.org/netsoft/. Finally, the European Conference
on Autonomous Infrastructure Security and Management
(AIMS 2015), which is supported by the European FLAMIN-
GO project (see below), was held June 22–25 in Ghent, Bel-
gium; http://www.aims-conference.org/2015/.

The European Network of Excellence FLAMINGO on the
Management of the Future Internet (http://fp7-flamingo.eu/),
which started at the end of 2012, has continued its activities

successfully into a third year. The FLAMINGO project effec-
tively continues the work that the EMANICS project
(http://www.emanics.org/) started.

We again experienced excellent interest in the 19th issue,
having received 16 submissions in total. For each paper we
got at least three independent reviews. We finally selected
four articles, resulting in an acceptance rate of 25 percent. It
should be mentioned that the acceptance rate for all the pre-
vious issues has ranged between 14 and 25 percent, making
this Series a highly competitive place to publish. We intend to
maintain our rigorous review process in future issues, and
thus the high quality of the published articles.

The first article, “Toward a Holistic Federated Future
Internet Experimentation Environment: The Experience of
NOVI Research and Experimentation” by Maglaris et al,. pre-
sents the key results of the European NOVI project on the
issues behind a federated virtualization infrastructure for con-
ducting realistic experiments related to future Internet
research.

The second article, “Quality of Experience in Mobile Cel-
lular Networks” by Liotou et al., aims to provide insights on
the issue of network-level QoE management in cellular net-
works, proposing a framework for end-to-end QoE provision-
ing and describing its design, constituents, and relevant
interactions, as well as the key implementation challenges.

The third article, “An Open Framework for Programmable
Self-Managed Radio Access Networks” by Poulios et al., pre-
sents an approach for applying SDN principles to RANs,
describing the architecture and implementation of a prototype
for a programmable self-managed LTE-Advanced heteroge-
neous network.

Finally, the fourth article, “On Demand Scheduling:
Achieving QoS Differentiation for D2D Communications” by
Sheng et al., first reviews recent research on relevant schedul-
ing mechanisms and then proposes a new scheduling mecha-
nism, DO-Fast, which can provide QoS differentiation
capabilities, evaluating its performance.

We hope that readers of this issue again find the articles
informative, and we will endeavor to continue with similar
issues in the future. We would finally like to thank all the
authors who submitted articles to this Series, and the review-
ers for their valuable feedback and comments on the articles.
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INTRODUCTION

Over the last decade virtualization has been a
promising technology for overcoming the ossifi-
cation of the Internet, by enabling experimenta-

tion on new paradigms and architectures for the
Future Internet (FI). Essentially, it allows for a
large set of interesting experiments to run simul-
taneously over FI experimental facilities, pushing
new ideas further into real implementations and
deployment. The NOVI (Networking innovations
Over Virtualized Infrastructures)1 vision stems
from the realization that combining virtualized
computing and network infrastructures into a
federated framework will drive further the adop-
tion of FI experimental facilities for large-scale
and diverse FI experimentation. According to the
NOVI concept, federated FI experimental infras-
tructures should cater to dynamic provisioning,
control, and monitoring of user-defined baskets
(slices) of virtual resources drawn from loosely
coupled, dissimilar, administrative domains.

The NOVI framework provides a modular
data, control, and management plane federation
architecture, validated within an integrated
experimental prototype, mounted on intercon-
nected FI experimental facilities. This involves
the implementation of early prototypes of meth-
ods, algorithms, and information models that
enable users to seamlessly use virtualized
resources within the federation of heterogeneous
research testbeds. This federated environment
needs to be managed and configured within a
stitched substrate, in order to allow for efficient
and dynamic instantiation of resources across
administrative domains, as demonstrated for
Cloud computing resources by the Reservoir2

FP7 project. In this article we report NOVI’s
contributions on open issues related to federated
virtual infrastructures at the data, control, and
management planes. These challenges are sum-
marized in the following.

Information Model: In order to facilitate
deployment of slices over federated FI experi-
mental facilities, the use of an information model
(IM) is required, that will provide a common
vocabulary of concepts and capabilities that exist

ABSTRACT

This article presents the design and pilot
implementation of a suite of intelligent methods,
algorithms, and tools for federating heteroge-
neous experimental platforms (domains) toward
a holistic Future Internet experimentation
ecosystem. The proposed framework developed
within the NOVI research and experimentation
European collaborative effort, aims at providing
a modular data, control, and management plane
architecture that includes: an information model
capturing the abstractions of virtualized
resources residing in different yet interworking
experimental platforms; resource mapping algo-
rithms tackling the inter-domain virtual network
embedding problem; mechanisms providing
interoperability of monitoring tools; policy-based
management services for role-based intra and
inter-domain management policies; and data-
plane stitching mechanisms to enable the com-
position of user-specific slices (baskets of virtual
resources drawn from the federated substrate).
The NOVI framework was deployed and validat-
ed in a combined testbed consisting of two dis-
similar platforms: a private PlanetLab domain
with resources interconnected over the public
Internet; and FEDERICA, an infrastructure of
virtual resources interconnected via dedicated
networking facilities of European National
Research and Education Networks and GÉANT.
This pre-normative work is expected to con-
tribute to bridging Future Internet experimental
federations with interconnected cloud architec-
tures and interworked public/private data-cen-
ters, adding value via its intelligent services,
information models, and composite algorithms.
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within such a federation. An IM as such should
support [1]:
• Virtualization concepts to cater to virtual-

ized resources (e.g. virtual machines, logical
routers).

• Vendor independence as virtualized infras-
tructures employ hardware and software
from different manufacturers.

• Monitoring and measurement concepts, so
that monitored metrics (e.g. CPU utiliza-
tion, one-way delay, available bandwidth)
and corresponding units are uniformly spec-
ified across the federation.

• Support of management policies for the fed-
erated environment. 
The definition of the NOVI ontology-based IM

has been guided by these requirements in order
to enable policy-based provisioning, monitoring,
and lifecycle management of virtualized
resources from the federated environment.

•Monitoring of the federated experimental
facilities is a primary requirement, both for the
experimenters that need to monitor the state of
their slices/virtual resources as well as for control
and management plane services that require moni-
toring information for decision-making. However,
due to the multi-domain nature of the environ-
ment it is not a trivial task to provide federated
monitoring functionalities. The heterogeneity of
the federated networks (including network/com-
puting elements and monitoring tools) poses a
major challenge. The NOVI Monitoring Frame-
work enables interoperability of monitoring tools
operating within member platforms of the federa-
tion of heterogeneous testbeds catering to moni-
toring at the physical as well as the virtual level.

•Resource discovery and mapping/allocation
are fundamental steps in the process of creating
virtual networks (VNs). The problem of map-
ping VNs to specific nodes and links in a (multi-
domain) substrate network is commonly referred
to as the virtual network embedding (VNE)
problem or the topology embedding problem.
The general embedding problem is computation-
ally intractable. Resource discovery has attracted
less research attention than resource allocation [2],
despite its large impact on the actual allocation
process. The NOVI federation is empowered
with a semantic-based, distributed resource dis-
covery and mapping framework; semantic web
techniques were exploited to facilitate interoper-
ability in the federation of heterogeneous
testbeds, while a hierarchical framework has
been prototyped for distributed allocation of
physical to virtual resources across the federated
substrate.

•Network stitching of virtual resources
belonging in different domains should provide at
minimum Layer 2/Layer 3 connectivity. The
problem becomes more challenging with the
existence of heterogeneous network resources
that need to be managed and configured within
the federated environment. Appropriate stitch-
ing mechanisms must be utilized allowing for
transparent data-plane connectivity across dis-
similar platforms involved in multi-domain slices.
Toward that end, the NOVI stitching scheme,
based on Ethernet over GRE, introduces a pro-
grammable switch called NSwitch based on the
Open vSwitch3 implementation. Note that a sim-

ilar approach was recently demonstrated by
Hayashi et al.4

•Policy-based management needs to be revisit-
ed, in order to address additional requirements
posed by the federated environment, such as
inter-domain policies that define inter-platform
duties. NOVI facilitates policy-based manage-
ment of federated FI experimental infrastruc-
tures, employing a flexible engineering approach
to establish relations between the testbed pro-
viders. The NOVI policy service enforces domain-
independent management policies for both
intra-domain and inter-domain management pur-
poses, where each member-platform of a NOVI
federation is considered as a separate domain.

NOVI builds on top of the Slice-Based Fed-
eration Architecture (SFA5). The SFA federa-
tion approach grew primarily out of the
PlanetLab experience, and has been widely
adopted in the NSF GENI program, as the basis
for its GENI API [3]. SFA was also adopted in
major European testbed federation initiatives,
supported by the EU FIRE Unit.6 SFA defines
the notion of a slice, which is a container abstrac-
tion for all the resources in a given experiment [4].
Researchers are associated with slices and use
SFA tools to discover and include resources in
their slice. NOVI complements SFA by provid-
ing the necessary abstraction of resources (e.g.
by introducing an ontology based IM) that
enables advanced context aware services (e.g.
monitoring of federated slices, distributed
semantic-based resource discovery, and intelli-
gent resource mapping service, management
policies for both intra-domain and inter-domain
management purposes, etc.), and a uniform data
plane stitching mechanism. These value-added
services, validated within the NOVI prototype
implementation, are described in the following
sections.

THE NOVI FEDERATION CONCEPT
AND PROTOTYPE IMPLEMENTATION

The NOVI data and control and management
architecture consists of three different layers, as
depicted in Fig. 1.

At the bottom layer, heterogeneous FI exper-
imental platforms provide the means to instanti-
ate virtual resources per user slice. In the case of
the NOVI prototype implementation, two partic-
ular platforms where used:
• A private PlanetLab [5] domain with

resources (slivers) aggregated within three
geographically distributed sites (at NTUA
in Athens, Greece; PSNC in Poznan,
Poland; and ELTE in Budapest, Hungary),
interconnected via the public Internet;

• FEDERICA [6], an infrastructure of virtual
resources (hosted at GARR in Milan, Italy;
PSNC in Poznan, Poland; DFN in Frank-
furt, Germany; NTUA in Athens, Greece;
and i2CAT in Barcelona, Spain), intercon-
nected via Layer 2 circuits of European
National Research & Education Networks
(NRENs) and GÉANT.7

Two instantiated slices are illustrated, denoted
by blue and red colors in the figure. Using the
NSwitch, Layer 2 connectivity is dynamically

3 Open vSwitch,
http://www.openvswitch.org

4 VNode Project, “Fed-
eration Architecture and
Common API / Common
Slice Definition v2.0”,
March 2014,
https://nvlab.nakao-
lab.org/Common_API_V
2.0.pdf

5 Slice Federation Archi-
tecture, v2.0,
http://groups.geni.net/ge
ni/attachment/wiki/Slice
FedArch

6 Future Internet
Research and Experi-
mentation (FIRE),
http://ict-fire.eu/

7 GÉANT —
http://www.geant.net/
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established on demand, between virtual
resources from different platforms that belong to
the same slice. This is accomplished by means of
Ethernet over GRE tunneling between Planet-
Lab nodes (via the NSwitch driver) and the
NSwitch instance that is part of the FEDERICA
testbed, allowing for native Ethernet transport
within the FEDERICA domain.

At the middle layer components are used to
provide basic control and management federa-
tion capabilities across platforms. In the figure,
we depict implementation choices provided by
the SFA, for example, cross-domain authentica-
tion via synchronized registries and user-speci-
fied slice operations; creation, instantiation,
deletion; and so on.

The top layer, referred to as the NOVI ser-
vice layer (SL), implements NOVI control and
management services that offer advanced capa-
bilities to the federation users, consistent with
challenges summarized above. These are:
• The resource information service (RIS)

responsible for context-aware resource dis-
covery across the federation.

• The intelligent resource mapping service
(IRM), mapping user requests for virtual
resources to the federated physical sub-
strate topologies.

• The policy service used to provide the function-
ality of a policy-based management system.

• The NOVI monitoring service, implementing
the NOVI monitoring framework, that
allows NOVI SL services as well as experi-
menters to retrieve monitoring information
on physical and/or virtual resources across
the federation.

• The NSwitch manager service communicat-
ing with NSwitch drivers deployed on plat-
form resources, pushing configuration
options based on the slice request.

The above intelligent services communicate
with the underlying infrastructures via a request
handler (RH) service that provides the NOVI SL
with an abstraction of platform characteristics.
In addition, the RH provides a generic imple-
mentation of an SFA request handler service,
which is used to invoke the appropriate opera-
tions to the corresponding SFA APIs. Via the
NOVI API, on top of the NOVI SL, experi-
menters can authenticate themselves, submit
slice requests, view resources available at the
federation, and monitor virtual resources. A
small screenshot of the NOVI GUI is also shown
in the figure, which allows users to formulate
requests and submit them through the NOVI
API. The NOVI SL integrated prototype imple-
mentation was based on the Open Service Gate-
way initiative (OSGi) framework8 via an
enterprise service bus (ESB). Services are imple-
mented as OSGi bundles, loadable collections of
classes and configuration files, thus providing
modularity to the NOVI SL.

Each platform in the federation deploys a
separate NSwitch, SFA, and NOVI SL. In what
follows, we discuss functional and design specifi-
cations of architectural components within the
above layers.

NOVI ARCHITECTURAL
COMPONENTS

INFORMATION MODEL FOR
FEDERATING VIRTUALIZED INFRASTRUCTURES

The NOVI IM and the corresponding data mod-
els have a two-fold objective: to support the
modeling abstractions to cater to a federation of
the FEDERICA and PlanetLab platforms in the
NOVI’s testbed; and to include the necessary

Figure 1. NOVI data, control, and management architecture.
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concepts to model FI infrastructures that could
participate in a NOVI-like federation in the
future.

The NOVI IM uses a semantic web approach
and it is complemented by data models that use
the Web Ontology Language (OWL). This choice
has been driven by the desire to support reason-
ing and context awareness, which in turn allow
NOVI to create efficient and complex services
with resources available within the federation.
Existing IMs do not fulfill all the expected
requirements and cannot support the description
of shared resources and services within a federa-
tion of heterogeneous platforms. We decided
nonetheless to use the ontologies and experi-
ences from some of the other efforts to better
align the NOVI model in this ecosystem. Exist-
ing models that provide direct inputs into the
development of the NOVI IM are shown in Fig. 2.
Among them, the Network Markup Language
(NML)9 and Network Description Language
(NDL)10 provided strong influence in specifying
the NOVI resource ontology.

The NOVI IM consists of three distinct yet
related ontologies, thus facilitating the adoption
of its modules by communities interested in spe-
cific aspects. Specifically, the NOVI IM defines
a resource ontology, a monitoring ontology, and a
policy ontology.

The resource ontology specifies the concepts
and methods to describe the resources offered by
FI platforms and how they are connected togeth-
er in a federated environment. This ontology pro-
vides the basis for topology and request
descriptions and the terminology for describing
physical nodes, virtual nodes, virtual topologies,
and so on. The monitoring ontology extends the
resource ontology with descriptions of the concepts
and methods of monitoring operations, for exam-
ple, details about monitoring tools, their relation-
ship to resources, and types of measurements that
can be gathered. Finally, the policy ontology
extends the resource ontology with descriptions of
the concepts and methods enabling the manage-
ment and execution of policies defined within
member platforms of a NOVI federation. An
extended description of the IM is provided in [1].

SEMANTIC-BASED
RESOURCE DISCOVERY AND MAPPING SERVICE

Resource discovery enables locating and retriev-
ing information across the federated virtualized
substrate network in a decentralized way via a
scalable query process. The NOVI resource infor-
mation service (RIS) acts as a single point of
contact within the SL for other services to
acquire information about the status of virtual
and substrate resources. To that end, it interacts
with the request handler to communicate with the
underlying platform, to reserve resources and to
obtain the resource advertisements. It uses the
monitoring service to query on the availability
and the status of the resources and the policy
service to obtain information related to the
access rights or the users.

The RIS exploits the features of the NOVI
IM to improve the precision of resource discov-
ery and to apply reasoning when selecting
resources and services. The RIS copes with het-

erogeneity by leveraging the vocabularies provid-
ed by NOVI’s IM. RIS uses a database engine
based on semantic web technologies where the
data is stored as RDF triples. An extended
description of the RIS is provided in [2].

The intelligent resource mapping (IRM) ser-
vice is responsible for mapping user requests for
virtual topologies to the federated physical sub-
strate. The IRM service gathers information
from the RIS regarding substrate resources
availability, utilization, and access control. The
need for efficient sharing of virtualized infras-
tructures within NOVI has led to the introduc-
tion of novel techniques related to the inter-
domain VNE problem, as reported in [2, 7, 8]. In
order to solve the problem, the IRM service
breaks it down to the following phases.

The VN Partitioning Phase: During this phase,
user requests for VNs are split by a local instance
of the IRM service into partial requests, which are
apportioned to the platforms-members of the
federation in a cost-efficient way. Request split-
ting is based on appropriately defined resource
provisioning costs, as reported in [8]. To deal
with the inherent complexity and scalability of
the VN partitioning problem, a request parti-
tioning algorithm with the use of iterated local
search meta-heuristic has been introduced in [8].

The Intra-Domain VNE Mapping Phase: For
a given VN partition, this phase provides an
assignment of user VN requests to specific sub-
strate nodes and links within a single administra-
tive domain. In other words, VN embedding
sub-problems are formulated and executed on

Figure 2. Relation of the NOVI information model with other IMs.
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each IRM service of the platform-members
selected at the VN partitioning phase, resulting
into sub-optimal allocation of virtual resources
within the federated substrate. Resource map-
ping within the context of NOVI depends on the
characteristics of the testbed and the requested
resources and constraints imposed by the user.
Therefore, in order to map VN requests on the
FEDERICA substrate, we followed the method-
ology introduced in [7] denoted as networked
cloud mapping, while for PlanetLab a modified
version of the semantic based approach for VN
mapping presented in [2] has been adopted.

NOVI MONITORING FRAMEWORK
A key component of NOVI’s control and man-
agement plane is the monitoring service (MS),
responsible for both substrate and slice monitor-
ing. In the former, monitoring is performed on
the physical substrate resources (physical hosts,
links, paths, etc.), while in the latter monitoring
is performed on slices composed of virtualized
resources allocated to a user. The NOVI experi-
ments use diverse monitoring tools deployed
within the federated infrastructures, leading to
two challenges:
• Handling the monitoring tools in a common

way.
• Harmonizing the measurement data pro-

duced by the underlying tools. 
To this end, we developed a generic monitoring
ontology (MO), enabling us to describe, parame-
terize, and use various active and passive moni-
toring tools installed within the different
federated platforms.

Depending on the usage scenario, the MS can
support two main tasks. The first task is triggered
by RIS prior to resource allocation in order to
collect monitoring and measurement information
from the substrate, which can be used by IRM to
ensure that the constraints defined in the
resource requests are satisfied. The second task
is used after the resource reservation process, to
perform slice monitoring for diagnostic purposes,
that is, checking the current status of a given set
of virtual resources across the NOVI federation.
MS supports advanced monitoring tools that

enable users to measure key performance metrics
of the network (e.g. one-way delay, round-trip
time, packet loss, available bandwidth). Testbed-
specific configuration ontologies [1] are used to
describe the testbed-specific implementation of
metrics to be monitored, enabling MS to auto-
matically instantiate monitoring tasks in a feder-
ated environment.

In order to help users with slice monitoring,
we developed a graphical front-end. For exam-
ple, the experimenter can define a resource-spe-
cific measurement during an experiment in their
virtual topology as depicted in Fig. 3, by clicking
on the selected resource.

Measurements of selected metrics can be
managed individually, based on user-specified
monitoring tasks that can be started, stopped, or
removed from the task list of the GUI. Measure-
ments can be viewed via the GUI, uploaded to a
database within the resource information service,
or even trigger event-condition-action policies in
the policy service (see section below). Figure 4
illustrates that the user can retrieve real-time
monitoring information (e.g. memory utilization)
through the monitoring GUI.

NOVI POLICY-BASED MANAGEMENT SYSTEM
The Policy Service (PS) is used in NOVI as a
management service controlled by policies, fol-
lowing the Policy-based Network Management
(PBNM) [9] approach and building upon the
Ponder2 policy framework.11 Using the abstrac-
tions of the NOVI IM, we define and enforce
domain-independent management policies for
both intra-domain and inter-domain manage-
ment purposes, considering as a domain a mem-
ber platform of a NOVI federation, that is, one
domain could be the PlanetLab platform while
another domain could be the FEDERICA plat-
form.

Intra-domain policies are specified in the Pon-
der2 policy language. There is support for:
• Access control policies that specify which

rights users have on specific resources.
• Event-condition-action policies enforcing

management actions upon events indicating
failures or performance degradation, where
events are received by the MS.

• Role-based access control (RBAC) policies
where the notion of role provides a seman-
tic grouping of policies with a common sub-
ject, generally pertaining to a position
within a platform-member of a NOVI fed-
eration, for example, user, administrator, or
principal investigator in the PlanetLab
experimental platform.
Inter-domain policies, defined in the form of

Ponder2 mission policies, denote the duties of the
remote domain in terms of obligations it must
enforce, i.e. the management obligations that a
platform must fulfill against another platform in
a NOVI federation. These obligation policies are
written in terms of the corresponding interfaces
for each domain, denoting events, notifications,
local actions, and remote actions.

Events: These refer to a specific cross-domain
operation and can trigger its policies. They are
the events that can be received by the corre-
sponding interface in order to perform the
actions based on inter-domain policies.

Figure 3. GUI of the NOVI monitoring service.

11 Ponder2, http://pon-
der2.net
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Notifications: These are events that the inter-
domain policy can raise within either the local
domain in which it has been loaded, or a remote
domain. They can trigger actions based on other
policies that exist in each platform.

Local actions: These may be invoked by the
inter-domain policies in the domain in which it
has been loaded. They may be management
actions on local physical or virtual resources.
They are expressed as methods in the managed
objects that represent each resource.

Remote Actions: These may be invoked by an
inter-domain policy either when it is running
locally or in a remote domain. They control and
manage resources in a remote platform based on
the agreement between domains.

NETWORK STITCHING
Assigning and using virtual resources in a feder-
ated environment requires configuration, man-
agement, and control of multi-domain VNs
across an interconnecting substrate. Although
federation architectures, such as SFA, are capa-
ble of providing a homogenized way of interac-
tion between substituent domains, they do not
explicitly deal with data-plane stitching that is
the prerequisite for multi-domain operations.
The problem becomes more challenging when
dealing with widely heterogeneous network
resources (e.g. virtual machines with different
hypervisors, user-defined instances within dissim-
ilar networking equipment). This loosely coupled
environment needs to be managed and config-
ured within a stitched substrate, across diverse
networking technology domains.

NOVI’s network stitching approach was imple-
mented by introducing the NOVI Switch (NSwitch)
component, a software programmable switch,
based on the Open vSwitch (OVS). The NSwitch
distributed software complements NOVI’s federa-
tion architecture by providing a unified way of
interaction between heterogeneous domains at
the data-plane. It enables a virtual entity in one
domain (e.g. PlanetLab) to be connected at pro-
tocol Layer 2 (L2) with another virtual entity in a
remote domain (e.g. FEDERICA) taking into
account concurrence, isolation, elasticity, and pro-

grammability aspects. This is achieved with the
use of a specific implementation of a distributed
component (NSwitch driver) per testbed. 

Specifically, in order to map PlanetLab slivers
into an L2 broadcast domain, we adopted an
approach similar to the one developed within
the VINI12 project in the U.S. that used an Eth-
ernet over GRE (EGRE) mechanism to provide
point-to-point virtual network capabilities to
user configured virtual resources over the Inter-
net. NOVI’s NSwitch driver at the PlanetLab
testbed enhanced VINI’s capabilities by intro-
ducing the OVS software in PlanetLab’s host
operating system, thus enabling point-to-multi-
point virtual links. Inside the FEDERICA
domain, L2 data plane connectivity is provided
by means of VLANs used by logical routers,
switches, and VMs. The FEDERICA NSwitch
driver relies on processes running in a border
node with a public IP interface toward the Plan-
etLab side and a L2 connection toward the FED-
ERICA side. In essence, it performs the
translation of EGRE key values of packets origi-
nating from PlanetLab slivers to VLAN IDs of
FEDERICA resources (Fig. 5).

The distributed nature of the NSwitch mecha-
nism does not introduce scalability limitations as
far as the total number of concurrent network
slices is concerned. The use of well known and
widely supported network protocols (GRE tun-
nels and IEEE 802.1Q VLANs) ensures compat-
ibility with a large number of FI infrastructures.
Finally, the NSwitch does not introduce any sig-
nificant performance degradation on end-to-end
delays and bandwidth between virtual entities,
compared to physical (substrate) entities [10] .

NOVI SERVICE LAYER INTERFACES
The NOVI service layer (Fig. 1) supports two
interfaces:
• A northbound interface (NOVI API) that

provides the means to the user for interact-
ing with the NOVI environment.

• A southbound interface (request handler)
that is responsible for the communication
of the NOVI service layer with the federat-
ed testbeds.

Figure 4. Retrieving real-time monitoring information through the NOVI MS GUI.

12 VINI — A VIrtual
Network Infrastructure,
http://www.vini-
veritas.net
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The NOVI API: Provides the entry point for
interacting with the NOVI control and manage-
ment services. It has three main tasks:
• It accepts requests from authenticated users

containing resource requirements repre-
sented in the NOVI IM.

• It handles and delivers the request to the
appropriate component within the NOVI
service layer.

• It provides feedback to the users on how
their request is handled before the experi-
ment starts being executed in a combined
NOVI slice.

The user can follow the communication between
NOVI components in real-time and assess the
status of their request via a Web-based GUI
provided on top of the NOVI API. Thus, a user
can define a virtual network topology along with
the characteristics for requested resources. For
every request, the GUI generates an OWL docu-
ment based on the NOVI IM, which is sent to
the NOVI API as an HTTP request.

The Request Handler (RH): Acts as an inter-
mediate component between NOVI control and
management services and the federated sub-
strate. Its main purpose is to perform two types
of operations:
• Delivering resource allocation requests to

the underlying platforms.
• Enabling the RIS to retrieve information

from testbeds that are members of a NOVI
federation.
To this end, the NOVI IM specifications need

to be translated into platform-specific specifica-
tions. In our testbed implementation, this entailed
translating NOVI IM concepts into SFA RSpec

based on the ProtoGENIv2 RSpec.13 Note that
PlanetLab resource specifications are SFA enabled.
However, in the case of FEDERICA, several
extensions had to be made for SFA compliance of
network-specific resources, for example, logical
routers. Via this translation mechanism, the RH
enables users with a unified method to create,
update, and delete resources of his/her slice.

SCALABILITY ISSUES
NOVI provides methods and tools to federate
heterogeneous FI infrastructures. Experimental
testbeds can be added to and removed dynami-
cally from the NOVI innovation cloud. These
testbeds are managed by separate, yet interwork-
ing providers that can also add/remove resources
in each underlying substrate dynamically. The
NOVI SL should be able to leverage the addi-
tion of extra resources and testbeds. Therefore,
we investigated key scalability issues of the
NOVI framework such as the scalability of the
inter-domain topology embedding methodology
used in the NOVI framework.

Large Scale Topologies: We have evaluated
experiments requesting interconnected topolo-
gies of growing sets of resources per request
with regards to VN partitioning. The evaluation
results are reported in [8] and indicate that the
implemented approach effectively addresses time
performance/scalability issues for large incoming
requests (less than three seconds for a partial
mesh VN comprised of 350 nodes). Partitioning
time increases linearly with the number of
requested nodes at less than three percent
increase in the partitioning cost compared to an
exact algorithm.

Figure 5. L2 network federation example of heterogeneous virtual infrastructures (GRE & 802.1q pro-
tocols are used for L2 topology creation).
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Horizontal Scalability: The impact of the
addition/removal of testbeds within the NOVI
federation was also evaluated in [8] with regards
to the topology embedding approach. Two sets
of five and 10 distinct infrastructure providers
have been tested, signifying the effectiveness of
the implemented approach in a multi-domain
environment (less than two percent increase in
the partitioning cost compared to an exact
approach).

Regarding the addition/removal of resources
in each underlying platform (vertical scalability),
the performance of the resource allocation pro-
cess highly depends on the specific resource
mapping algorithm being used by each provider,
thus it is outside the realm of NOVI.

DEMONSTRATIONS AND
USAGE SCENARIOS

The NOVI prototype was demonstrated in two
flagship European Union events, namely FIA-
2011 (Future Internet Assembly, Poznan,
Poland, October 2011) and FIA-2012 (Future
Internet Assembly, Aalborg, Denmark, May
2012). In the former, the working prototype of
the NOVI framework was demonstrated, while
the latter demonstrated the creation of two con-
current interconnected slices utilizing specific
resources from both PlanetLab and FEDERICA
platforms, as depicted in Fig. 6.

The NOVI testbed was used to study net-
work performance aspects requiring a diversity
of network characteristics (QoS constraints).
For example, we conducted a video streaming
experiment across FEDERICA and PlanetLab
platforms. To conduct this experiment, a VLC
video server was installed in a FEDERICA VM
located within a FEDERICA host, while sever-
al video clients were launched in both FEDER-
ICA VMs and PlanetLab hosts. During the
execution of the experiment we obtained QoS-
related statistics with the use of the VLC player
software in the client side. The results showed
that FEDERICA users perceived considerably
better performance than PlanetLab clients, as
the video was produced from a QoS-enabled
environment (FEDERICA) and routed to
clients in a non QoS-enabled environment
(PlanetLab) over the best-effort public Inter-
net. This behavior highlights the ability of the
NOVI platform to cater to user-driven experi-
mentation in diverse interconnected networking
environments, which may arise as a require-
ment in federated usage scenarios.

Finally, the NOVI federation framework can
be exploited by FI researchers, and it can also be
used as an academic tool for graduate/under-
graduate courses. As a proof of concept, aca-
demic NOVI participants (NTUA, ELTE, UvA,
and UPC) created NOVI lab exercises that were
delivered to more than 100 students in the fall
2012 semester, as part of their academic train-
ing. The lab exercises consisted of slice creation,
update and deletion operations on the NOVI
integrated testbed, with the use of the NOVI
GUI. Instructions for three types of slices were
instantiated by the students via unbound, bound,
and partially bound requests.

CONCLUSION

The NOVI framework specifies a distributed
data, control, and management plane federation
architecture that respects individual domain
mechanisms and can be applied on stitched het-
erogeneous FI testbeds. As a proof of concept,
the NOVI framework has been developed and
successfully applied to federate a private Planet-
Lab domain with resources interconnected over
the best-effort Internet and FEDERICA, an
infrastructure of virtual resources interconnected
via dedicated L2 networking facilities of Euro-
pean NRENs and GÉANT. NOVI’s prototyped
architecture demonstrated the applicability and
validity of the framework on extending virtual-
ization across dissimilar platforms, resources (i.e.
computing and networking), and protocols.

Further development and adoption of the
NOVI platform can empower smart, user-con-
trolled configurations of virtual resources homed
in dissimilar yet stitched communities. NOVI
participants are active players in FI research and
innovation, both academic and industrial. Their
extensive experimentation on the NOVI testbed
demonstrated the capabilities and limitations of
individual and federated platforms. This pre-nor-
mative work could contribute to bridging FI
experimental federations with interconnected
cloud architectures and interworked public/pri-
vate data-centers, adding value via its intelligent
services, IMs, and composite algorithms.
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INTRODUCTION

Quality of Experience (QoE) is defined by ITU-T
as “the overall acceptability of an application or
service, as perceived subjectively by the end-user”.
Otherwise put, it describes the degree of the
end-user’s “delight or annoyance” when using a
product or service [1]. Inherently, QoE is a very
broad and generic concept, and as such it incor-
porates any conscious or unconscious aspects
that affect overall user satisfaction.

This generic notion of QoE has opened up
research to a variety of systems and application
domains. In this study, we narrow down the

scope to the telecommunications domain, where
QoE intelligence is of crucial importance, not
only to the end-consumers but also any stake-
holders involved in the service provisioning
chain. In telecommunication networks, despite
the catholic presence of inherently deployed
Quality of Service (QoS) mechanisms, QoE has
been an “afterthought”. No generation of
telecommunication networks has been originally
designed with QoE principles so far. Neverthe-
less, the system-centric view of QoS provisioning
is no longer sufficient, and it needs to be
replaced or complemented with more user-cen-
tric approaches [2]. Therefore, the shift from
QoS-centric to QoE-centric networks is an
emerging, open challenge.

Toward this direction, new architectures have
been proposed regarding the collection and
exploitation of QoE-related information. For
instance, a block diagram for the QoE manage-
ment of next generation networks (NGNs) is
proposed in [3], where adaptations to the NGN-
specific network attachment control and resource
and admission control functions are described.
Furthermore, a novel architecture for QoE sup-
port in Long Term Evolution (LTE) systems
requiring new, proprietary interfaces is described
in [4]. Other works focus on specific services,
such as the customer experience management
(CEM) system for IPTV described in [5]. Simi-
larly to the aforementioned examples, the major-
ity of current works proposes solutions tailored
to concrete systems or services. In parallel, stan-
dardization activities mainly handle the issue of
QoE estimation, a.k.a. “QoE modeling” [6],
leaving the end-to-end QoE provisioning realiza-
tion out of the discussion. Motivated by this
observation, this article proposes the required
steps for enabling QoE-based management in
the environment of mobile cellular networks.
Our contribution lies in identifying the design
challenges and requirements toward QoE provi-
sioning, namely a) gaining QoE awareness and
b) using this awareness to enable effective QoE-
centric decisions on top of mobile cellular net-
works (e.g. GSM, UMTS, LTE/LTE-A). In this
way, a better understanding of the challenging

ABSTRACT

Telecom operators have recently faced the
need for a radical shift from technical quality
requirements to customer experience guaran-
tees. This trend has emerged due to the con-
stantly increasing amount of mobile devices and
applications and the explosion of overall traffic
demand, forming a new era: “the rise of the con-
sumer”. New terms have been coined in order to
quantify, manage, and improve the experienced
user quality, with QoE being the most dominant
one. However, QoE has always been an
afterthought for network providers, and thus
numerous research questions need to be
answered prior to a shift from conventional net-
work-centric paradigms to more user-centric
approaches. To this end, the scope of this article
is to provide insights on the issue of network-
level QoE management, identifying the open
issues and prerequisites toward acquiring QoE
awareness and enabling QoE support in mobile
cellular networks. A conceptual framework for
achieving end-to-end QoE provisioning is pro-
posed and described in detail in terms of its
design, its constituents and their interactions, as
well as the key implementation challenges. An
evaluation study serves as a proof of concept for
this framework, and demonstrates the potential
benefits of implementing such a quality manage-
ment scheme on top of current or future genera-
tions of mobile cellular networks.
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topic of QoE in mobile cellular networks is
gained.

The remainder of this article is organized as
follows. We first provide a comprehensive com-
position of the QoE notion from a mobile cellu-
lar network’s perspective by describing, in an
end-to-end manner, the most important factors
influencing quality. Then we present a conceptu-
al framework toward QoE support, described in
terms of functionalities, interactions, and design
challenges. Afterward, realization issues for the
tight integration of the proposed QoE provision-
ing framework in mobile cellular networks are
identified, and evaluation results are presented,
using the LTE network as a case study.

THE INGREDIENTS OF QOE
QoE is a broad concept, embracing influence
factors from different domains and disciplines.
We adopt the approach of [1] and categorize
those factors into three major pillars, namely sys-
tem (here, network), human, and context, which
taken together, formulate the overall user QoE.
Moving one step further, we group the most
dominant factors per pillar, and illustrate how
QoE opinions are progressively formed during a
communication session (i.e. how these pillars are
connected) (Fig. 1).

The network pillar consists of any end-to-end
quality affecting parameters, as these are
described by the Quality of Service (QoS), Grade
of Service (GoS), and Quality of Resilience
(QoR) terms [2]. It embraces technical character-
istics of the traversed network, equipment specifi-
cations, application characteristics, and so on.
This pillar is strongly connected with network-
specific factors, which are particularly important
and decisive for the operator (see the “Network”

box in Fig. 1). In the case of mobile cellular net-
works, the most challenging and less investigated
factor is their inherent heterogeneity, referring to
the dynamic emergence of geographically dis-
tributed and overlapping smaller cells. On the
one hand, this heterogeneity better supports the
ever increasing traffic requirements, pushing
toward an increase of the end-user QoE, while on
the other hand it imposes higher interference and
more severe competition over the scarce spec-
trum resources, pushing toward a QoE decrease.

Moving on to the human pillar, we describe it
as the superset of four subcategories, where each
one comprises a unique scientific area that influ-
ences the overall user’s quality impression. Initially,
the area of Psychophysics quantifies the relation-
ship between a physical stimulus (e.g. sound/image)
and the resulting perception to the human sensory
system. Then, Cognitive Science studies the human
mind and how this works in terms of interpreta-
tion, reasoning, judgment, information processing,
and so on. Psychology and Sociology help under-
stand the human character and behavior both as a
unity and as part of the society, which uniquely
affects the user’s understanding of quality. Finally,
Decision Theory studies the rationality and opti-
mality in decision making.

Finally, the context includes any kind of back-
ground information that consciously or uncon-
sciously affects the user’s judgment. For instance,
QoE is influenced by the spatiotemporal envi-
ronment where the service is provisioned (open-
air crowded place vs. quiet office); the
equipment under use (mobile phone vs. tablet);
the service and content type (audio/video/text/
graphics); the content characteristics (head-and-
shoulder video vs. football game); the communi-
cation task (public safety vs. leisure browsing);
and other contextual information related to busi-

Figure 1. The three QoE influence pillars.
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ness or financial aspects (e.g. charging policy,
marketing, brand effect).

Depicted in Fig. 1 is the progressive formula-
tion of an end-user’s QoE during a communica-
tion session, presented in chronological order
(steps (1)–(7)). One source-generated signal is
entering the network (1), and its distorted ver-
sion reaches its destination (2), where it is per-
ceived by the target end-user as a visual/audio
stimulus (3). This stimulus is internally repre-
sented into the human brain, processed as infor-
mation content and in terms of quality (5). This
quality judgment is significantly affected by
numerous external factors, which all together
constitute the context of this communication sce-
nario ((4)-dashed). Following this, the quality
impression is further influenced by unique char-
acteristics of the human subject (e.g. demo-
graphic profile, current psychology, expectations)
(6). Finally, the formed quality perception is
expressed as a QoE score in a given scale (7),
such as the five-point mean opinion score (MOS).

A CONCEPTUAL FRAMEWORK
TOWARD QOE MANAGEMENT IN
MOBILE CELLULAR NETWORKS

In this section we propose a framework that
enables QoE management in mobile cellular
networks. To this end, we identify its required
building blocks, their inner functionalities, and
in-between interactions.

The structure of the quality provisioning
chain and the required interactions ((1)–(6)) are
presented in Fig. 2. In the core of the proposed
framework is a central QoE management entity,
which is implemented at an administrative loca-
tion of the operator’s network, on top of the
mobile cellular network depicted in Fig. 2 by the
“Network” cloud. This entity is able to collect
QoE-related input and apply QoE-driven net-
work management decisions. It consists of three
main building blocks: the QoE-controller, QoE-
monitor, and QoE-manager.

The QoE-controller plays the role of an interfac-
ing between the central entity and the underlying
network, synchronizing communication exchange
in both directions. It is in charge of configuring the
data acquisition process, by requesting and collect-
ing feedback from appropriate data sources (e.g.
some QoS indicators), as will be further analyzed
below (interactions (1) and (2) in Fig. 2, respec-
tively). The QoE-controller also decides and
imposes the periodicity of this process (through
(1)), namely it controls how often QoE input
should be generated/gathered, and consequently
how often QoE will be assessed. Having collected
the required data, this component provides input
of interest both to the QoE-monitor and the QoE-
manager ((3a) and (3b), respectively). More specif-
ically, it provides QoE-input data on a per flow
basis to the former, and information regarding the
current network state to the latter (e.g. network
topology, resource availability, etc.). Finally, the
QoE-controller applies any QoE-aware control
decisions back to the network, during the final step
of the QoE management loop (6).

Second, the QoE-monitor is responsible for

estimating the QoE per flow, that is, per user’s
session, and for reporting this to the QoE-man-
ager (4). Using network-derived input available
through the QoE-controller, the QoE-monitor
initially performs traffic classification to deduce
the type of traffic of the considered flow. This
procedure is feasible using statistical analysis
(e.g. [7]). Inside the QoE-monitor, already built-
in QoE assessment functions, referred to as
“QoE models” (i.e. formulas for quantifying a
service’s QoE) are available, different per traf-
fic/service type (e.g. video/voice/data). Depend-
ing on the identified traffic type, the proper
QoE estimation model is selected by the QoE-
monitor, followed by an estimation of the QoE.
It needs to be noted that all available QoE mod-
els are integrated offline into the QoE-monitor
by the operators, namely during the design phase
of the central QoE management entity and prior
to its real-time operation, which makes the origi-
nal selection of QoE models very crucial.

The last component of the proposed frame-
work is the QoE-manager, responsible for con-
ducting any type of customer experience
management (5a) or QoE-aware network man-
agement (5b). It uses a) input from the QoE-con-
troller regarding the current network state, b)
estimated QoE scores through the QoE-monitor,
and c) operator-specific information, such as net-
work policies or service level agreements (SLAs),
as a way to decide and dictate the necessary mea-
sures that need to be imposed on the network for
solving quality problems at hand. Decisions are
taken per flow or catholically, respecting user
policies (e.g. subscription profile, charging infor-
mation, etc.) and current network constraints
(e.g. availability in resources). Any QoE-trig-
gered decisions are clearly system-specific, in the
sense that their actualization depends on the

Figure 2. The proposed QoE management framework.

(1) Instructions controlling the QoE input data generation are sent to the network
(2) Input data from all data sources are collected by the QoE-controller
(3a) Processed QoE data per flow are sent to the QoE-monitor
(3b) Information regarding the current network state is sent to the QoE-manager
(4) Estimated QoE scores are reported to the QoE-manager per flow
(5a) Customer experience management procedures are performed
(5b) Corrective actions are triggered, if required
(6) The QoE-controller actualizes these corrective actions
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underlying network. The adaptation/control
actions that realize these decisions are applied to
the network through the QoE-controller (6).

Next we analyze key design issues per build-
ing block, starting with the QoE-monitor, which
performs the key process of estimating the QoE
per flow.

THE QOE-MONITOR
The main challenge in the implementation of the
QoE-monitor is the thoughtful selection of QoE
estimation models, different per traffic/service
type, to be integrated offline (a priori) into this
block. QoE models imitate the human processes
that occur inside a specific context each time,
given the network characteristics at hand. For-
mally defined, a QoE model is “a procedure that
aims to model the relationship between different
measurable QoE influence factors and quantifiable
QoE dimensions for a given service scenario” [8].
Consequently, the main purpose of this block is
to reliably estimate QoE, as if this assessment
was done by humans.

A plethora of QoE models can be found in
standardization bodies’ recommendations and in
the literature. For instance, ITU standardization
activities for IPTV QoE assessment can be found
in [9], while a detailed taxonomy of objective
speech quality models can be found in [10]. For
VoIP services, the “E-model” is commonly used,
mainly due to its valuable characteristic of pro-
viding distinct formulas for quantifying the
impact of packet delays and loss rates on QoE
(the “delay impairment factor” and “equipment
impairment factor”, respectively). For web
browsing services, QoE is strongly affected by
the web pages’ response/loading time, and for
file download services by the effective data rate.
The experienced quality in real-time video appli-
cations (e.g. IPTV) is mainly influenced by the
packet loss rate and burstiness, frame-rate,
bitrate, and content type. Finally, the QoE for
lossless video streaming services (e.g. YouTube)
is significantly affected by the number and dura-
tion of stallings, as well as the video start-up delays.

QoE models are mainly classified based on
their evaluation method [11]:
• Media-layer models make use of transmitted

and/or received signals. Based on the need
or not for the original source signal to be
used as input, they are further character-
ized as full-reference, reduced-reference, or
no-reference.

• Packet-layer models extract information
from packet headers, while bitstream mod-
els use both headers and payload informa-
tion.

• Parametric models use specific network
planning parameters and metrics, as well as
terminal design parameters.

• QoS-to-QoE mapping models are based on
the non-linear dependencies between QoS
parameters and QoE values.
Focusing on the challenging issue of model

selection, in Table 1 representative models per
evaluation method are described in terms of
their applicability to mobile cellular networks
(last column). To elaborate on this, information
on each model’s principle, required input, and
purpose is also provided.

As extracted from Table 1, the use of media-
layer models is not recommended for quality
estimation in these networks, due to the com-
plexity or even impossibility of setting them up.
On the contrary, parametric or packet-layer
models enable the acquisition of already avail-
able information through various network nodes.
However, packet-layer models are not well-stan-
dardized yet, and the collection and exploitation
of packet header information requires a lot of
original work. Thus, presently, parametric mod-
els seem to be the perfect candidates for real-
time QoE management. In addition, they require
less overhead and are capable of monitoring
communication sessions through heterogeneous
transport infrastructures, which is ideal for mod-
ern mobile environments [10].

Another guideline for proper model selection
is the avoidance of non-intrusive models, to avoid
injecting pilots into the system just for QoE test-
ing purposes and waste resources for that matter.
It is preferred to exploit information already
available inside the network under regular opera-
tion, which refers to actual, realistic communica-
tion scenarios. Finally, a general guideline is that
the selected models for feeding the QoE-monitor
block are of low complexity, well-standardized,
and able to be implemented in real-time on top
of existing network infrastructures.

As a final remark, it is worth mentioning, that
the selective generalization of the previous
model selection guidelines to other network
types, such as WiFi or Ethernet, is not excluded;
however, their analysis is not currently in scope.

THE QOE-CONTROLLER
The QoE-controller realizes the interface
between the central QoE management entity
and the underlying network, by enabling a bi-
directional communication exchange. Specific
design decisions need to be taken when design-
ing this building block.

Regarding the communication direction from
the network to the QoE-controller (illustrated as
(2) in Fig. 2), the strategic selection of appropri-
ate nodes used for the acquisition of QoE-relat-
ed input is a challenging issue. Input can be
collected by various distributed nodes located at
the core and access network (macro-cell/small-
cell base stations, routers/servers/gateways) cap-
turing service degradations, as well as by agents
installed locally at end-devices, capturing more
subjective QoE influence factors, such as context
and human characteristics (Fig. 3). Some guide-
lines on QoE/QoS data collection in 4G net-
works are given in [12]. In this work, the authors
propose the integration of active probes within
multiple network elements between the service
provider’s gateway and the access network, for
measuring network QoS indicators (e.g. through-
put, delay, jitter), transport key performance
indicators (KPIs) (e.g. round-trip times), and
application/service key quality indicators (KQIs)
(e.g. video frame rate, blurriness).

The appropriate type of collected QoE-relat-
ed input is another important issue. This input
refers to any kind of raw network data, real-time
measurements, statistical/historical information,
or information at the operator’s possession,
obtainable through: 
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Table 1. Overview of characteristic QoE estimation models.

Model
type Principle/technique Input Purpose/usage Applicability to mobile cellular net-

works (–cons, +pros)

Media-
layer: ITU-T
P.862
(PESQ)

Compares the original
reference signal with the
degraded output signal
(full reference type)

• The output (degraded)
speech signal 
• The input (original)
speech signal 
• Perceptual and cogni-
tive models are required
to process the two signals

•Laboratory monitoring
•Live testing of proto-
type or emulated net-
works 
• Quality benchmarking
• Codec evaluation and
selection

– The reference signal is not readily
available in real time => impossible
for real network monitoring 
– Computationally heavy 
– Raises privacy issues 
– Handles the network as a “black-box” 
+ May be used for network planning
purposes

Media-
layer: ITU-T
P.563

Requires a preprocessing
stage, a distortion esti-
mation stage and a sub-
sequent perceptual
mapping stage

• Output speech signal
• Types of calculated
signal parameters are:
basic speech descriptors,
vocal tract analysis,
speech statistics, static
SNR, segmental SNR,
interruptions/mutes

Non-intrusive speech
quality assessment, live
network monitoring and
testing with unknown
speech sources at the far
end side

– The model may not be accurate
when part of the output signal is miss-
ing due to network errors 
– Listening-quality evaluation only 
+ Live end-to-end quality monitoring
is feasible 
+ Not necessarily restricted to narrow-
band applications

Parametric
planning:
ITU-T
G.107

Provides a well-defined
computational formula
with specific input
parameters

• Quality parameters
from various network
constituents and the ter-
minals, e.g.: SNR, delay,
equipment impairment
(codec), echo, loudness,
packet losses 
• Advantage (compen-
sation) factor

•Performance evaluation 
•Network planning
application and terminal
design 
• Helps avoid “over- and
under-engineering” phe-
nomena

– In its original format the scope of
the model is not for in-service evalua-
tion 
– Extra signaling is required to gather
and transport the model’s input param-
eters to the QoE evaluation point
– Accurate only for specific recom-
mended application scenarios 
+ Can be simplified to transport-level
metrics for simple real-time monitoring 
+ The analytical model formulas are
not very difficult to implement

Hybrid:
PSQA

Implements statistical
learning tools from the
random neural network
(RNN) area

Network-wide and user
equipment, e.g.: code,
error correction, offset,
packet lossrate, mean
loss burst size, packeti-
zation interval, one-way
delay, jitter, etc.

To dynamically optimize
quality by understand-
ing the relations among
quality-affecting param-
eters and perceived QoE

– The model’s real-time applicability is
ambiguous due to human involvement
for training and validation 
– The implementation of RNNs in the
network invokes extra complexity 
+ Can capture the human-context-
technical factors’ influence

Packet-
layer: ITU-T
P.564

Extracts information
from the packets travel-
ling in the network
using DPI techniques

• Available at any mid-
network monitoring
points (probes, etc.),
e.g.: time-stamps,
sequence numbers from
packet headers, and/or
payload 
• Extra information
about e.g., endpoints
transferred through con-
trol packets

• Non-intrusive (passive)
quality monitoring 
• Live assessment for
reactive QoE control 
• SLA support

– Models have to be designed based
on this Rec. (not readily available yet) 
– Testing is required using a detailed
conformance test methodology 
– Extra processing load for the net-
work midpoints to analyze packets
(big data volume is produced) 
+ Help diagnose network problems at
any point 
+ Light model

QoS-to-
QoE: IQX
and WQL
hypotheses

• IQX: translates generic
network-level QoS to
QoE (exponential depen-
dency) 
• WQL: describes the
effect of physical stimuli
on human perception-
based on psychophysics
(logarithmic)

Any single QoS-degrad-
ing parameter (one per
mapping function), e.g.,
packet loss rate, setup
time of a wireless con-
nection, waiting and
response times, etc.

• QoE monitoring and
proactive QoE control 
• Already considered for
video on demand quality
performance assessment
(e.g. YouTube)

– The mapping function has to be esti-
mated beforehand and regularly vali-
dated 
– Depend on QoS parameters’ avail-
ability, for IQX: network-level, WQL:
application-level parameters 
+ Enable real-time QoE control mech-
anisms that build on QoS monitoring 
+ Enable smarter resource control
(allocate resources when users will
really perceive the difference)
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• Active (intrusive) or passive (non-intrusive)
probes on distributed network elements.

• Embedded agents/sensors on user-devices
that explicitly/silently collect usage data and
statistics (e.g. monitor video playout buffers
to predict stalling events).

• User-devices’ applications that request user
feedback.

• Any subscriber-related databases owned by
the operator (Fig. 3).
The data acquisition process needs to be

aligned with the QoE estimation models embed-
ded inside the QoE-monitor. Different input
parameters are required per model, and therefore
the two phenomenally different procedures of the
QoE-controller and QoE-monitor have to be
tuned offline. Therefore, the operator’s first task
is to select the appropriate QoE models, and then
to fine-tune the data acquisition process accord-
ingly (Fig. 3). The collection of input may be
based on packet-level information acquired
through deep packet inspection (DPI) techniques
(applies to packet-layer/bitstream models) or by
estimating communication-related metrics (para-
metric models). In the case that packet-layer
models are used, the characteristics and configu-
ration of endpoints should be known in advance,
or be acquired using Real-Time Control Protocol-
Extensive Reports (RTCP-XR). In addition, the
data acquisition procedure needs to be tuned a
priori with respect to the pool of decisions/actions
embedded inside the QoE-manager.

Regarding the communication direction from
the QoE-controller to the network (illustrated as
(1) in Fig. 2), we envision that the QoE-controller
is able to dynamically configure/administrate the
data generation and the data collection periodici-
ty, for example, by switching ON/OFF some
probes, based on the current network state. This
periodicity needs to balance between the
inevitable extra signaling overhead imposed in the
network and the timeliness of the acquired data,
or equivalently the accuracy of QoE estimations.

THE QOE-MANAGER
Currently, the only opportunity for network pro-
viders to assess the offered QoE of their prod-
ucts or services is during the design phase,
namely, prior to real-time operation. This may
be accomplished by purchasing special equip-

ment from third-party vendors, capable of per-
forming measurements of voice/audio-visual
quality through emulating the human percep-
tion. Operators may use such quality-measure-
ment suites as a way of testing the performance
of new services/devices, and thus accelerate the
time-to-market. This, however, is the only course
of action currently feasible; on the contrary, the
proposed framework opens up possibilities for
real-time quality monitoring and smart network-
centric QoE management based on the opera-
tor’s actual customer portfolio and realistic
communication conditions.

The first possibility enabled by the proposed
QoE-manager is to record and monitor real-time
quality estimations per session. Acquired QoE
intelligence can assist operators in comprehend-
ing and better managing their customers’ overall
long-term experience, increasing thereafter their
loyalty level. Operators may also benefit by
offering personalized services based on customer
profile analytics. Moreover, the opportunity
emerges for creating new QoE-based business
models, to the benefit of both the users (e.g.
receive differentiated quality upon demand) and
the network providers (correlate charges).

Another possibility is to improve the QoE of a
current flow, or to maximize the sum/average
QoE of the served users catholically, for example,
by expressing the total QoE as a utility function.
A quality improvement may be requested either
proactively or reactively. The former approach
requires the prediction of network problems via
QoE-based alarms, while the latter means react-
ing to problems already present. Potentially, any
network control measures (e.g. admission control,
flow prioritization, cross-layer scheduling) may be
implemented, respecting network policies and
constraints. The QoE-manager can also keep
track of the effectiveness of these decisions, and
hence be able to self-adapt and optimize the
methods used for solving quality problems.

Finally, through the QoE-manager, the
opportunity emerges to exploit QoE awareness
as a way to potentially save on network resources
without compromising the customer experience.
This may become possible either by identifying
moments and cases of operation when providing
extra resources to an end-user would not
improve the QoE perceived (e.g. [13]), or by

Figure 3. Illustration of the interactions between the QoE-controller and the various QoE data
sources.
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exploiting the non-linear relationships between
QoS and QoE, such as the ones quantified by
the IQX hypothesis and the WFL law [14]. The
former relationship claims a negative exponen-
tial dependency between the perceived QoE val-
ues and degrading QoS parameters, while the
latter describes the logarithmic impact of physi-
cal stimuli on human perception.

ENABLING END-TO-END
QOE SUPPORT IN MOBILE CELLULAR

NETWORKS: REALIZATION
ISSUES AND CHALLENGES

Mobile cellular networks with QoE management
aspirations may adopt and customize the pro-
posed framework. The network-specific decisions
that need to be taken are:

The physical location of the QoE manage-
ment framework inside the operator’s infra-
structure: Challenges include determining
whether this framework will be implemented as
a stand-alone entity or not, centrally or in a dis-
tributed fashion, as well as developing new inter-
faces to support communication with other
network nodes and the end-users.

The identification of the required QoE data
sources, the configuration of the data collection
periodicity, as well as the signaling between the
network and the QoE-controller: The main con-
cern is the minimization of the extra signaling
overhead imposed on the network, compromising
between scalability and estimation accuracy issues.
Also, the consumed power required for QoE-data
collection should be considered, mainly to avoid
drainage of the handheld devices’ battery.

The selection of appropriate QoE models for
the QoE-monitor: Research is needed on finding
ways to limit the imposed signaling required by
these models, and to reduce the complexity of the
QoE estimation process. Moreover, new models
will need to be devised in the future, mainly to
capture the long-term QoE and customer churn,
based on multiple, sequential episodes with the
same service. Additionally, context factors, as
described in Fig. 1, need to be captured and
reflected in future QoE models. Finally,
traffic/service classification performed in the
QoE-monitor is a very challenging issue, especial-
ly in the content-encrypted domain (e.g. HTTPS).

The type of decisions taken by the QoE-man-
ager and their actualization through the QoE-
controller: Since these decisions need to be
performed on a per flow basis, and since the
number of users in the network may be large,
scalability and complexity issues are raised here
as well.

Except for these technical challenges, the
operator needs to also account for some busi-
ness and legal aspects. First, ensuring end-to-end
QoE may depend on multiple network, service,
or content providers, especially at infrastructure
inter-connection points. Therefore, collabora-
tions and SLAs among different stakeholders are
required. Second, security and privacy issues are
raised, since potentially user-sensitive informa-
tion has to be traversed through the network for
QoE management purposes. Net neutrality issues

also emerge, especially if packet differentiation
is selected for QoE provisioning. Finally, the
operator needs to come up with proper business
cases and monetary incentives, before being con-
vinced to implement and commercialize such a
QoE management scheme.

EVALUATION RESULTS: THE LTE CASE STUDY
In this section we use LTE as a case study to
demonstrate the feasibility, performance, and
potential benefits of the proposed QoE manage-
ment framework, using simulation. To this end,
we have expanded the LTE-Sim [15] to support
this framework.

We first estimate the amount of extra signal-
ing imposed for QoE monitoring during the
real-time operation of this framework, as well as
the resulting accuracy of the QoE estimations.
Overhead occurs due to the communication
exchange between the QoE-controller and the
network, whereas communication among the
three main building blocks of the framework
takes place internally inside the central entity.
The QoE-controller is responsible for configur-
ing the periodicity of the QoE-related data col-
lection, referred to as the “QoE reporting period”.

For this study we simulate a heterogeneous
network, consisting of one macro-cell served by
an evolved-eNodeB (eNB), small-cells served by
home-eNBs (HeNBs) located inside 5 x 5 3GPP-
based building blocks, and finally uniformly dis-
tributed user equipment (UEs). We count the

Table 2. Basic simulation input parameters.

Parameter Values

Macro-cell radius 1 km

eNB TX power 43 dBm

HeNBs TX power 23 dBm

Number of UEs Scalable

Distribution of UEs Uniform inside the attached cell

Traffic load per user 1 VoIP call

VoIP codec G.729a

Duplex mode FDD (focus on downlink)

Channel bandwidth
10 MHz (split between macro cell and

small cell)

Scheduling algorithm Proportional fair

Flow duration 10 sec

QoE reporting period 0.1 – 10 sec

Maximum acceptable delay 0.1 sec

Packet loss robustness factor Zero

QoE estimation model ITU-T G.107 (E-model)
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number of messages collected by the QoE-con-
troller during configurable QoE reporting inter-
vals (in this case, one message per UE per
interval) roughly quantifying in this way the
imposed overhead. With the input parameters of
Table 2, we estimate how accurate the predicted
QoE scores are per reporting period, using as
reference the case where QoE-input is collected
per 0.1 seconds. We report the obtained results
in Fig. 4a, reaching the conclusion that there
exists a trade-off between the amount of signal-
ing overhead and the achieved accuracy in the
QoE predictions. The results are closely depen-
dent on the actual QoE estimation model used
(here, the “E-model”), and different signaling
requirements are expected by different models.

Nevertheless, this overhead may be counter-
balanced considering the new opportunities
enabled for QoE-driven network management.

As a characteristic example, we describe how the
proposed framework may be customized and
applied toward implementing a real-time QoE-
aware admission controller. We study the case of
a heavily congested outdoor small-cell, repre-
senting for instance scenarios where this small-
cell is used to serve a stadium during a concert
or football game. We evaluate the proposed
QoE management framework and compare it
with the conventional case, where in the absence
of QoE awareness, users are admitted based on
their positions or on received signal strengths
from surrounding base stations. The proposed
framework is customized as follows.

QoE-monitor: We study the case of UEs pro-
ducing VoIP traffic, and select the E-model
implementation for the purposes of QoE estima-
tion. Thus, the QoE-monitor provides the QoE-
manager with real-time estimations of the QoE
experienced per VoIP flow.

QoE-controller: The data collection proce-
dure is tuned, a priori, with the QoE modeling
function. Consequently, the E-model dictates the
periodic collection of:
• The average delay associated with the trans-

mitted packets, extracted through examin-
ing the timing information available inside
the received packets.

• The packet loss rate, estimated as the num-
ber of erroneously received packets over
the aggregate number of transmitted pack-
ets, measured by the number of negative
acknowledgments produced throughout the
QoE reporting period.

• The packet loss robustness factor (the aver-
age number of consecutively lost packets
over this number for the case of random
loss), acquired using statistical information
by intermediate network nodes.

• The codec type of the UEs, required to
select the appropriate E-model coefficients.
QoE-manager: The QoE-manager is informed

by the QoE-monitor about the estimated QoE
per VoIP flow, and consequently is aware of the
average QoE of the served UEs. If this QoE
score reaches a minimum acceptable threshold
(here, MOS = 3.5), the QoE-manager will
restrict the admission of new flows inside the
small-cell. Instead, those will be served by the
macro-cell. In this way, a QoE-driven admission
control mechanism is implemented.

To evaluate this framework, we generate a
constantly increasing number of VoIP flows
inside the small-cell, namely within the range of
the HeNB, using the simulation parameters of
Table 2, and we record the instantaneous aver-
age QoE in the system, while time progresses
(Fig. 4b). We observe a point when this QoE
drops below the predefined MOS threshold, due
to the increasing number of competing requests
for spectrum resources. This event triggers the
QoE-manager to restrict the admission of new
flows inside the small-cell, causing any newcom-
ers to be admitted by the macro-cell instead. If
the macro-cell is not severely congested, as is the
case here, the average system QoE will be lifted
above the threshold (blue plot in Fig. 4b), which
is not the case if this QoE admission mechanism
is not present (red plot).

In Fig. 4c we look at the same experiment in a

Figure 4. Evaluation results: a) Trade-off between the network overhead
and achieved accuracy in the QoE prediction; b) Real-time operation of
the QoE management framework; and c) QoE-driven admission control.
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more microscopic level, namely we evaluate the
achieved QoE level for users admitted either by
the small-cell or the macro-cell. Again, we observe
at some point a QoE drop below the threshold
(specifically, for 130 concurrent VoIP flows inside
the small-cell). At this point the QoE-manager
does not allow any new flows to be admitted by
the HeNB, and so the average QoE inside the
small-cell remains constant onward (red plot in
Fig. 4c). In parallel, the new flows, which are
forced to be served by the eNB, also receive good
QoE (green plot), subject, however, to the cur-
rent load of the macro-cell (note a small QoE
decrease from 1 to 90 admitted flows). Conse-
quently, we conclude that the application of this
QoE management framework surpasses conven-
tional admission control schemes, which would
force all new flows to associate to the HeNB
based on QoE-unaware criteria (blue plot).

CONCLUSIONS
Mobile cellular technologies, such as 4G and 5G,
are moving from network-centric to user-centric
approaches, by incorporating some kind of QoE
logic and intelligence. Toward this direction, this
article focuses on the integration of QoE acqui-
sition and QoE management inside these net-
works. A framework for end-to-end QoE
management is proposed, its viability is investi-
gated, and key challenges for its realization are
identified and discussed. Therefore, this work
contributes to the need to provide more struc-
tured and focused insight on the issue of QoE
management in mobile cellular networks, assist-
ing operators with QoE aspirations to adopt this
framework and customize it according to specific
requirements and needs.
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1 “KPIs” is a standard
term used in RAN and
SON management, that
provides network opera-
tors with a comprehensi-
ble overview of the
otherwise vast and tech-
nically complex perfor-
mance metrics namely,
Quality of Service or
Experience (QoS and
QoE), OPerational
EXpenditures (OPEX),
revenue maximization
and more.

INTRODUCTION

A self-organizing network (SON) is a radio
access network (RAN) equipped with self-*
management capabilities [1]. After being intro-
duced into the first release (8) of LTE, SON
technology continued to evolve and to enrich
LTE and LTE-Advanced technologies. Mobile
operators have shown a particular interest in
SON for different reasons. First, RANs are
becoming increasingly complex and heteroge-
neous with co-existing and co-operating tech-
nologies. Second, operators evolve in an
increasingly competitive eco-system and face
continuous erosion in operational margins. Fur-
thermore, the permanent increase in traffic
demand forces operators to continuously invest
in network infrastructure. In this context, opera-
tors need to reduce operational expenditure.

SON technology alleviates operational costs
and improves network performance and profitabil-
ity. It makes it possible to autonomously configure

newly deployed network nodes (self-configura-
tion), tune parameters to improve key perfor-
mance indicators (KPIs1) (self-optimization), and
perform diagnostic and reparation of faulty net-
work nodes (self-healing). Two types of solutions
in the process of field trials and first large scale
deployments are being developed today. One solu-
tion is distributed SON (D-SON), with SON func-
tions installed within eNodeBs. This solution can
be seen as control plane SON and is proposed by
infrastructure vendors. It has the advantage of
supporting reactive operation of SON functions,
for example, with time scale of the order of a
minute. The other solution is centralized SON (C-
SON), with SON functions deployed in a server
on top of the element management system (EMS),
namely in the network management system
(NMS)/OSS of the operator. C-SON can be seen
as a management plane solution and is developed
by both third parties and by infrastructure ven-
dors. C-SON can benefit from abundant data at
the EMS, but has limited reactivity, with a mini-
mum periodicity typically set to half or one hour.
Figure 1 depicts the D-SON and C-SON solutions.

In this work we claim that a solution that
addresses the shortcomings and combines the
benefits of both C-SON and D-SON can be
found by applying Software Defined Networking
(SDN) principles [2] to the management of
RANs. Accordingly, we propose a reference
Software-Defined SON (SD-SON) framework
for control plane SON. SD-SON will benefit
from the control plane high reactivity of D-SON,
that is, short time scale variations in traffic and
propagation conditions, while as in C-SON it will
yield benefits from a) short implementation
cycles, in contrast to software upgrades in RAN,
typically occurring once or twice a year; and b)
flexibility to introduce and evolve new SON and
management functions independently of stan-
dardization.

In accordance with SDN principles, the
framework offers a logically centralized entity
called the SD-SON controller, which
• Maintains a global view of the underlying

network.
• Provides well-defined application program-

ming interfaces (APIs) for developing and
introducing SON functions by anybody and
for dynamically programming their activa-
tion/deactivation and configuration on the fly.

ABSTRACT

SON technologies have been a promising
approach for simplified and automated RAN
management. Currently, SON functions can be
D-SON among the network elements or C-SON
as part of the OSS/NMS. D-SON technology is
typically provided by equipment vendors, while
C-SON is provided by both third parties and
equipment vendors. D-SON has high reactivity
but is usually provided as black boxes with poor
or no interoperability between different vendors
and management systems, hence rendering their
integration a challenging task. On the other
hand, OSS/NMS-level SONs, although provided
with a global network view, are limited to coarse
time operation. In this work we apply SDN prin-
ciples to the management of RANs and propose
a software-defined SON (SD-SON) framework
that tackles the shortcomings and combines the
benefits of both approaches above, namely, high
reactivity along with flexibility, programmability,
and openness. The architectural components,
implementation aspects, and advantages of the
proposed SD-SON framework are described in
detail. A proof-of-concept prototype of a pro-
grammable self-managed LTE-Advanced hetero-
geneous network is also presented.
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• Allows for SON function separation and isola-
tion for multiple third party SON providers.

Moreover, in order to achieve these goals an
appropriate abstraction similar to that of the
“flow” in typical data-center SDNs is required.
The key choice of abstraction in SD-SON are
the SON function, and its input and output (I/O),
namely the configuration parameter, and the met-
ric (KPIs).

SD-SON forms a common control substrate
and enables cross-vendor SON programmability.
SON functions can be provided by infrastructure
vendors, third parties, or the operator R&D, as
software upgrades in a vendor agnostic manner,
thus offering an opportunity to escape strong
vendor dependencies and to tackle EMS hetero-
geneity. This open and programmable environ-
ment presupposes that vendors are also willing
to “open” their equipment and comply with the
standards of the proposed SD-SON framework.
We believe this is a reasonable expectation for
future RAN systems, considering their ever
growing complexity and cost, and the current
trend toward softwarized networks and open-
ness. Cloud-RAN [3] is just one example where
the SD-SON framework could naturally fit.

RELATED WORK
SDN and flow-networking is not as significant in
RANs as it is in data-centers and core networks
that are mainly formed by switches and routers.
However, OpenRoads [4] adopts the OpenFlow
protocol as well as FlowVisor for the slicing of
mobile networks. Its main purpose is to enable
concurrent experimentation and to tackle mobility
issues such as the seamless handoff over different
radio access technologies. For the configuration
of network elements, OpenRoads employs SNMP
and a custom virtualization layer, which in combi-
nation with FlowVisor allows experimenters to
have virtually full control of the network.

On a different track, the SoftRAN architec-
ture [5] proposes a logically centralized control
plane through the abstraction of the so called
“Big Base Station” encapsulating all base sta-
tions in a RAN. Similar to CloudRAN [1] and
Cloudiq [6], it leverages the global network view
to simplify the implementation of the otherwise
non-trivial, network-wide functionalities, such as
load balancing, utility maximization, and Layer 1
coordination. SoftCell [7] targets the simplifica-
tion of cellular networks by, among other meth-
ods, placing middleboxes in the cellular core and
supporting high-level, subscriber-oriented poli-
cies that dictate the traversal of traffic through
those middleboxes. OpenRadio [8], on the other
hand, provides a rich, wireless protocol program-
ming interface of rule-action and state machine
models, similar to software radio.

Such approaches attempt to introduce SDN
to wireless networks. However, so far no focus
has been placed on SON programmability. The
contribution of SD-SON lies in the definition
and incorporation of new RAN-oriented and
SON-oriented abstractions in both the control
plane and the management plane.

Furthermore, management of SON can be
seen as a special case of autonomic network
management (ANM). ANM applies the ‘moni-

tor, analyze, plan, execute’ model of IBM’s auto-
nomic computing [9] in network management
and has been extensively adopted and used by
several research endeavours in the past. Only a
few focused particularly on SON [10], whereas
the majority focused on the definition and stan-
dardization of generic frameworks and common
adaptation layers for managing self-* functions
in an abstract way regardless of their context of
application. The Unified Management Frame-
work (UMF) [11] and the holistic Generic Auto-
nomic Network Architecture (GANA)
standardized by ETSI AFI [12] were among the
most recent ones.

Our work is greatly influenced by these archi-
tectures, and especially by the UMF [11], which
we adopt and enhance by applying SDN princi-
ples and by narrowing its scope to the manage-
ment of SON functions in RAN, toward our
SD-SON framework. Thus, although the concept
of a common adaptation layer is not novel, its
implementation for vendor-agnostic SON opera-
tion is very recent and it applies to the first sig-
nificant large scale instantiation of autonomic
management, i.e. SON.

SD-SON FRAMEWORK
HIGH-LEVEL ARCHITECTURE

The main functional blocks of the SD-SON
architecture are the management core, the SD-
SON controller, and the SON functions (here-
after, SONs). Figure 2 depicts an overview of
these components and their interfacing. From
the bottom up, network elements are required to
comply with the southbound (SB) interface of
the controller, i.e. register their parameters and
metrics and update them accordingly. The con-
troller is then responsible for exposing several
actions on those elements through its north-
bound (NB) interface. Such actions include, but
are not limited to, element discovery, generation
of events regarding metric values, and reading or
writing of parameters. SONs may use the NB
interface to apply their (potentially network-
wide) functionality in a vendor-agnostic way. For
their management, SONs are required to imple-
ment a management interface that is common

Figure 1. Typical positioning of SON functions in the control and manage-
ment planes.

Operator domain
Vendor domain

Low responsiveness /
large time scale C-SONs

Infrastructure layer

Vendor-specific D-SONs
local network view

(black boxes)

M
anagem

ent plane
Control and
data plane

Vendor X EMS

NMS/OSS

Integration effort

Vendor Y EMS

D-SON

TSAGKARIS_LAYOUT_Author Layout  7/6/15  2:42 PM  Page 155



IEEE Communications Magazine • July 2015156

regardless of their nature. Among others, this
interface is used to start or stop the SONs, apply
policies, and deploy them over particular net-
work elements.

In terms of practical deployment, SD-SON
can be deployed in a new network element or in
an existing one such as the mobility management
entity (MME) within the core network. A partic-
ularly attractive implementation of SD-SON
would be within the cloud-RAN. SD-SON can
be useful for all types of SON mechanisms: self-
configuration (e.g. switching eNodeBs on and off
for energy saving), self-optimization (e.g. inter-
ference mitigation, load balancing and off-load-
ing, coverage capacity optimization), or self-
healing (e.g. cell outage compensation).

An important aspect of SONs is that their
functionality (little gear in Fig. 2) is not neces-
sarily embodied by them, as in SON1. Alterna-
tively, as indicated by SON2, the main code of

the SON function may be downloaded into the
controller along with the required accompanying
meta-data such as the inputs, output, and the
criteria for invocation. Given this information,
the controller then undertakes the linkage of the
function with its I/O and its execution according
to the specified invocation criteria (e.g. every 60
seconds or whenever a metric changes). The
choice of whether to embody or download the
function logic into the controller is left up to the
SON designer and depends on several factors
such as the interaction with non-SD-SON sys-
tems (westbound), computational power require-
ments, time-scale constraints, and more. In
particular, downloaded functions (as in SON2)
enjoy higher reactivity, and fewer remote method
invocations (RMI), while they may have limited
interaction with unsupported SD-SON inter-
faces/libraries. The opposite holds for the stand-
alone SONs (as in SON1), which enjoy complete
programming and interfacing freedom at the
cost of REST-RMI implementation and delay
overhead.

INFORMATION MODEL
Metrics, Parameters, and Elements: No assump-
tion is made in the SD-SON information model
about the types of parameters, metrics, or net-
work elements. The design pattern followed con-
siders a specification (henceforth used inter-
changeably with type) for each instance of a con-
cept and is heavily influenced by TeleManage-
ment Forum’s shared information/data (SID)
framework [13], hence making the framework
easy to integrate with legacy management sys-
tems (OSS/NMS). Figure 3 is a simplified class
diagram of these concepts.

Metrics and parameters are similar in that they
both consist of a specification, an actual value
handler (i.e. the metric source and parameter
adapter, respectively), and an associated con-

Figure 2. High level SD-SON architecture.
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Figure 3. Metric, parameter, and element model of SD-SON framework.
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text/element. Many metrics or parameters may
have the same specification (1-to-N relation)
while each of them must be associated to a dif-
ferent context/element (1-to-1 relation). For
metrics, the context may be pointing to a net-
work element or some other entity such as a
subnet, or a cell cluster. On the other hand,
parameters are always associated to a network
element (physical or virtual).

The metric source is the endpoint for acquir-
ing metric values. It is not strictly required to be
the producer of the data, but rather the logical
source in the scope of the SD-SON framework.
The rationale behind it is to expose a common
data-retrieval interface regardless of the provider
(protocol/API) or the type of metric. Metric
sources also generate various kinds of events
regarding the state of their value with respect to
a range, a time interval, or the previous value.
Such events may be used, among others, to trig-
ger the invocation of SON functions or selective-
ly retrieve metric data.

Similar to the metric source, the parameter
adapter provides a common interface to read or
write a parameter value. Adapters may be imple-
mented for any kind of configuration protocol/
API (e.g. SNMP or NETCONF), while depend-
ing on the access type of their corresponding
parameter specification, they may allow read-
only access, read-write by a single entity at a
time, or read-write by multiple entities. This dis-
tinction between write access types is also used
by the controller to prevent write conflicts on
parameters as deemed necessary by their specifi-
cation. More sophisticated mechanisms can also
be introduced to the controller to resolve con-
flicting or inconsistent parameter settings,
depending on the deployment scenario per se.

Elements, in turn, are a conglomeration of
metrics, parameters, and other elements. This
recursive definition (elements within elements)
allows for reusability of types of equipment at
finer granularities. For instance, the antenna or
remote radio head (RRH) of a base station (BS)
can be considered as elements of the greater BS-
element. In this way, BSs with potentially differ-
ent specifications may share the same type of
antenna or RRH with the same parameters.

SON Function: The three most important parts
of a function definition are its inputs, output,
and body/code. Besides the specifications of
metrics or parameters taken as inputs and given
as output, it is required to specify which particu-
lar instances of metrics and parameters (equiva-
lently, which elements) to apply the function to,
along with when and how often to invoke/apply
it. For the former, SD-SON defines a list of
tuples called invocations accompanying any func-
tion. Each of them specifies the elements or con-
text of the parameters or metrics respectively, to
use as inputs and output on a single invocation.
For the latter, functions are also accompanied by
a set of triggers specifying when should a func-
tion be applied. Triggers may be based on either
timers, metric events, or both.

All the aforementioned properties are encap-
sulated by a data structure called SONFunction
and can be passed to the controller through the
NB interface for installation and execution dur-

ing runtime (as in Fig. 2, SON2). Alternatively,
they may be embodied within an external host-
ing entity (as in Fig. 2, SON1), in which case the
NB would be used only for getting/setting the
required/computed values.

SD-SON CONTROLLER
Through the SD-SON controller, and in particu-
lar its NB API, SONs can:
• Discover existing network elements and

topology.
• Retrieve or configure the value of parame-

ters.
• Monitor metrics or subscribe to events relat-

ed to metric value changes.
On the other side, network elements, metrics,

parameters, and their associations can be intro-
duced into the system through the SB interface
of the controller. Metric and parameter values
can then be updated through the SB while the
controller undertakes the synchronization with
any NB parameter writings.

Figure 4 depicts a functional overview of the
controller. The metric store is responsible for
maintaining an inventory of metric specifications
and sources. It is also the endpoint for register-
ing such specifications (“mspecs” in Fig. 4) and
the associated sources. The latter may reside
either inside the controller or the infrastructure
layer, enabling both centralized and distributed
data dissemination schemes, since the SONs can
retrieve data directly from them. In both cases,
each source is registered with one of the specifi-
cations in the controller so that interested enti-
ties may discover it. In order to minimize the
network footprint, bulk data may be pushed into
multiple sources at a time, in the case these are
maintained inside the controller.

The configuration manager keeps track of the
parameters, provides an interface to their
adapters, and ensures their access restrictions
are respected by the NB entities, according to
the parameter specifications (“pspecs” in Fig. 4).

The SON function linker undertakes compila-
tion and linkage of SONFunction objects to their

Figure 4. Functional overview of the SD-SON controller.
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specified inputs, outputs, and triggers. Linked
functions are then forwarded to the SON func-
tion sandbox for execution. Sandboxing is neces-
sary because functions are presented at runtime,
and executed within the controller’s process
space. Hence, the sandbox is in practice a script-
ing engine, restricting I/O access to other func-
tions, the controller internals, or the host
operating system, thus preserving controller sta-
bility in case of either intentional or accidental
misbehaving or uninterpretable (e.g. syntactically
wrong) code of a SON. Javascript was chosen for
coding SON functions, merely because of its
smooth integration/interoperability with Java (in
which the controller itself runs). Any other lan-
guage could have been used instead with a mini-
mum requirement to be able to load code at
runtime.

COMMUNICATION MODEL
Interfacing in the reference implementation of
the SD-SON framework is achieved through a
custom Java RMI mechanism which, in contrast
to the traditional one, uses HTTP to perform
remote method invocations. Using this approach,
integration time of different components is mini-
mized while both remote SONs and network ele-
ments can be introduced to the system at runtime.
From the developer’s point-of-view, using REST-
ful APIs, whether as a server or a client, hap-
pens completely seamlessly in the case of using
Java, i.e. because mapping of methods and
de/serialization (a.k.a. un/marshalling) of objects
between Java and HTTP are transparently
undertaken by the underlying RMI mechanism.

The data formats used vary from plain text to
XML and JSON. Although the framework
defaults to one of them when performing Java
RMIs, developers are free to post and request

any particular data format at will, as long as they
respect the specified data structure.

INSTANTIATION TO 4G LTE-A
STORYLINE

According to 4G LTE-A, small cells (e.g. pico
cells) can be used to offload macro cell traffic to
increase RAN capacity. This is often denoted as
load balancing (LB) among the macro cell and
the small cells. The latter can be deployed close
to the macro cell edge, where typically more
macro cell resources are needed to serve UEs,
and/or at hot spots.

To enhance off-loading capability, 3GPP has
introduced two jointly operating self-optimiza-
tion mechanisms [14]. The first is called cell
range extension (CRE) and aims at extending
the coverage of small cells by increasing their
cell individual offset (CIO) parameter. The CRE
is optimized using a LB SON. However, the traf-
fic at the extended coverage zone will suffer
from interference coming from the macro cell.
Therefore, a second mechanism is introduced,
namely, an interference mitigation which, on
certain time intervals of 1 ms, a.k.a. subframes,
mutes almost all macro BS transmissions. These
subframes are denoted as almost blank sub-
frames (ABS), and the ABS SON adjusts the
ratio of muted-to-transmission subframes for the
macro BSs. Further technical details of the func-
tioning of the two SONs can be found in [14, 15].

In order to illustrate the presented SD-SON
concepts, both SON mechanisms have been
developed as a generic implementation, while
ignoring the particularities of a vendor imple-
mentation for the eNodeB, EMS, NMS/OSS, or
any of their interfacing. The only assumption
made is that, given a SON development kit
(including the required SD-SON libraries and
APIs), a SON provider develops a function and
distributes/sells it as a hot-pluggable software
package (i.e. an SDN application). The instanti-
ated framework is responsible for providing
smooth adaptation for such SONs (through the
SDN-SON controller), and driving them through
their life-cycle (through the management core)
under the ultimate command of the network
operator empowered with real-time monitoring
insights.

NETWORK REGISTRATION AND
SON FUNCTION PROGRAMMING

The first step is to introduce the network ele-
ments to the SD-SON controller through its SB
API. Two element specifications will suffice in
this 4G LTE-A use case: one for the macro BS
and one for the pico BS, although a finer decom-
position into sub-elements (e.g. into antennas
and so on) could also be considered. In order to
provide an element specification, one needs its
parameter and metric specifications (pspecs and
mspecs in Fig. 4, respectively). In turn, element
specifications for macro and pico BS may be reg-
istered as a conglomeration of several parame-
ters and metrics, for example, with parameter
types for transmission/pilot power, location, ABS
ratio, and CIO, and metric types for load,
throughput, blocking rate, and so on. The next

Figure 5. An XML description of the load balancing SON function.

<son-function name=”CIO Load Balancing”>
<inputs>

<metric id=”load” value=”CURRENT”/>
<metric id=”load” value=”CURRENT”/>

</inputs>
<output>CIO</output>
<invocations>

<invocation>
<inputs>pico3, macro0</inputs>
<output>pico3</output>

</invocation>
<invocation>

<inputs>pico4, macro0</inputs>
<output>pico4</output>

</invocation>
</invocations>

<code> <![CDATA[
function(cio, picoLoad, macroLoad) (

var e = 0.05;
var delta = e * (macroLoad-picoLoad) ;
return Math.min(Math.max(cio+delta, 0), 12.0) ;

}
]]></code>
<triggers>

<trigger type=”METRIC_CHANGE_DRIVEN” metricid=”load”/>
</triggers>

</son-function>
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step would be to implement metric sources and
parameter adapters and register them to the
controller. Through the SB, network element
instances can then be created and associated
with their previously registered specification,
their metrics and parameters.

Following the registration of the network ele-
ments to the controller, SONs may use the NB
API to retrieve the required KPIs and configure
their targeted parameters. Figure 5 is a simpli-
fied, XML-formatted description of the CIO-
based LB SON presented earlier. Such a
description would be installed through the NB
API for execution inside the controller, unless
embodied within the external SON process.

The first XML node specifies the type of
inputs and output of the function. The LB SON
takes as input the “CURRENT” value of two
“load” metrics and configures as output the
parameter with name “CIO.” The next node,
“invocations,” is a list with tuples specifying the
particular elements (see child nodes) whose
loads is to be read from, as well as the elements
whose CIOs should be configured. In this exam-
ple, the function will be invoked twice (i.e. for
pico3 and pico4) per triggering.

The following “code” node contains the logic
of the SON to be executed per iteration. This
field may only contain a single Javascript func-
tion with arbitrarily named arguments. The fol-
lowing three lines of code correspond to
equation (2) in [15] with an additional minimum
and maximum value limitation. The measure-
ment unit of CIO is dB. The last node named
“triggers” contains the criteria for application of
the function. It specifies that it should be
invoked whenever the load changes. The ABS
SON would be similar in structure but applied
on a per-macro BS basis.

PROOF-OF-CONCEPT PROTOTYPE
An SD-SON proof-of-concept prototype has
been implemented and applied on a 4G LTE-A
simulated network according to the aforemen-

tioned use case. Twenty-one macro and 12 pico
BSs were simulated, out of which 18 macro BSs
were used to simulate surrounding cell interfer-
ence only. Figure 6 is a screenshot of the man-
agement core dashboard during the deployment
of the ABS and LB SONs. On the left hand side,
the blue sectors depict the three macro and their
12 pico cells considered for the SON deploy-
ment, namely macro/0, macro/1, and macro/2,
and pico/3 through pico/15.

For comparison purposes, the SONs have
been deployed only on macro/0 and its picos/3-6.
On the right hand side of Figure 6, a real-time
KPI and parameter evolution monitoring panel
illustrates the effects of the SONs. The red
curves correspond to macro/0 and the turquoise
curves to macro/1. Green curves correspond to
pico/3 (residing in macro/0 cell); blue curves cor-
respond to pico/10 (residing in macro/1 cell).
The horizontal axis is the simulation time in sec-
onds; the verticals are, from top-down, the evo-
lution of CIO, load, ABS ratio, and mean
number of users in the system.

The initial load is approximately 80 percent
for the macros and 20 percent for the picos. The
ABS SON is deployed over macro/0 early during
the simulation and maintains low values of
approximately 0.025 since the macro BSs serve
most of the traffic and therefore the ABS SON
keeps the muting ratio of the macro subframes
low. Due to the imbalance in the loads of macros
and picos, by the time the LB SON is deployed
over picos of the macro/0 cell, it starts increasing
their CIO. Indicatively, only the CIO of pico/3
has been plotted, as shown in the top chart of
Fig. 6. The next chart shows how a portion of
the load of macro/0 is off-loaded to its respective
pico cells (once again only pico/3 is plotted for
clarity), in contrast to the macro/1 cell, which is
operating without SONs. The third chart depicts
how the ABS SON increases the ratio of blank
subframes as the traffic served by the pico cells
increases due to the off-loading. Last but not
least, the bottom chart indicates a lower average

Figure 6. Screenshot of the SD-SON prototype during the deployment of SONs
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number of users in the system due to the better
distribution of load, which results in a lower ser-
vice time of elastic traffic.

Thanks to the SD-SON framework, SONs are
offered as distributable software packages,
deployed on-the-fly and without any assumptions
made about the BS/EMS vendor or interfaces.
That is, the same exact SON technology could
be deployed over a different real-life network,
only by porting the required parameter adapters
and metric sources.

In terms of efficiency and scalability, the sim-
ulation was running in around 120 times faster
than real-time. The controller was run on a 2.4 Ghz
CPU core and communicating over WLAN with
the simulator, and yet, the bottleneck was the
computing power of the machine running the
simulation. By using bulk data transfers on the
SB and well-packed JSON objects (without com-
pression), and taking into account the periodicity
of the SON function of the order of a minute,
and the low amount of data required for its
operation, only a small portion of the time was
spent interacting with the controller. This obser-
vation indicates that in a real-life pace, the pro-
posed system can be efficient enough.

SD-SON IN CLOUD RANS
Cloud-RAN [1] capitalizes on advances in opti-
cal and virtualization technologies to enable
massively centralized BS deployment by enabling
the connection of thousands of RRHs to a cen-
tralized, cloud-hosted, pool of baseband units
(BBU). Besides the benefits of hosting BBUs in
the cloud (pay-as-you-go, easier deployment and
updates, capability to support multiple stan-
dards), two additional advantages are identified
from a potential interplay between SD-SON and
Cloud-RAN:
(a) BBUs are co-located, thus they are physi-

cally capable of collaborating.
(b) BBUs are considered to be hosted on

commodity, a.k.a. commercial, off-the-shelf
(COTS), hardware (typically x86/ARM-
based servers) and not provided from the
vendor of the BS.
For SD-SON, (a) basically solves the issue of

placement and distribution of the controller
while it is a major boost to scalability. That is,
one instance of the controller may logically
reside in the same cloud host as the one for the
BBU pool. Their interfacing then would be
greatly simplified since the BBU pool would be
able to provide access to thousands of elements
from a single point, hence facilitating the cen-
tralized nature of the SD-SON controller. Of
course, although this physical/logical view seems
straightforward, such a logical interfacing is still
to be defined. On the other hand, (b) is obvious-
ly aligned with one of the major SD-SON
goals/benefits: vendor-neutrality and openness.
Given such a vendor-agnostic BBU pool, the
SD-SON controller SB can be greatly simplified
from the common adaptation layer provided.

Overall, for the reasons outlined above, inte-
grating the SD-SON SB with a cloud-RAN-
based architecture, whether fully centralized
(layer 1-3 functionality in BBU) or partially
(layer 2-3 functions in BBU), seems highly bene-
ficial as both approaches are aligned when it

comes to centralization and vendor indepen-
dence. Further to that, transport issues at the
SD-SON SB (such as latency and network over-
head) during the transmission of metrics and the
configuration of parameters are inherently tack-
led by the cloud-RAN due to the orders of mag-
nitude higher transmission requirements it has
(hence the use of optical links between the BBU
and the RRHs).

DISCUSSION AND CONCLUSIONS
A novel control plane framework for pro-
grammable and self-managed RANs has been
presented in this article. The following substan-
tial benefits resulting from the adoption of the
SDN principles in the SON technology are
observed:
• Programmable SON functions with highly

reactive operation are made possible.
• Control and management of SON functions

shift toward the operator domain and chal-
lenges vendors to open their equipment.

• Outsourcing of SON functions is enabled,
increasing competition and innovation.

• A broader network view for SON functions.
• Extensibility to new KPIs, parameters, and

elements (even during runtime) is enabled
by avoiding hard-coded models.

• Continuous evolution of the the SON
ecosystem (i.e. control and management
intelligence).
However, the proposed transitions are not

achieved without cost. A challenge is posed to
vendors to support and comply with a common
interface (i.e. the SB) and to open their equip-
ment. Another challenge is the integration of the
SD-SON management core with existing NMS/
OSS and BSS. Nevertheless, we claim that both
are worth the price and effort and are out-
weighed by the benefits. Furthermore, future
needs of SON deployment and management will
likely call for such flexible schemes and architec-
tures. Overall, the SD-SON findings seem capa-
ble of transforming the RAN into a smarter and
easier to manage system, by significantly facili-
tating the forecasted massive deployment of the
SON technology.
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1 Bluetooth operates on
2.4 GHz, while WiFi
Direct can operate on
both 2.4 GHz and 
5 GHz.

INTRODUCTION
Driven by the emerging proximity-based services,
such as local advertising and social networking
applications, device-to-device (D2D) communica-
tions are developed as an alternative communica-
tion method. With this technology, mobile users
in proximity can establish a direct link with each
other, bypassing the base stations (BSs). This
offloads the network infrastructure and increases
spectral efficiency. An important use case of
D2D communications is public safety, which has
attracted much attention in recent years. To bet-
ter shape the current Long Term Evolution
(LTE) for public safety, the Third Generation
Partnership Project (3GPP) is committed to two
main research topics: proximity service (ProSe)
capability [1] and group communications system
enablers (GCSEs) [2], targeting D2D communi-
cations and enhanced support for group commu-

nications, respectively. Besides public safety,
other use cases of D2D communications, as spec-
ified in [1], mainly focus on network offloading
and social networking applications. Based on cel-
lular network coverage, 3GPP categorizes D2D
scenarios in the following three types: in-cover-
age, out-of-coverage, and partial-coverage.
Specifically, in the in-coverage scenario, all D2D
users are covered by the BS. In the out-of-cover-
age scenario, no D2D users are covered by the
BS. In the partial-coverage scenario, only some
D2D users are in coverage.

Different from the well-known short-range
communication technologies like Bluetooth and
WiFi Direct, which work on the unlicensed
band,1 D2D communications are operator-con-
trolled and share the licensed band with com-
mercial cellular communications [3]. On the
unlicensed band, interference is uncontrollable
due to the lack of unified management. While
operating on the licensed band, operator-con-
trolled D2D communications can provide better
user experience through effective scheduling.

Scheduling in wireless networks helps resolve
problems in sharing available resources among
different users. It is expected to meet network
user requirements on delay, throughput, or other
quality of service (QoS) measures, and to achieve
specific design objectives like network through-
put and user fairness. Generally speaking,
scheduling mechanisms can be classified into two
types: centralized and distributed. In centralized
scheduling, resources are allocated by a central
scheduler that is aware of global network infor-
mation and all service requests. In distributed
scheduling, users compete for resources in a
decentralized manner and only have local knowl-
edge of network conditions. Different from the
scheduling in cellular networks or ad hoc net-
works, where only one type of user needs to be
considered, D2D communications involve two
types of users: normal cellular user equipments
(CUEs) and D2D users, complicating the design
of scheduling mechanisms.

The rest of the article is organized as follows.
In the next section, challenges of scheduling in
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D2D communications are discussed. Following
that, scheduling mechanisms in overlay mode are
considered. The major design considerations and
implementation challenges are first discussed,
and then an overview of current research is
given. Next, a distributed scheduling mechanism
is proposed. Then scheduling mechanisms in
underlay mode are summarized, and the differ-
ences from those in overlay mode are discussed.
Following that, the proposed scheduling mecha-
nism is evaluated based on simulations and an
experimental testbed. Conclusions are given in
the final section.

CHALLENGES OF SCHEDULING IN
D2D COMMUNICATIONS

A key distinction between D2D communications
and conventional ad hoc networks is that D2D
communications can rely on assistance from BSs
for scheduling, bringing about a better user
experience. Controlled by BSs, D2D communi-
cations should be compatible with the current
LTE-Advanced, which poses the following chal-
lenges in scheduling design: resource sharing
and timing synchronization.

RESOURCE SHARING
Resource sharing between D2D users and CUEs
plays a key role in network performance. Two
typical resource sharing modes are available:
underlay and overlay. Specifically, in underlay
mode D2D users and CUEs share the same
channels, whereas in overlay mode D2D users
have access to the channel resources that are
orthogonal to those used by CUEs. In underlay
mode, D2D users can fully utilize the available
bandwidth to improve the data rate, while the
interference from existing CUEs may interrupt a
D2D user’s transmission. In overlay mode,
although the interference from cellular transmis-
sion is avoided, an unsuitable bandwidth parti-
tion may not satisfy a D2D user’s minimum rate
requirement. To determine an optimal resource
sharing mode, the following factors should be
considered: available bandwidth, traffic volume
of CUEs and D2D users, and interference
between CUEs and D2D links.

TIMING SYNCHRONIZATION
In LTE-Advanced, scheduling for CUEs is syn-
chronized on the timescale of one subframe (i.e.,
1 ms). Asynchronous contention-based schedul-
ing schemes used in ad hoc networks are inappli-
cable to D2D communications due to their
incompatibility with the existing LTE architec-
ture. By employing the fine-grained timing infor-
mation from BSs (e.g., a beacon), an efficient
synchronous distributed scheduler can be devel-
oped for D2D users. However, achieving exact
synchronization for all D2D users is not easy,
because BSs may not be completely synchro-
nized [4]. This leads to timing offsets between
D2D users at cell edges. These cell edge D2D
users may fail to detect signals from each other.
Moreover, in partial-coverage or out-of-coverage
scenarios, where the timing signals of BSs are
limited or unavailable, timing synchronization is
even more challenging.

SCHEDULING IN OVERLAY MODE

In overlay mode, scheduling can be centralized
or distributed. With distributed scheduling, the
BS may only provide access authentication and
synchronization for D2D users. D2D users can
page each other freely and set up connections
autonomously without intervention from the BS.

DESIGN CONSIDERATIONS
Scheduling Criteria: Scheduling criteria play a
key role in determining concurrent transmissions
on the same frequency band. Two primary
scheduling criteria are available: energy-based
scheduling and signal-to-interference ratio
(SIR)-based scheduling. For energy-based
scheduling, the system defines an energy-based
threshold to determine whether the channel can
be reused by a link in the presence of existing
transmissions. For SIR-based scheduling,
whether links are permitted to share the same
channel depends on the SIR of the received sig-
nal. As long as the imposed interference does
not cause the SIR of each receiver to drop below
the given SIR threshold, the new transmission is
allowed to coexist with the existing transmis-
sions. It proves that SIR-based scheduling
achieves higher spatial reuse gain than energy-
based scheduling [4].

QoS Requirement: In D2D communications,
different D2D users may request services with
different QoS requirements. Thus, it is recom-
mended that the scheduler have QoS differentia-
tion capabilities. Specifically, for delay-sensitive
services such as voice and video conference, the
scheduler should serve them preferentially to
satisfy their strict delay and jitter requirements.
For interactive services with strict requirements
on packet loss rates, such as online games,
database retrieval, and web browsing, the sched-
uler should allocate high-quality subchannels to
them and carefully control the interference level.
With regard to best effort services, such as email,
SMS, and FTP, the scheduler does not need to
serve them immediately due to their loose
requirements on delay and data rate.

Compared to CUEs, the QoS of D2D users
is much more difficult to guarantee due to the
restrictions of available bandwidth and chan-
nel  est imation.  Due to the coexistence of
CUEs, the available bandwidth for D2D users
may be semi-static and affected by the cellular
traffic load. In centralized scheduling, it is
challenging for the BS to accurately estimate
the channel quality of a D2D link, because the
D2D link is set up directly and bypasses the
BS. In distributed scheduling, whether the
QoS of D2D users can be guaranteed also
depends on the measurement of channel quali-
ty, wherein the hidden node problem needs to
be considered.2

User Fairness: Due to different positions of
D2D users and time-varying channels, absolute
fairness is not realistic. In terms of timescale,
fairness is classified into short-term fairness
and long-term fairness. In LTE-Advanced,
these two types of fairness are achieved by two
corresponding schedulers: round-robin (RR) ,

2 The hidden node prob-
lem is caused by the lim-
ited receiver sensitivity
that occurs when a trans-
mitting node is out of the
sensing range of other
transmitting nodes.
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and proportional-fair (PF). The former assigns
equal available resources to users in a round-
robin manner to achieve short-term fairness.
The latter allocates each user a data rate that is
inversely proportional to its expected resource
consumption in order to provide long-term fair-
ness as well as high network throughput. Anoth-
er typical scheduler, the maximum carrier-
to-interference ratio (Max C/I) scheduler,
serves the user with the best channel quality in
the current timeslot, causing significant unfair-
ness to users with poor channel conditions.
Compared to centralized scheduling, consider-
ing fairness in a distributed scheduling mecha-
nism is more challenging due to the lack of
global network information and a central con-
troller.

Channel State Information: To improve the
performance of D2D links, the channel state
information (CSI) should be taken into account.
For instance, in an orthogonal frequency-divi-
sion multiplexing (OFDM) system, a user may
see different channel power gains at different
subchannels due to frequency-selective fading.3
Thus, scheduling D2D users to their best quality
subchannels can absolutely improve the overall
system throughput.

IMPLEMENTATION CHALLENGES IN
DISTRIBUTED SCHEDULING

Without a central controller, distributed schedul-
ing poses more challenges than centralized
scheduling. Due to the limited receiver sensitivi-
ty, each D2D user can only acquire local infor-
mation of the network, with which all D2D
connections need to reach a consensus on the
scheduling decision in a distributed manner.

How to Deal with the Uncertainty and
Inconsistency in Topology and Network
State among D2D Users: Lacking global net-
work state, D2D users have different “views” of
the network. An information exchange mecha-
nism may help solve the problem by allowing
users to collect and broadcast their local infor-
mation collaboratively. However, the rapid
change in network topology may incur much
overhead in achieving global information. There-
fore, it is recommended that distributed schedul-
ing should not depend much on the global
network state. With local information, it is of
great importance to decrease collision among
users and improve their consensus on the
scheduling decision.

How to Implement the Scheduling Mecha-
nism in an Efficient Distributed Way: With
support from the BS, we can devise synchronized
scheduling mechanisms to optimize network per-
formance. To decrease the scheduling overhead,
analog signaling [4], which is an energy-level-
based signal, is preferred to digital control pack-
ets. Furthermore, user traffic characteristics and
CSI should be incorporated into the scheduling
mechanism with low signaling overhead.

A SURVEY OF SCHEDULING MECHANISMS IN
OVERLAY MODE

For centralized scheduling, the scheduler has
global information of all D2D connections and
the assigned resource pool. In [5], an opportunis-
tic centralized subchannel scheduling algorithm is
developed to maximize the average sum rate of
the system. The BS opportunistically determines
the D2D user’s transmission mode and schedules
each user to an exclusive subchannel by consider-

Table 1. Scheduling mechanisms in overlay mode.

Technique Scheduling 
criterion

QoS 
requirement

User fair-
ness CSI requirement Algorithm Scheduler

Opportunistic
subchannel
scheduling [5]

N/A, concurrent
transmissions
are not permit-
ted

Guaranteeing a
minimum user
rate

Yes Perfect CSI at the
BS

Stochastic optimization:
using Lagrangian dual and
stochastic subgradient
algorithms.

Centralized

Energy-
efficient
scheduling [6]

N/A, using
adaptive 
modulation and
coding

No QoS guar-
antee No Perfect CSI at the

BS

Heuristic algorithm: allo-
cating each RB to user
with the lowest energy
per bit.

Centralized

Spatial reuse
[7] Energy-based

Limiting the
interference at
each D2D
receiver

No

Path loss and
multi-path fad-
ing distributions
at the BS

Greedy algorithm: allocat-
ing RBs to D2D links in
slow timescale and user
determines its MCS in fast
timescale.

Semi-distributed

Analog 
signaling [4] SIR-based No QoS guar-

antee Yes No
Random mapping: D2D
links randomly access their
priorities

Distributed

Analog 
signaling (DO-
Fast)

SIR-based
Providing QoS
differentiation
capabilities

Yes

Path loss and
shadowing at
each D2D trans-
mitter

Group Round Robin:
grouping users in terms of
service type and CSI, and
updating user priorities on
demand.

Distributed

3 OFDM is a frequency-
division multiplexing
scheme used as a digital
multi-carrier modulation
method. 
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ing the channel condition and QoS requirement
of each D2D user. As such, the user unfairness is
alleviated by satisfying a minimum rate require-
ment. In [6], an energy-efficient centralized
scheduler is considered where the BS assigns
each resource block (RB) to the D2D link with
the highest ratio of transmit energy to the num-
ber of transmission bits in this RB. Although the
scheduler achieves higher energy efficiency, it
ignores the user QoS requirement and does not
consider user fairness. Both of the algorithms in
[5, 6] require perfect CSI of D2D users in each
subframe, leading to very high signaling over-
head. To solve this problem, a semi-distributed
scheduling algorithm is proposed in [7], with
which D2D links are scheduled based on the
average channel power gain on a long timescale.
A D2D transmitter estimates the instantaneous
CSI and adaptively adjust its modulation and
coding scheme (MCS) level in each subframe.
However, with the energy-based criterion, the
algorithm cannot fully exploit the spatial reuse
gain. In addition, the QoS requirement and user
fairness are not considered.

For distributed scheduling, the scheduling
scheme is executed by D2D users themselves. A
typical distributed scheduler is FlashLinQ [4],
which is an OFDM-based synchronous medium
access control/physical layer (MAC/PHY) archi-
tecture for D2D communications and works on
the licensed band. To reduce the signaling over-
head, an analog signaling scheme is incorporated
to schedule D2D connections based on the SIR
criterion. In this scheme, D2D users perform the
scheduling algorithm by transmitting analog sig-
nals on different time-frequency tones. Com-
pared to the digital control packet, which includes
a sequence of bitstreams generated using a digi-
tal modulation method, analog signaling is an
energy-level-based signal. Fairness is guaranteed
by randomizing D2D users’ access priorities over
time. However, without considering traffic char-
acteristics, FlashLinQ treats all D2D connections
equally and does not have QoS differentiation
capabilities. Moreover, without utilizing CSI, the
random priority allocation scheme results in infe-
rior throughput performance. Table 1 summa-
rizes the existing scheduling schemes in overlay
mode in terms of techniques, design considera-
tions, and corresponding algorithms.4

APPLICABLE USE CASES AND SCENARIOS
Distributed scheduling mechanisms in overlay
mode are applicable to public safety communica-
tions where cellular coverage may be limited or
unavailable (i.e., in the partial-coverage or out-of-
coverage scenario). To satisfy the stringent service
requirements of high reliability and security, an
overlay mode synchronous scheduler is recom-
mended. Since public safety users are often clus-
tered, a D2D user can be elected as the cluster
head and treated as the virtual BS to assist in per-
forming synchronization among D2D users.

PROPOSED SCHEDULING MECHANISM IN
OVERLAY MODE

We propose a synchronous distributed oppor-
tunistic scheduling protocol under fairness con-
straint (DO-Fast) [8], aiming to provide QoS

differentiation capabilities and realize on-
demand scheduling for D2D connections. More-
over, we utilize CSI to improve system
throughput and consider user fairness. We con-
duct priority-based scheduling, in which user pri-
orities are determined by traffic characteristics
and CSI.

Figure 1 shows the frame architecture, which
consists of one control slot and Ndata data slots.
Timing synchronization is conducted at the
beginning of the discovery phase, which can be
achieved by utilizing the GPS, beacons of the
BS, and so on. D2D users utilize the channel
estimation phase to probe service types and
channel gains of their neighbors. In the link
ordering phase, each D2D user maintains a local
link list by recording information collected in the
previous phase. A data slot consists of priority
updating, link scheduling, and data transmission.
In priority updating, the user priority is updated
according to a rule and causes no control over-
head. The scheduling algorithm is adopted in the
link scheduling phase to determine the admissi-
ble D2D links in the current time slot. Similar to
[4], scheduling is implemented using an analog
signaling mechanism, where D2D connections
acquire distinct scheduling resources (i.e.,
OFDM tones) according to their priorities.
Therefore, there is a one-to-one mapping from
link priorities to OFDM tones, and the number
of priorities is determined by the amount of
scheduling resources. DO-Fast consists of the
following three parts.

Traffic Report and Channel Estimation: To
lower the overhead, accurate traffic characteris-
tics or CSI is not required. We use 2 bits to dis-
tinguish three typical types of services —
delay-sensitive services, interactive services, and
best-effort services — and 6 bits to differentiate
links with different channel qualities. We use
path loss and shadowing to distinguish the users’
channel qualities, and employ a QoS class identi-
fier (QCI) to characterize the service type. For
instance, the QCIs for voice, interactive gaming,
and data are 1, 7, and 9, respectively.

Figure 1. Frame architecture of the proposed scheduling mechanism in
overlay mode.

Control
slot

Data
slot 1

. . . Data
slot Ndata

Discovery Link
establishment

Control slot

Channel
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Link
ordering

Priority
updating

Data slot

Link
scheduling

Data
transmission

Tframe

4 In Table 1, N/A means
not applicable.
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Local Link Ordering Scheme: The link priori-
ty is determined by using a weighted-sum
method, Priority =w1 · f(traffic) + w2 · f(chan-
nel) with w1 + w2 = 1, where f(·) and f(·) are
used to characterize traffic and channel quality,
respectively. Weights w1 and w2 reflect the rela-
tive preference between QoS differentiation and
system throughput, which can be set on demand
to achieve different performance levels. Setting a
higher weight for traffic provides better QoS dif-
ferentiation capabilities, while a higher weight
for channel quality leads to higher network
throughput. Each D2D transmitter maintains a
local link list with a descending priority order
and obtains its scheduling resource according to
the link priority. However, due to the limited
sensing range, even adjacent links may obtain
different local link lists. To decrease the collision
probability, we design a local link ordering
scheme with which each D2D connection selects
its own resource index from a candidate set. For
more details, please refer to [8].

Group Round-Robin Priority Updating
Scheme: To improve the short-term fairness
among links, a group RR (GRR) updating
scheme is proposed to update the priorities of
D2D connections in each data slot. In particu-
lar, D2D connections in descending priority
order are divided equally into two groups: group
A and group B. The two groups take turns
obtaining the higher priority, and more times of
higher priority are given to group A to satisfy
strict requirements of these links. Moreover,
within the same group links randomly select
their priorities with a hash mapping algorithm
in each data slot. As such, system throughput
can also be improved because more scheduling
opportunities are given to links with better
channel quality. The ratio of higher priority
time slots for group A to those for group B is
set to satisfy the QoS of users with strict require-
ments. When there is a large number of users, it
is impossible to guarantee the QoS of all users.
In this case, a threshold is set to satisfy most
users. A comparison of the DO-Fast scheme
with the existing scheduling schemes in overlay
mode is summarized in Table 1.

SCHEDULING IN UNDERLAY MODE
In underlay mode, D2D users share the same
resources with CUEs, leading to mutual interfer-
ence between CUEs and D2D users. To well
coordinate the interference between these two
types of users, D2D scheduling mechanisms are
usually centralized and controlled by the BS. In
LTE-Advanced networks, CUEs can operate in
frequency-division duplex (FDD) mode or time
division-duplex (TDD) mode. Thus, it is a basic
requirement for operators to support D2D com-
munications in both duplex modes.

DESIGN CONSIDERATIONS
The design considerations for scheduling in
overlay mode are applicable to the scheduling in
underlay mode (i.e., scheduling criterion, QoS
requirement, user fairness, and CSI). Moreover,
the following aspects should be also taken into
account.

Resource Sharing: For a given cellular trans-
mission, the BS is the victim of interference
from D2D transmitters reusing the same cellular
resources in the uplink sharing. The interference
depends on the D2D transmission power and
channel gain between the BS and D2D transmit-
ter. Similarly, in the downlink sharing, the receiv-
ing CUE is the victim. To schedule D2D users,
operators should take into account the mutual
interference between cellular transmission and
D2D connection.

Relative Priority — Because of the coexistence
of CUEs and D2D users, the scheduler should
consider the relative priorities of these two user
types. If higher priority is given to cellular trans-
missions, the scheduling policy for D2D users is
more passive. D2D users can be scheduled on
condition that the existing cellular transmissions
are well protected. In this case, D2D users are
treated as secondary users as in cognitive radio
networks. If D2D connections have higher prior-
ity, the scheduler can make full use of resources
to preferentially meet QoS requirements of D2D
users. From the perspective of system perfor-
mance, operators are expected to make a joint
scheduling policy by considering both D2D con-
nections and cellular transmissions to optimize
the overall system. This means that no explicit
priority exists, and the user making the greater
contribution to the throughput or fairness tends
to be scheduled first.

IMPLEMENTATION CHALLENGES IN
UNDERLAY MODE

On What Timescale Should the Scheduling
Operate: For each scheduling, the BS needs to
measure channel quality, gather users’ reports,
consider the available resources, and process all
the information to make the scheduling decision.
This leads to large control overhead and power
consumption. Therefore, the timescale should
not be too fine in order to ensure relatively low
overhead. On the other hand, to guarantee the
timeliness and accuracy of CSI, the timescale
should not be too coarse. Thus, a trade-off exists
between scheduling accuracy and control over-
head.

What Information Should Be Reported to
the BS and What Reporting Mechanisms
Should Be Used: The required information is
channel states of all related users. In addition,
buffer status, traffic load, and service type are
also helpful in scheduling design. In FDD mode,
users utilize the pilot or reference signal sent by
the BS to estimate the instantaneous downlink
channel state and then report it to the BS
through a dedicated feedback channel. The
uplink channel estimation may not be as straight-
forward due to the lack of reference signals from
users. In TDD mode, the BS can estimate the
uplink channel state using the downlink pilot
based on channel reciprocity. To facilitate uplink
channel estimation, 3GPP defines two types of
reference signals in the LTE-Advanced net-
works: demodulation reference signals (DM-
RSs) and sounding reference signals (SRSs).
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A SURVEY OF SCHEDULING MECHANISMS IN
UNDERLAY MODE

Most prior works prioritize cellular transmis-
sions. To reduce interference from D2D trans-
mitters, one effective way is to limit the number
of D2D links sharing the same bandwidth with
existing CUEs. In [9], with the SIR-based criteri-
on considered, an interference coordination
scheme is proposed where each CUE is permit-
ted to be reused by at most one D2D link in the
uplink. D2D users probe the existing interfer-
ence at each RB and report the information to
the BS, with which the BS makes the scheduling
decision by satisfying the CUE’s QoS require-
ment. A three-stage scheduling scheme is pro-
posed in [10] to maximize the network
throughput while guaranteeing the QoS of both
types of users. Admission control is first per-
formed, and then power allocation is conducted
for each admissible D2D link and its potential
CUEs. In the last stage, a suitable uplink trans-
mitting CUE is selected as the partner of each
admissible D2D link through a maximum weight
bipartite based scheme. However, both [9, 10]
are proposed to maximize the total network
throughput without considering user fairness.

A greedy heuristic resource allocation is con-

sidered in [11], where the CUE with the best CSI
of CUE-BS link is allowed to share resources with
the D2D connection with the lowest CSI of the
CUE-D2D receiver link. Three schedulers are
compared, RR, Max C/I, and PF, where the PF
scheduler is shown to get a better trade-off
between throughput and user fairness. Although
the algorithm is easy to operate, it leads to large
signaling overhead. In [12], a Stackelberg game
framework is developed to execute joint channel
allocation, power control, and user scheduling, in
which a fairness coefficient is defined to adjust
the trade-off between system throughput and user
fairness. With perfect CSI, the BS schedules a
D2D link to reuse a CUE’s uplink RB based on
the achievable utilities of the D2D link. However,
the QoS requirements of CUEs and D2D links
are not considered. The scheduling schemes pro-
posed in [9–12] permit one CUE’s RB to be
reused by only one D2D link, which cannot
achieve higher system throughput. To enhance
the spectral efficiency, a low-complexity iterative
combinatorial auctions (I-CAs)-based scheme is
investigated in [13], where the system sum rate is
maximized by allowing multiple D2D links to
share one CUE’s channel resource. However,
more complicated CSI is required due to the
additional mutual interference among D2D links

Table 2. Scheduling mechanisms in underlay mode.

Technique Scheduling
criterion

QoS require-
ment

User
fairness

CSI require-
ment

Resource
sharing

Relative
priority Algorithm

Interference
coordination
[9]

SIR-based No QoS guar-
antee

No
Perfect CSI at
the BS

Uplink
Prioritizing
CUE

Hungarian algorithm: solving
the maximum matching of a
bipartite graph.

Three-stage
scheduling
[10]

SIR-based
Satisfying the
target SINR
requirement

No
Perfect CSI at
the BS

Uplink
Prioritizing
CUE

Kuhn-Munkres algorithm:
solving the maximum weight
bipartite matching problem.

Intelligent
resource
allocation
[11]

SIR-based
Satisfying the
target SINR
requirement

Yes
Perfect CSI at
the BS

Uplink and
downlink

Prioritizing
CUE

Heuristic algorithm: a D2D
link with the lowest CSI of
CUE-D2D receiver link shares
RB with the best CSI of CUE-
BS link.

Joint
scheduling
and resource
allocation
[12]

N/A, using
adaptive
modulation
and coding

No QoS guar-
antee

Yes
Perfect CSI at
the BS

Uplink
Prioritizing
CUE

Stackelberg game: a game
theory model treating CUEs
as leaders and D2D users as
followers.

Combinatori-
al auction-
based
scheme [13]

N/A, using
adaptive
modulation
and coding

No QoS guar-
antee

No
Perfect CSI at
the BS

Downlink Prioritizing
CUE

I-CA scheme: a game theory
model treating CUEs as bid-
ders and D2D links as pack-
ages.

Maximizing
spatial reuse
gain [14]

SIR-based
Satisfying the
target SINR
requirement

No
Perfect CSI at
the BS

Uplink
Prioritizing
CUE

GRA algorithm: using tools
from graph theory and
scheduling D2D links in
ascending order of their inter-
ference to other D2D links.

Interference
avoidance
[15]

Energy-
based

Limiting the
interference
at each D2D
receiver

No

Path loss and
multi-path
fading distri-
butions at the
BS

Uplink
Prioritizing
D2D

Distance-constrained
resource sharing: controlling
the distance of CUE sharing
the same RB with the given
D2D link.
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sharing the same resources. In addition, neither
D2D user QoS requirements nor user fairness are
considered. To maximize the number of admissi-
ble D2D links, [14] proposes a greedy resource
allocation (GRA) algorithm by guaranteeing the
QoS requirements of CUEs and D2D links. With
the necessary CSI information, the BS constructs
a conflict graph for all potential D2D links at
each CUE’s uplink RB. A D2D link imposing less
interference on other D2D links will be preferen-
tially scheduled to reuse the given RB.

D2D throughput can be improved by giving
higher priority to D2D users. In [15], a D2D link
is scheduled to share the cellular uplink resource
by using the energy-based criterion. The interfer-
ence from the CUE to the D2D receiver is con-
trolled by keeping a minimum distance between
the CUE and the D2D receiver. With the CUE’s
location information and the channel fading dis-
tribution, the optimal minimum distance is
derived to minimize the D2D user’s outage
probability. However, the D2D user fairness is
not involved. The existing D2D scheduling mech-
anisms in underlay mode are summarized in
Table 2 in terms of techniques, design considera-
tions, and corresponding algorithms.

APPLICABLE USE CASES AND SCENARIOS
The centralized scheduling mechanisms in under-
lay mode are more likely to be applied in net-
work offloading and social networking
applications in in-coverage scenarios. To effi-
ciently offload the network infrastructure via
D2D users, the BS needs to acquire the global
network state and recognize the traffic hot zones.
Moreover, the BS should have a good knowl-
edge of interference between D2D users and
existing CUEs. For social networking applica-
tions, a centralized scheduler is helpful to pro-
tect the privacy of D2D users and satisfy their
different QoS requirements.

PERFORMANCE EVALUATION OF
SCHEDULING IN OVERLAY MODE

In this section, we highlight the performance of
DO-Fast in system throughput and average
scheduling delay (inter-schedule delay) by com-

paring it with two other typical scheduling mech-
anisms, FlashLinQ [4] and opportunistic strategy,
based on simulations and an experimental
testbed, respectively. With FlashLinQ, scheduling
priorities are randomized over time to maintain
user fairness. Opportunistic strategy aims at max-
imizing the network throughput, where available
resources are preferentially allocated to links
with better channel quality. As shown in Table 1,
the key characteristics of the DO-Fast scheduler
are that it targets on-demand scheduling where
users are differentiated by traffic characteristics
and CSIs, and user fairness is taken into account.

We consider two types of traffic, voice and
data, to represent delay-sensitive services and
best-effort services, respectively. Half of the
links transmit voice, and the others transmit
data. In DO-Fast, group A takes the higher pri-
ority in 70 percent of the data slots, while group
B takes the higher priority in the remaining 30
percent. The scheduling criterion is based on the
SIR, and the decoding threshold is set to 9 dB.

SIMULATION RESULTS
Figure 2a depicts the average scheduling delay.
For FlashLinQ, the two types of links have the
same delay performance due to lacking QoS dif-
ferentiation capabilities. Opportunistic strategy
just considers channel state, and only links with
better channel qualities can be scheduled. This
results in extreme unfairness to users with poor

Figure 2. Simulation results: a) CDF of average scheduling delay; b) system throughput.
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channels. DO-Fast provides better performance
in scheduling delay for delay-sensitive services
and causes little deterioration to the overall
average scheduling delay. Figure 2b shows the
system throughput performance. We observe
that DO-Fast outperforms FlashLinQ by exploit-
ing the CSI of links, while opportunistic strategy
achieves the highest throughput. It shows that
DO-Fast provides QoS differentiation capabili-
ties and achieves higher network throughput.

TESTBED SETUP
With the Universal Software Radio Peripheral
(USRP) board, we set up a testbed with four
D2D devices forming two D2D connections,
connection 1 and connection 2. As shown in
Fig. 3, the testbed is placed in a 6 m × 10 m
laboratory where each D2D user consists of a
USRP and a PC. The two connections are dif-
ferentiated by link length and service type.
Connection 1 is much shorter than connection
2. The former transmits voice, and the latter
transmits data. Note that connection 1 has bet-
ter channel quality and stricter delay require-
ment than connection 2. We first separate the
two connections far from each other to create a
coexistence scenario. Then we move them close
enough to create a non-coexistence scenario,
where only the higher-priority connection can
get access to the channel due to severe mutual
interference. To collect results, each device
records the average link rate and number of
time slots to which the device is admitted or
scheduled (scheduled time slots).

The experimental results are given in Fig. 4,
where the average normalized number of sched-
uled time slots and system throughput (sum
rate) are presented in Figs. 4a and 4b, respec-
tively. Normalized number of scheduled time
slots is the ratio of time slots to which a D2D
link is scheduled to the total time slots, while
throughput is normalized with respect to the
sum rate of the two connections in the coexis-
tence scenario. We observe that the three
scheduling schemes achieve the same perfor-
mance in the coexistence scenario due to simul-
taneous transmission of both links. In the
non-coexistence scenario, the higher priority

ratio between the two connections in FlashLinQ
and DO-Fast is about 5:5 and 7:3, respectively.
Opportunistic strategy gives nearly all access
opportunities to connection 1. We observe that
DO-Fast provides QoS differentiation capabili-
ties by giving more access opportunities to ser-
vices with strict QoS requirements (i.e., voice).
Moreover, by exploiting CSI and considering
user fairness, DO-Fast achieves higher through-
put than FlashLinQ, and obtains better user fair-
ness than opportunistic strategy.

CONCLUSIONS
In this article, we investigate scheduling mecha-
nisms in D2D communications and provide an
overview on the state of the art. We discuss
technical considerations and implementation
challenges of scheduling and propose an on-
demand distributed synchronous scheduler, DO-
Fast. This scheduler has QoS differentiation
capabilities by considering the traffic characteris-
tics, and exploits CSI to improve network
throughput. A GRR priority updating scheme is
further designed to enhance user fairness. Exper-
imental and simulation results validate the supe-
riority of the proposed mechanism.

As for scheduling, channel measurements and
interference coordination are very important.
Future research directions may include designing
the bearer control architecture for D2D commu-
nications to help BSs collect channel reports,
and combining physical layer technologies with
the MAC layer to devise low signaling overhead
schedulers.
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Figure 4. Experimental results: a) number of scheduled time slots; b) throughput comparison.
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SERIES EDITORIAL

he goal of ad hoc networking is primarily to provide
connectivity and networking where there would oth-

erwise be none. This process has started, and such net-
works are beginning to appear [1, 2].

There can be many reasons for lack of connectivity. For
example, in Yellowstone National Park, the single avail-
able cell tower is insufficient to provide all the bandwidth
desired by visitors when the Old Faithful geyser erupts.

This particular lack of connectivity is episodic and
usage-dependent, since in this case connectivity is satisfac-
tory as long as usage is limited.

Other cases may have more structural and long-term
causes for the lack of connectivity. The most typical exam-
ple is that after a severe disaster, some of the infra-
structure-based connectivity may fail. Many rural areas
also lack connectivity. Areas with too few paying customers
to justify siting expensive infrastructure are also less likely
to be connected.

In situations like these and many more, ad hoc net-
works can and should be used for interpersonal communi-
cations. For that reason, several projects have been started
to support ad hoc communication among the mobile
devices that people carry throughout their daily lives.
These projects include the AllNet project [3] and the
SCAMPI project [4, 5]. Evaluating the effectiveness of dif-
ferent designs for such ad hoc networks is essential to pro-
viding good service.

The article in this series by Solmaz and Turgut provides
some of the information needed for such evaluation, by
characterizing mobility of people in theme parks in case of
disasters. Since information about the actual movement of
people in these situations is lacking, this kind of analysis is
essential for providing solid evaluations.

The article looks at maps from actual theme parks and
applies the Social Force Model (SFM) to effectively simu-

late interactions between the motions of different individu-
als. The 2000 individuals in the simulation are assumed to
be carrying mobile devices that may interact with each
other, and the article then reports some of the resulting
network statistics.

As always, we want to give special thanks to the many
reviewers for their careful reviews of the articles and very
helpful suggestions for improvement.
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INTRODUCTION

Theme parks are large and crowded areas with
thousands of daily visitors from all over the
world. In areas such as Central Florida, which
hosts five of the top ten theme parks with high-
est attendances in the world [1], the theme parks
can represent a significant part of the region’s
economy. At the same time, the region also has
a history of natural disasters including hurri-
canes, tornadoes, and tropical storms.

Managing the flow of visitors in a theme park
is a significant challenge due to the high volume of
visitors, as well as the large area and many physi-
cal obstacles present in the park. These challenges
become even more acute in the event of a natural
or man-made disaster, when a large number of
visitors must be securely evacuated while perform-
ing targeted search and rescue missions at various
locations in the park. To coordinate these activi-
ties, the operators of theme parks require a robust
wireless communication system. As the services
based on a pre-installed infrastructure might be
disrupted in the case of a disaster, many recent
studies considered the use of more resilient, infra-

structure-independent systems. Examples of such
systems include communication systems that
include smartphones and other mobile devices as
opportunistic communication networks [2] and
wireless sensor networks with mobile sinks [3].

As these systems use network nodes whose
mobility follows that of their human owners, the
overall performance is dependent on the mobility
of the participating humans. Thus, to evaluate the
performance of the communication network, we
need a realistic simulation of human mobility in
the specific scenario and environment. Commonly
used mobility models such as random waypoint or
generic human mobility models do not approxi-
mate well human movement in theme parks,
which is characterized by a highly structured, usu-
ally purposeful movement dependent on the envi-
ronment. In [4] we modeled the human mobility
of theme park visitors, assuming a typical day of
visitors exploring the attractions of the park. In
case of a disaster scenario, however, the behavior
and goals of the visitors change: they try to avoid
areas impacted by the disaster, find easy ways to
reach secure places, and escape from the disaster
areas on the fastest possible route [5].

In this article we present a mobility model of
the pedestrians in theme park disasters (TP-D).
We use real theme park maps to model the dis-
aster areas that include physical obstacles, roads,
and exit gates. The macro and micro mobility
behaviors of the pedestrians are modeled with
the theme park model and the social force con-
cept that represents the crowd flow dynamics by
social interactions. For the evaluation of TP-D,
we capture the network characteristics and ana-
lyze diffusion of the mobile nodes. We analyze
the model and compare its outcomes with exist-
ing mobility models and real life mobility traces
of theme park visitors. Our model provides a
realistic representation of human mobility and it
can be used as a baseline for network simulations
and the testing of disaster management strategies.

MOBILITY MODEL

CHARACTERISTICS OF THEME PARKS
Before starting to describe the model in detail, let
us first explain the unique characteristics of
theme parks by a mobility modeling perspective.
Theme parks are very large but bounded enter-
tainment areas. The area of a theme park includes

ABSTRACT

Realistic mobility simulation is critical for
evaluating the performance of communication
networks. Although various mobility models exist,
they do not capture the changes in the mobility
decisions of pedestrians in specific environments.
For instance, in the case of a natural or man-
made disaster, the main goal is the safe evacua-
tion of the area, creating unique pedestrian
mobility patterns. In this article we focus on the
scenario of evacuating a theme park in response
to a disaster. We discuss the characteristics of
theme parks, modeling the environment, and the
mobility decisions of pedestrians. Real theme
park maps are used for modeling the environ-
ment with roads, physical obstacles, and simulat-
ing disaster events. The mobility decisions of the
pedestrians are based on the evacuation goal,
the limited knowledge of the area, and the obsta-
cles. The impact of the interactions between the
crowd flows is modeled based on the concept of
social force. The model is evaluated by compari-
son with the existing mobility models and the
GPS traces of theme park visitors.
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attractions and roads. We use the term attraction
to denote the places in which people gather and
spend time. Rides, restaurants, and live events are
classified as the attractions. Roads are the pedes-
trian routes that connect the attractions to each
other and to the exit gates. Vehicles have limited
use inside theme park areas, while exit gates are
usually located close to parking lots.

Theme parks are open-air areas but they also
have buildings such as indoor rides, restaurants,
and gift shops. The theme park areas include
many man-made and natural obstacles for pedes-
trians. People who spend their day in theme
parks have activities such as visiting rides, walk-
ing among the attractions along the roads, and
eating at the restaurants.

Due to the nature of the large and crowded
area, a natural or man-made disaster may have
devastating effects on a theme park. As a disas-
ter response strategy, in time of a disaster the
main goal is secure and fast evacuation of the
visitors. Considering an example of a tornado
alert on a crowded day, the visitors should leave
the park to reach the transportation services
located outside the park. Since there are thou-
sands of people leaving the park, the mobility of
a single pedestrian cannot be considered inde-
pendently from the others. As a result, social
interactions between the pedestrians that may
cause slowdowns in pedestrian flows should be
considered for realistic mobility modeling.

The evacuation problem of theme parks is
different from other evacuation problems. For
instance, in a city scenario, the main purpose is
fast evacuation of the city by the effective shar-
ing of streets by cars and public transportation
services. Other types of evacuation scenarios
focus on indoor evacuation, such as evacuation
from buildings or from rooms of a building. The
evacuation problem of theme parks includes
large areas with physical obstacles and high
numbers of pedestrians. As expected, the move-
ment of pedestrians during disasters has many
differences compared with their movement in
ordinary times. Because of the aforementioned
characteristics, theme parks require scenario-
specific mobility modeling for performance eval-
uation of networks as well as simulating and
testing various evacuation strategies.

MODELING THEME PARKS
We model the theme park as the combination of
roads, obstacles, lands, and disaster events. Each
road contains a set of waypoints, which are the
movement points for the theme park visitors. In
this case, the length of a road is equal to the
sum of the distances between each pair of its
consecutive waypoints. The roads show the pos-
sible routes to reach the target locations in the
map. The gates are considered as the target
locations and they are placed close to the bor-
ders of the park as they connect the theme park
with the outside world.

Attractions are composed of man-made build-
ings and other structures. In ordinary times, the
main goal of the visitors is to visit the attrac-
tions. In the case of a disaster, when the visitors
should be evacuated from the disaster area as
quickly as possible, we consider these buildings
as obstacles that prevent the free flow of the vis-

itors. Furthermore, we model the other man-
made structures in the park such as fences and
walls as obstacles. There are also natural obsta-
cles such as lakes, trees, forests, rivers, and so on.

The areas which neither include the obstacles
nor the roads are classified as the lands. The
lands can be used by pedestrians but they are
not preferred unless there are unexpected condi-
tions on the available roads. For instance, when
a road is unavailable due to an impact of the dis-
aster event, the lands might be used instead. In
some cases, lands provide shortcuts between the
waypoints. Disaster areas are classified as the
red-zones and they are the circular areas reflect-
ing the effects of the disaster. In a real scenario,
one can think of the red-zones as the events that
damage roads or bridges, caused by an earth-
quake, hurricane, fire, terrorist attack, and so
on. The red-zones have radius values that specify
the damaged areas and active times. If a red-
zone is in its active time and it affects an area
including some portions of a road, the road is
assumed to be unavailable at that particular time.

The model of the theme park can be created
synthetically or using real maps. We use Open-
StreetMap (OSM) [6] to extract the real theme
park maps and parse the OSM data to generate
the roads, the obstacles, the lands, and the gates.
We collect the waypoints using the OSM data and
connect the consecutive waypoints to create the
roads. Roads have width values according to their
OSM types (footway, path, and pedestrian way).
Figure 1 displays an example of the real map of
Epcot from Walt Disney World in Orlando (left-
side), and the processed version of the map
including the waypoints, the roads, the gates, and
the obstacles (right-side). In this figure the small
black dots represent the waypoints, while the
black lines connecting the waypoints are the roads
and the closed polygons are the obstacles. The
model also includes red-zones that are added to
the model according to their active times; howev-
er, they are not included in this initial processing
of the map. While theme park models are gener-
ated computationally, it is possible to create a
non-existing theme park in the design stage man-
ually and generate a model in the same fashion.

MOBILITY MODEL OF EMERGENCY EVACUATION
We describe the mobility behavior of the visitors
as follows. Initially, the visitors are randomly
positioned to one of the waypoints in the theme
park model. Each visitor selects an exit gate
among the available exit gates in the park and
marks its position as the target point. A visitor is
assumed to be evacuated after reaching one of
the exit gates. The visitor tries to reach the target
point by moving among the waypoints. Whenever
the visitor reaches a waypoint, the waypoint is
marked as visited. The next destination point is
selected among all the visible waypoints. The vis-
ited waypoints, the waypoints positioned in a red-
zone, or the waypoints that are not visible to the
visitor are not taken into consideration as candi-
dates for the next destination point. The visitor
selects a new waypoint according to its distance
and direction from the current position since the
visitor tries to select the destination point closer
to the target. The selection of the waypoints is
constrained by the the visitor’s knowledge about
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the world, the obstacles, and possible active red-
zones along the way. If a visitor cannot find any
waypoint as a candidate for the next destination,
the new destination is selected by exploration in
a random direction. The random exploration dis-
tance is a parameter that bounds the flexibility of
the movement of the visitors in cases of unex-
pected disaster events. Another parameter that
affects the flexibility is visibility. Visibility may
differ according to the type and impact of the
disaster. We classify all the above steps of a visi-
tor considering the global movement starting
from the initial point to the target point as the
macro-mobility behavior of visitors.

The visitors have the local knowledge of their
environment and they know the gate from which
they entered the park. The local knowledge of
the visitors is determined by the visibility param-
eter that specifies the visible distance for each
visitor and the obstacles that may be located
along the way. The visibility parameter repre-
sents the radius of the circular visible area. The
visibility can have a constant or variable value
according to different disaster scenarios. We
mostly use a fixed value for simulations, because
it basically represents the impact of the weather
conditions such as heavy mist in a relatively
short period of evacuation time. This model
aims to serve as a baseline for testing disaster
response methods. The movement of the pedes-
trians are modeled as they are on their own,
without any help by communication devices or
theme park operators for the evacuation of the
pedestrians. The visitors are not assumed to
communicate with each other and there is no
broadcasting system for raising awareness.

The speeds of the visitors differ from each
other. Each visitor has a maximum speed that
depends on the physical attributes of the individ-
ual such as age, gender, and weight. The speed of
each individual is determined randomly between
a global minimum and a global maximum speed

of the visitors. The speed of a visitor varies from
0 to the local maximum speed. The local maxi-
mum speed is the speed when the visitor is free
to walk without disturbance or the obstacles. In
the disaster scenario, the actual speed of a visitor
is less than the local maximum speed most of the
times due to the effects of social interactions.

We consider micro-mobility as the mobility of
a visitor between the two consecutive waypoints
separately from the macro-mobility model and
the theme park model. We use the social force
model (SFM) [7] which is a mathematical model
of pedestrian flows sharing the same roads and
used by various simulators of human mobility.
According to the social force concept, the behav-
ioral changes in human motion are actually
caused by the combination of social interactions.
We model the social forces on the visitors accord-
ing to their social interactions with each other
using SFM. By this model, the visitors adapt their
speed and direction of movement from one way-
point to another. Please refer to  [5] for details
on how we used SFM in our application scenario.

The main effect of SFM in the theme park
scenario is that the usage of the same roads by
the visitors causes an increase in social interac-
tions. This increase slows down the flow of the
visitors along the roads. Since the theme parks
are crowded areas with pedestrian routes, we
believe that the social force model is the best-fit
model to represent the crowd dynamics and the
micro-mobility behavior for the evacuation of
the visitors from the theme parks.

Figure 2 illustrates the complete theme park
model generated using the map of Universal’s
Islands of Adventure park and the inclusion of
the visitors and the red-zones. Forty visitors
moving along the roads are represented by the
yellow triangles. The shape of the triangles illus-
trate the directions and velocities of each of the
visitors. Three red-zones are identified by the
big red circles.

Figure 1. The maps of the Epcot park. Left: the map extracted from (OSM), right: the processed map with 1655 waypoints.
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MODEL EVALUATION

SIMULATION SETUP AND METRICS

The mobility metrics can be classified in three
types: movement-based, link-based, and net-
work-based metrics. The movement-based met-
rics are usually extracted from analyzing
individuals’ movement patterns. Flight lengths,
average velocity, waiting times, and mean-square
distances are among the movement-based met-
rics. The link-based metrics focus on the overall
picture of the area and analyze the effects of
mobility with respect to the relations between
the mobile nodes. Average node density, vari-
ance of node density, average pairwise distances,
and relative mobility are examples of link-based
metrics. The network performance-based metrics
are used to analyze the effects of mobility on the
performance of the networks. In [5] we analyzed
the movement-based results and evacuation
times, while in this study we evaluate the link-
based and network performance-based results.

The simulation of TP-D generates the mobility
traces of pedestrians. We evaluate the character-
istics of the resulting traces and compare them
with existing synthetic mobility models as well as
the GPS traces of theme park visitors. The simu-
lations of the theme park mobility model (TP)
[4], self-similar least action walk model (SLAW)
[8], and Random Waypoint Model (RWP) are
conducted. The TP model specifically considers
realistic mobility behaviors of theme park visitors,
while SLAW is a more generic human mobility
model. We also include RWP since it is the most
commonly used model in network simulations.
The GPS traces, provided by the CRAWDAD
archive, are collected from theme park visitors
who spent their holidays at Walt Disney World.
The traces are processed to filter out the times of
traveling in a vehicle between four Disney parks.

The terrain size of the disaster simulation area
depends on the size of the modeled park. We use
the map of Magic Kingdom in Orlando which is
the most popular theme park in the world. To
model the social interactions, the circular specifi-
cation of SFM is used with angular dependencies
and empirical values, proposed by Helbing and
Johansson [7]. Let us now summarize the simula-
tion parameters. We have 2000 pedestrians. The
simulation time is 2000 s with 0.5 s sampling time.
We assume a fixed visibility of 100 m for pedestri-
ans with 1.0 m/s maximum speed and 0.0 m/s as
the minimum speed. Fifty red-zones are generat-
ed randomly with 100 m radius and 1000 s of
active times. The random movement distance of
pedestrians is considered 10 m. For SFM, the
interaction strength is 0.11 ± 0.06 with range 0.84
± 0.63. The relaxation time (t) and the lambda
(l) values are set to 0.5 s and 0.1, respectively.

ANALYSIS OF THE TRACES
Figure 3 shows a snapshot from the simulation
of 2000 pedestrians in the Magic Kingdom theme
park. The pedestrian flows to the exit gates can
be seen on the roads.

Experiment 1 — Average Node Degrees:
The node degree of a pedestrian is defined as
the number of neighbor pedestrians. The neigh-

bors of the pedestrian are considered within the
communication range of the pedestrian. In other
words, two neighbors are assumed to have a
wireless communication link between them if
they are in communication range of each other.

Average node degree is a link-based metric cal-
culated by averaging the node degrees of all the
pedestrians. Basically, a higher average node degree
yields better network performance. We assume a
transmission range of 40 m and observe the effects
of pedestrian movements on the average node
degree by the varying simulation times. The results
are normalized to 1000 visitors in each model.

Figure 4 shows the average node degrees by
the varying simulation times for TP-D, SLAW,
TP, and RWP. All the mobility models generated
distinct characteristic changes in node degrees
with respect to the simulation time. TP-D has the
highest average node degree at the initial phase
since the mobile nodes are initially distributed
only on the roads while other models distribute
the visitors to the entire area. We also see that
the average node degrees increase steadily for
TP-D, while the values may vary in short periods
of time because of the shorter sampling time.

The node degrees increase much faster in the
TP model due to the gathering behavior of visitors
in the attractions compared to the TP-D model. In
TP, visitors waiting in the queues become very
close to each other. As a result, we see higher
average node degrees after 2000 s. In TP-D, the
pedestrians travel along the roads together, which
does not produce the effect of the gathering
behavior. Because of the slowdowns in pedestrian
traffic, the number of people close to exit gates
and main roads increase, producing the increase
in the node degrees. The SLAW model has an ini-

Figure 2. Islands of Adventure theme park model: 700 waypoints, 40 pedes-
trians and 3 red-zones.
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tial phase of 500 s and the results converge to a
constant level. RWP stays constant with some vari-
ances in short times caused by randomness.

Experiment 2 — Average Pairwise Dis-
tances: The distances between all pairs of
mobile nodes are averaged to calculate average
pairwise distances. As a link-based metric, it
helps us evaluate the closeness of a node to
another on average and shows the possibility to
form a new network with a desired subset of all
the mobile nodes. Smaller pairwise distances are
expected for better network performance. As in
the previous experiment, we observe the effects

of mobility on the results by the varying simula-
tion times.

As can be seen in Fig. 5, all the models again
present different characteristics. TP-D has an
overall constant decay of average pairwise dis-
tances. As also observed in the previous experi-
ment, the pedestrians become closer to each
other as the time moves on. An interesting differ-
ence is the fact that the significance of the effect
of TP becomes weaker. This is due to the consid-
eration of the entire population for each individu-
al. For instance, when a visitor goes to an
attraction, the pairwise distance with the other
people in the same attraction becomes smaller,
while the visitor’s pairwise distance with people in
other attractions of the park may become larger.
In TP-D, on the other hand, the people move to
the same target. Furthermore, since we no longer
take the pedestrians, who reached the exit gates,
into consideration, the fast increase due to the
gathering behavior does not occur in TP-D. After
the initial phase of 500 s, SLAW and RWP mod-
els have constant average pairwise distances with
some variances due to randomness in the models.

Experiment 3 — Number of Detected Sen-
sor Nodes: We used the mobility model as a
baseline for a simulation of an opportunistic net-
work consisting of 200 sensor nodes that are
smart-phones carried by theme park pedestrians
and five mobile sinks. As a disaster response
strategy, mobile sinks are used for search and res-
cue operations and tracking pedestrians in the
theme park during the evacuation process. In this
experiment, the mobile sinks broadcast a message
to the sensor nodes using epidemic routing and
mark the sensor nodes as detected if they send
acknowledgment. We observed the total number
of detected sensors and analyzed the effects of
various mobile sink movement strategies on the
network’s coverage performance. As shown in
Fig. 6 physical force (PF) and road allocation
(RA) based sink mobilities are the overall win-
ners of such a scenario, reaching up to 80 percent
of the nodes compared to grid allocation (GA)
based, random waypoint distribution (RWD), and
random target location (RTL) techniques. Finally,
as expected, the experimental results reveal that
increased transmission ranges allow mobile sinks
to track more pedestrians in theme parks.

RELATED WORK
In this section we summarize the related previous
studies of mobility models used in network simula-
tions. Vukadinovic et al. [9] propose a simple
framework to simulate mobility of theme park visi-
tors. They use OpenStreetMap for the generation
of the maps and calibrate the framework parame-
ters according to the GPS traces. While their
model is a trace-based mobility model of ordinary
scenarios, in this article we introduce a synthetic
mobility model of pedestrians for disaster scenar-
ios. Aschenbruck et al. [10] model the mobility of
agents and the disaster area for crowd behavior
detection. They model obstacles, dangers, and
shelters as separate zones and their disaster area is
divided into various sub-areas such as incident
site, casualty treatment area, transport zone, and
hospital zone. An event-based and role-based

Figure 3. Crowd flows in Magic Kingdom park and effect of the red-zones.

Figure 4. Average node degrees by simulation time for TP-D, TP, SLAW,
and RWP.
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mobility model for disaster areas is proposed by
Nelson et al. [11]. In their model the movement
patterns of people with different roles vary by
their distinct reactions to disasters. For instance, a
civilian aims to escape from a burning building
while a firefighter runs into the burning building
to save lives. While these studies explore different
aspects of mobility modeling, none of them focus
on pedestrian mobility during disasters in large-
scale areas without the use of vehicles.

CONCLUSION
In this article we presented the TP-D model for
evacuation of visitors from theme parks during
disasters. The mobility of pedestrians is modeled
using real maps with considerations of physical
obstacles within the theme park and social inter-
actions among the visitors. We evaluated our
model in comparison with the TP, SLAW, and
RWP mobility models and real-world GPS traces.

As a future work we plan to use the TP-D
model as a baseline for testing disaster response
strategies. One possible strategy is to use smart-
phones to build opportunistic social networks
and broadcast messages with critical informa-
tion. Moreover, we believe that the TP-D model
can be adapted to various pedestrian mobility
scenarios such as disasters in airports, state fairs,
and shopping malls.
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Figure 5. Average pairwise distances by simulation time for TP-D, TP,
SLAW, and RWP models.
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INTRODUCTION

During the past decades we have witnessed a
dramatic growth in wireless access along with the
popularity of smart phones, mobile TVs, and
many other wireless services. The ever-increasing
demand for high data rates in the face of limited
radio spectrum resources has motivated the
introduction of cognitive radio (CR), which
opens a potential communication paradigm to
improve spectrum utilization by allowing sec-
ondary users to opportunistically access spec-
trum holes or white spaces unused by primary
users. To enable CR, one fundamental challenge
is how to reliably identify when and where spec-
trum holes exist.

Spectrum sensing and spectrum prediction

are known as two effective enabling techniques
to identify spectrum holes. Briefly, spectrum
sensing determines radio spectrum state (RSS)
using various signal detection methods, which
have been investigated extensively in the litera-
ture (e.g. a survey in [1]). Complementarily,
spectrum prediction infers unknown/unmea-
sured RSS from historical known/measured
spectrum data by exploiting the inherent corre-
lation and/or regularity among them, which has
gained increasing attention recently (e.g. a sur-
vey in [2]). Spectrum prediction has many mer-
its, for example, reducing sensing time and
energy consumption involved in adaptive spec-
trum sensing [3] and increasing system through-
put via prediction-based dynamic spectrum
access [4], and so on.

To reap these benefits, a number of spectrum
prediction techniques have been proposed, such
as time series-based prediction, autoregressive
model-based prediction, hidden Markov model-
based prediction, neural networks-based predic-
tion, and Bayesian inference-based prediction,
etc. (e.g. the survey in [2] and the references
therein). However, so far it is not clear what the
upper-bound performance of various prediction
techniques could be for various frequency bands.
Moreover, RSS evolution patterns are generally
determined by people’s usage of radio spectrum.
Although we rarely consider human activity in
the radio domain to be totally random, current
models of RSS evolution are fundamentally
stochastic (see the most widely used continu-
ous/discrete-time Markov chain models in [5]).
Yet the probabilistic nature of the existing mod-
eling framework raises fundamental questions:
What is the role of randomness in RSS evolu-
tion? To what degree are RSS dynamics pre-
dictable?

This article attempts to study the interplay
between the regular (and thus predictable)
and the random (and thus unforeseeable)
underlying real-world RSS dynamics theoreti-
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A range of applications in cognitive radio
networks, from adaptive spectrum sensing to
predictive spectrum mobility and dynamic spec-
trum access, depend on our ability to foresee the
state evolution of radio spectrum, raising a fun-
damental question: To what degree is radio
spectrum state (RSS) predictable? In this article
we explore the fundamental limits of predictabil-
ity in RSS dynamics by studying the RSS evolu-
tion patterns in spectrum bands of several
popular services, including TV bands, ISM
bands, cellular bands, and so on. From an infor-
mation theory perspective, we introduce a
methodology of using statistical entropy mea-
sures and Fano inequality to quantify the degree
of predictability underlying real-world spectrum
measurements. Despite the apparent random-
ness, we find a remarkable predictability, as large
as 90 percent, in real-world RSS dynamics over a
number of spectrum bands for all popular ser-
vices. Furthermore, we discuss the potential
applications of prediction-based spectrum shar-
ing in 5G wireless communications.
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cally and provide certain guidance over how to
apply the predicted RSS to the design of future
wireless communication systems technically.
Specifically, from an information theory per-
spective, we introduce a methodology of using
statistical entropy measures and Fano inequal-
ity to quantify the degree of predictability
underlying real-world spectrum measurements
and provide some intuitive thoughts and con-
clusions. After validating the fundamental lim-
its  of predictabil i ty in RSS dynamics,  this
article moves forward by addressing the poten-
tial applications of the predicted RSS in 5G
wireless communications.

SPECTRUM DATA DESCRIPTION AND
PREPROCESSING

In order to ensure the reproducibility of the
spectrum prediction analysis in this article for
other researchers, we use a well known open
source real-world spectrum dataset from the
RWTH Aachen University spectrum measure-
ment campaign [5]. In this article we are primar-
ily interested in several popular services,
including TV bands, ISM bands, cellular bands,
and so on. The resolution bandwidth of each
individual spectrum band is 200 kHz. The inter-
sample time is about three minutes, which corre-
sponds to 3360 samples in one week for each
200 kHz spectrum band.1

As an illustrative example, Fig. 1 shows the
evolution trajectories of a one week real-world
RSS, that is, measured power spectral density
(PSD) values, in TV bands. Several interesting
phenomena can be observed. First, the RSS
dynamics for various frequency bands are signifi-
cantly different; several bands are heavily loaded
but others not. Moreover, randomness and regu-
larities coexist in the RSS evolution. Very strong
signals can be identified in several TV bands,
and it appears that the temporal variations of
signals in these bands are not as significant as
those in other bands.

To further show the spectrum utilization of
each 200 kHz spectrum band, Fig. 2 plots the
duty cycle over the frequency under two well
known detection thresholds. One threshold, 107
dBm/200 kHz, has initially been proposed in
the IEEE 802.22 working group for detection
of wireless microphones in 200 kHz channels in
the TV bands; the other more sensitive thresh-
old, 114 dBm/200 kHz, has been specified in
the FCC’s final rules [5]. As shown in Fig. 2,
binary spectrum occupancy (BSO) is highly
dependent on the selection of the specific
detection threshold.

Until now, to characterize RSS dynamics,
most of the existing studies have focused on
BSO traces by analyzing the ON and OFF state
evolution over time. Instead, in this article we
will investigate the continuously measured PSD
traces and analyze the predictability of PSD evo-
lution over time, mainly for the following con-
cerns: the PSD is the original raw data, while the
BSO, obtained from the PSD by comparing it
with a detection threshold, inevitably introduces
detection or sensing errors (e.g. false alarms and
missed detections) [6].

SPECTRUM PREDICTION ANALYSIS:
TO WHAT DEGREE IS RADIO

SPECTRUM STATE PREDICTABLE?
In this section we first perform prediction analy-
sis on each individual 200 kHz spectrum band
separately, and then on the entire spectrum
band allocated to each service statistically.

ENTROPY ANALYSIS
For a given spectrum band, let Xi be a random
variable representing its state at time slot i. The
state of this band from time slot 1 to time slot n
is a random variable series X1, X2, …, Xn.
Entropy is probably the most fundamental quan-
tity characterizing the degree of predictability of
a random variable series. In general, lower
entropy implies higher predictability, and vice
versa. Recently, entropy-based analysis has been
introduced in various prediction scenarios such
as atmosphere [7], network traffic [8], and
human mobility [9]. The basic idea is that
entropy offers a precise definition of the infor-
mational content of predictions and it is renowned
for its generality due to minimal assumption on
the model of the studied scenario.

Specifically, to facilitate the following entropy
analysis of RSS dynamics, we first quantize the
PSD values for each individual spectrum band
into Q RSS levels. Then, let S = {X1, X2, …, Xn}
denote the series or sequence of RSS levels
occurred at n consecutive time slots and we have
the following three entropy measures to charac-
terize RSS dynamics:

•Random entropy Erand = log2Q, capturing
the degree of predictability of the given spec-
trum band’s evolution if each RSS level occurs
with equal probability in each time slot.

•Temporal-uncorrelated entropy Eunc =
–Si=1

n pilog2pi, where pi is the probability that the
i-th RSS level occurred in the sequence S. Eunc,

Figure 1. The 3-D view of the evolution trajectories of one week real-world
RSS in the TV bands (614~698 MHz). For each 200 kHz spectrum band,
about 3360 samples one week and thus 480 samples one day are plotted.
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also known as Shannon entropy or classical
information theoretical entropy, is by far the
most often used entropy metric, which character-
izes the heterogeneity of the RSS evolution pat-
terns without taking into account the history of
the process.

•Actual entropy Eactual = –SSiSP(Si)log2P(Si),
where P(Si) is the probability of a particular
time-ordered subsequence Si occurring in the
trajectory of S. Thus, Eactual depends not only on
the occurrence frequency of each RSS level, but

also the temporal order in which the RSS levels
occurred, and it captures the full frequency-time
structure present in a given spectrum band’s rev-
olution pattern. In practice, to calculate the
actual entropy from the historical spectrum mea-
surements, we use an estimator based on Lem-
pel-Ziv data compression [10], which is known to
rapidly converge to the actual entropy of a time
series. For a time series with length n, the
entropy is estimated by Eest

actual = ((1/n)S i=1
n

Li)–1lnn, where Li is the length of the shortest
subsequence starting at the i-th time slot which
does not previously appear from time slot 1 to
time slot i.

Intuitively, we have 0 £ Eactual £ Eunc £ Erand,
which is illustrated in Fig. 3 via analyzing the
real-world spectrum measurements in TV bands.
Extremely, if a spectrum band has actual entropy
Eactual = 0, its RSS evolution is completely regu-
lar and thus fully predictable. However, if a
spectrum band’s actual entropy Eactual = Erand =
log2Q, its trajectory is expected to follow a quite
random pattern and thus we cannot predict it
with an accuracy exceeding 1/Q. As shown in
Fig. 3, all spectrum bands have finite actual
entropies between 0 and Erand, indicating that
not only a certain amount of randomness governs
their future whereabouts, but also that there is
some regularity in their dynamics that can be
exploited for predictive purposes.

Based on the obtained actual entropy, in the
following we aim to quantify the limits of the
predictability of a spectrum band’s next state
based on its trajectory history. That is, we want
to answer the question: How predictable is a
spectrum band’s next state given the entropy of
its historical trajectory?

PREDICTABILITY ANALYSIS
An important measure of predictability is the
probability P that an appropriate predictive
algorithm can correctly predict a spectrum
band’s future state. This quantity is subject to
Fano’s inequality [11]. That is, if an individual
spectrum band with an actual entropy Eactual

evolutes between Q RSS levels, its predictability
P £ Pmax, where Pmax is determined by

Eactual = –[Pmaxlog2Pmax + (1 – Pmax)log2(1 –
Pmax)] + (1 – Pmax)log2(Q – 1).

Based on this relationship, for each spectrum
band, we can obtain the upper-bound pre-
dictability, Pmax, through numerical calculations
given Q and Eactual.

As an illustrative example, Fig. 4 shows the
upper-bound predictability Pmax over each 200
kHz TV band separately when the number of
RSS levels is set as Q = 8. For comparison, the
predictability of independent identical distribut-
ed (i.i.d.) Gaussian noise data with one-week
samples is also plotted. We have the following
observations:

•The predictability of real-world RSS data
varies significantly for different spectrum bands.
For example, there are a number of TV bands
with the predictability higher than 0.95, which
means that at most five percent of the time
these spectrum bands change their states in a
manner that appears to be random, and in the

Figure 3. The entropy of the RSS dynamics in TV bands. The number of
RSS levels is set as Q = 8 for each individual 200 kHz spectrum band and
thus the random entropy Erand = log2(Q = 8) = 3 bits.
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Figure 2. Impact of the detection threshold on the duty cycle in TV bands
(614~698 MHz).
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remaining 95 percent of the time we can expect
to predict their whereabouts. On the other hand,
we also see that there are a few TV bands with
predictability lower than 0.9, which means that
regardless of how good our predictive algorithms
are, we cannot predict with better than 90 percent
accuracy the future states of these spectrum bands.

•For all TV bands, the predictability of real-
world RSS data are much higher than that of the
i.i.d Gaussian noise data. This demonstrates that
the temporal correlation or regularity in real-
world RSS data benefits the predictability.

Furthermore, from a statistical perspective,
Fig. 5 shows the cumulative distribution func-
tions (CDFs) for the predictability (with Q = 8)
of various services, including TV bands
(614~698 MHz), ISM bands (2400.1~2483.3
MHz), cellular bands (GSM1800 uplink
1710.2~1784.8 MHz and GSM1800 downlink
1820.2~1875.4 MHz), and 2.3 GHz bands
(2300~2400 MHz).2 We have the following
observations:

•Among all services, TV bands have the
steepest CDF, with minimum predictability of
0.8836. Comparatively, most bands in 2.3 GHz
have relatively low predictability, with the mini-
mum close to the predictability of i.i.d. Gaussian
noise data, 0.7623. ISM bands have a CDF
between TV bands and cellular bands, which
implies that a larger (lower) proportion of ISM
bands have higher predictability than those of
cellular (TV) bands.

•A predictability superiority of the GSM1800
downlink is observed over the GSM1800 uplink
for spectrum bands with predictability levels in
the bottom 70 percent. However, for spectrum
bands with predictability levels in the top 30
percent, a predictability superiority of the
GSM1800 uplink is observed over the GSM1800
downlink. That is, although a majority of the
GSM1800 downlink bands have superior pre-
dictability, there are some GSM1800 uplink
bands that have very high predictability levels.
This somewhat conflicting observation might
result from the fact that quite regular patterns
of human spectrum usage exist in few GSM1800
uplink bands.

APPLICATIONS:
5G SPECTRUM SHARING

Radio spectrum usage is an essential issue in 5G
wireless communications [12]. The explosion of
data rates offered by mobile Internet and the
Internet of Things (IoTs) is overwhelming the
allocated 2G/3G/4G radio spectrum. In the past,
new cellular spectrum has typically been made
available through spectrum refarming. However,
clearing radio spectrum from an allocated but
under-utilized usage to repurpose the spectrum
band to another usage often requires many years
to accomplish, which makes it difficult to keep
pace with user demand of gigabit per second
(Gb/s) data rates for 5G [13]. On the other hand,
technological innovations such as millimeter
wave communications and visible light communi-
cations can offer very high data rates; however,
these disruptive technologies are mainly for
small cells and low mobility usage. To provide

wide area cell types, spectrum resources below 3
GHz will be needed [14].

To address these challenges, spectrum shar-
ing is contemplated as the primary candidate,
which has been well recognized as an affordable,
near-term solution to meet 5G radio spectrum
requirements and increase radio access network
capacities for 5G content delivery. Specifically,
5G spectrum sharing is well beyond the previous
studies on cognitive radio-based spectrum sharing,
since one main feature of the latter is the oppor-
tunistic primary-secondary access in unlicensed
bands (such as TV white space). In contrast, as

Figure 4. The predictability in RSS dynamics for TV bands.
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shown in Fig. 6, 5G spectrum sharing may occur
in both licensed bands (e.g. GSM1800 bands, 2.3
GHz bands) and unlicensed bands (e.g. ISM
bands, TV bands). Moreover, one distinguishing
feature of potential 5G spectrum usage is the
diversity, that is, besides the licensed exclusive
access in traditional cellular networks, licensed/
authorized shared access, unlicensed shared
access (known as LTE in unlicensed bands), and
primary-secondary access will coexist [15].

Spectrum prediction will play a significant
role in 5G spectrum sharing. Several potential
applications are described below.

Cost-Efficient Wideband Carrier Aggrega-
tion: To meet 5G capacity requirements, it is
known that no single band or air interface stan-
dard by itself fully suffices, and it is inevitable
for 5G devices to aggregate the benefits of mul-
tiple (non-continuous) spectrum bands of a very
wide range, possibly from several hundreds MHz
bands to 30-300 GHz millimeter wave bands.
Consequently, proactive schemes are expected to
exploit the evolution dynamics of various spec-
trum bands of such a wide range, and enable
wideband carrier selection and aggregation in a
timely and cost-efficient manner.

Dynamic Frequency Selection and Predictive
Interference Mitigation: One dominant theme
for wireless evolution into 5G is network densifi-
cation, which is realized mainly by increasing the
density of infrastructure nodes (such as base sta-
tions and relays) in a given geographic area. It is
anticipated that hyper-dense small cells are
largely privately owned, and of unplanned
deployment. The small cells thus need to be
capable of being configured, optimized, and
healed by themselves to select the communica-
tion frequency bands and not to cause any
noticeable interference to the existing neighbor-
hood networks. The knowledge from spectrum
prediction can be used by the small cells to assist

such autonomous processes through dynamic
frequency selection and predictive interference
mitigation.

CONCLUSION AND DISCUSSIONS
Predicting radio spectrum state evolution has
been gaining increasing attention because of the
explosive growth in demand for dynamic spec-
trum access. In this article statistical entropy
measures and Fano inequality are exploited to
quantify the degree of predictability underlying
real-world spectrum measurements. The results
in this article, serving as the upper-bound pre-
diction performance, can provide a performance
bound of various predictive algorithms and a
general guide to the design of future wireless
communication systems. Notably, it remains a
challenge for the state-of-the-art prediction tech-
niques to obtain prediction precision approach-
ing the upper-bound predictability. Further
improvement in the forecast accuracy of spec-
trum prediction techniques in a real-time mode
are thus required.
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INTRODUCTION

As future networks are developed, they will
become increasingly heterogeneous and com-
plex. This poses new requirements, such as the
need for offloading at various points of the net-
work (e.g., mobile node or femtocell) and the
need for multihoming (of mobile nodes or of
entire sites). In any case, scalability will be
increasingly relevant as the number of network
nodes increases.

As far as mobile networks are concerned, the
Evolved Packet System (EPS) [1] has been
selected as the carrier network for Long Term
Evolution (LTE) and LTE-Advanced (LTE-A),
and is being widely adopted. However, when try-
ing to fulfill all the above requirements, EPS sys-
tematically needs to design ad hoc schemes for
each of the above problems (e.g., LIPA, SIPTO,
IFOM, MAPCON, or S1-flex [2–4]), which may
eventually be integrated in Third Generation
Partnership Project (3GPP) specifications
(Releases 10–12). But additional issues appear

again in subsequent releases. For instance, the
NB-IFOM work item is included in Release 13
with similar objectives [5, 6]. This patchwork
may be taken as a symptom that there is some
design issue. We have identified three main
causes of such problems: cumbersome IP flow
handling, incomplete decoupling of user and
control planes, and its push-oriented state infor-
mation handling.

This article discusses the design principles of
EPS revolving around the above three concepts
and proposes slight modifications to solve the
limitations of EPS when facing such new require-
ments. In so doing, we evolve the EPS to embed
the design principles of software-defined net-
working (SDN) [7] and Locator Identity Separa-
tion Protocol (LISP) [8]. In fact, LISP has been
easily included in SDN frameworks, such as
OpenDaylight [9], as its design principles per-
fectly suit those of SDN. Therefore, it may some-
times be seen as an instantiation of SDN.

Despite the hype behind SDN, only recently
has the Open Networking Foundation created
study groups dealing with mobile and wireless
networks. There have also been some previous
attempts in this direction [10, 11]. However,
these approaches were more disruptive in the
sense that the set of protocols used was substan-
tially modified. On the other hand, this article
proposes an alternative by which most 3GPP
procedures are kept, and by means of slight
modifications, such novel architectural principles
are introduced in the EPS. Additionally, some of
the initial proponents of SDN have identified
the need to move toward an SDNv2 that better
considers the needs of carriers, particularly the
heterogeneity of equipment (including legacy),
and hence the need for a smooth migration path
[12]. Bearing this in mind, this article leverages
and enhances existing technologies with concepts
and principles found in more disruptive
approaches. As for LISP, it shares some com-
mon design principles with EPS (e.g., separation
of IP address space). However, while EPS
requires ad hoc mechanisms to solve some cur-
rent and future needs, such as multihoming,
offloading, and scalability, LISP solves them
natively.

ABSTRACT

New architectural requirements appear with
the evolution of mobile networks, such as the
provisioning of multihoming or offloading. In
general,  this requires the design of ad hoc
schemes on top of the EPS, which may be seen
as an indicator of the need for a back-to-basics
architectural analysis. This article analyzes the
basic architectural principles of the EPS, and
compares them with those of SDN and LISP.
We then describe an evolutionary path for the
EPS, by showing how, with slight modifications
inspired by SDN and LISP, future mobile car-
rier networks could natively fulfill some of
their flexibility and scalability requirements.
The key design principles for that are: a gener-
alized use of traffic flow templates (i.e., 5-tuple
flows) for more flexible IP flow handling; a full
decoupling of control and user plane for flexi-
bility; and an on-demand (or pull-based) state
setting at network nodes for scalability. Some
examples are given to illustrate the thesis of
this article.
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In brief, our discussion on the architectural
design principles can be classified into three
main groups:
• Generalized use of traffic flow templates

(TFTs1) for more flexible IP flow handling
• Full decoupling of control and user planes

for flexibility
• On-demand (or pull-based) state set up in

network nodes for scalability
To illustrate this, we present some examples in
which we show how, by embracing these princi-
ples, future mobile carrier networks can be sim-
plified when fulfilling the above requirements.
Moreover, adding such design principles to EPS
requires significantly fewer modifications than
one could imagine, making the evolutionary path
toward a more future-proof mobile network eas-
ier to achieve.

ON THE ARCHITECTURAL DESIGN OF
EPS, SDN, AND LISP

IP ADDRESS SPACE SEPARATION
A first important observation that stems from
comparison of the EPS and LISP architectures is
that both solutions offer a similar structure of
the user plane. In particular, both architectures
introduce one layer of indirection and divide the
network into two address spaces. This allows the
implementation and optimization of certain
functions, like mobility.

Figure 1 (upper part) illustrates the EPS
architecture for user plane connectivity to an IP
network, called a packet data network (PDN) in
3GPP terminology, where IP addressing is sepa-
rated into two different spaces, the internal and
external addressing spaces.

There are network entities (PDN gateways,
or PDN-GWs, and base stations, or eNBs in
LTE terminology) that lay at the border of both
address spaces and are able to encapsulate flows
from the external IP address space to be routed
through the internal address space. Further-
more, there is an internal user plane entity
(Serving Gateway, or S-GW) that is able to re-
encapsulate flows between user plane nodes, and
can be used to optimize certain functions.

When deploying LISP to operate intra-
domain we can establish a clear parallelism
between the data plane structure of the net-
work and the user plane in the EPS architec-
ture.  In particular,  as Fig.  1 ( lower part)
illustrates, the addressing space is separated in
two, creating one level of indirection between
endpoint identifiers (EIDs) space and routing
locators (RLOCs) space. Tunneling routers
(xTRs) are the ones in charge of encapsulating
(and decapsulating) flows from EID space that
are routed through RLOC space. Finally, there
are special elements called re-encapsulation
routers (RTRs) which are used to implement
and optimize certain functions that benefit
from implementing middle boxes, à la S-GW
in EPS.

However, despite these clear similarities in
the conception of the data/user plane, the two
architectures present clear differences in the way
the interaction is implemented between the two
address spaces. The next subsection clarifies this.

EMBRACING THE IP PARADIGM: IP FLOWS,
IDENTIFIERS, AND ROUTING FUNCTIONS

EPS utilizes an all-IP network that provides bet-
ter handling of end-user IP addresses and sup-
port for the whole system core (i.e., control
plane and user plane) functions on top of IP-
based communications. However, the EPS archi-
tecture still maintains some legacy architectural
structures that limit the full adoption of the IP
paradigm (i.e., the handling of flows based on
TCP/IP header fields and identifiers/addresses,
and the use of IP routing functions). This is
especially evident in user plane elements.

First, the attach procedure [13] creates logi-
cal/virtual connections (called PDN connections)
between user equipment (UE) and the PDN-
GW that are only IP-aware at both ends, but not
inside the network. Upon attachment, the system
creates state in all the elements that form the
user plane path toward the PDN-GW to ensure
appropriate data forwarding. These virtual con-
nections are defined as bearers, which are then
used to apply appropriate quality of service
(QoS) and security requirements to flows. In the
uplink, the mapping between an IP flow and a
bearer is done at the UE, and user’s (external)
IP flow information is never used again to make
decisions until packets are decapsulated at the
PDN-GW. The same happens with downlink
flows that are only interpreted at the PDN-GW
when encapsulated, and at the UE, when decap-
sulated.

Second, and related to the previous observa-
tion, the eNB and S-GW, in some deployment
options, do not consider end-user IP information
at all when performing encapsulation. Data for-
warding and flow mapping to bearers, in these
two entities, is done using tunnel endpoint iden-
tifier (TEID) fields and radio bearers. Upon
attachment, they store enough context informa-
tion to be able to encapsulate and decapsulate
end-user data without the need to process exter-
nal IP header information. The operation of
these two entities can be understood as a natural
evolution of the 3GPP architecture from the cir-
cuit switching paradigm. However, in practice,
PDNs are IP-based networks [1], and IP packets
generally contain enough information to be used
to identify and map flows, a proof of that being
the TFT filters used in the PDN-GW to map
traffic and bearers, which are equivalent to the

Figure 1. IP addressing architecture of LTE/EPS and LISP networks.
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packet matching rules of SDN forwarding nodes.
Third, it is interesting to notice that during

the attachment procedure, each node of the user
plane path checks, verifies, and stores multiple
identifiers in relation to different network func-
tions. At each node forming the user plane path,
TEIDs are used for appropriately forwarding
general packet radio service (GPRS) Tunneling
Protocol (GTP) encapsulated traffic between
entities. At the edges, the UE IP address
assigned by the PDN-GW (along with other
fields of the header of the packet) is used to dif-
ferentiate incoming flows, while a number of

identifiers are used to identify the UE in dif-
ferent scenarios (e.g., S-TMSI is used for paging
of UEs and service request, and S-RNTI is used
for radio identification between the UE and the
eNB [13]).

All these aspects are simplified in SDN and
LISP. At the conceptual level, the former would
allow flexible data plane processing by using
multiple header fields (including the IP head-
er). For instance, OpenFlow, one popular ele-
ment of current SDN architectures, allows
forwarding rules at nodes based on IP header
fields [14]. The LISP architecture also natively
handles IP-level information [8] and, in this
sense, is IP-centric. This is why the LISP vs.
EPS discussion is relevant here. In fact, all
xTRs use end-user IP-layer information to
encapsulate and forward packets through
RLOC space and to implement functions that
require identifiers. As a consequence of that,
xTRs feature full layer 3 routing functionality
and are able to differentiate flows based on an
end user’s IP layer data, without the need for
additional information. As we show below, the
possibility to differentiate IP flows in elements
of the architecture highly facilitates the imple-
mentation of offloading strategies.

DECOUPLING OF THE
CONTROL AND USER/DATA PLANES

The EPS architecture aims to introduce a clear
separation between control plane and user plane
operation. Control plane elements, which are
mostly decoupled from the user plane path, han-
dle authentication, privacy, QoS, and mobility
functions [1].

However, this decoupling between the two
planes has not been developed to its full extent.
In particular, when observing the control plane
structure of the EPS network, one can notice
that the architecture is built around the couple
mobility management entity and S-GW
(MME/SGW) that is located at the center of
the whole system. While the MME only has
control plane functionality, the S-GW shares
both control and user plane responsibilities. In
particular, the SGW acts as a transit point for
the signaling exchange between MME and
PDN-GW. Interestingly, while most control
plane decisions have been decoupled from user
plane elements, the responsibility to dissemi-
nate them relies on specific interfaces between
the PDN-GW and SGW.

One of the founding tenets of SDN is the
decoupling between control plane and data
plane. Open interfaces between its building

blocks are expected to bring network awareness
to the applications (and vice versa) and higher
flexibility through network programmability.
This flexibility inherent to such full decoupling is
precisely what EPS is lacking. Furthermore, what
is relevant for the requirements under considera-
tion (i.e., offloading, multihoming, and scalabili-
ty) is that such flexibility is also present in nodes
at the edge of the network, in which traffic diver-
sion actually happens. This is done in SDN by
applying the appropriate forwarding rules in
such nodes. In a similar way, LISP xTRs (at the
edge of the network) inherently provide such
flexibility by potentially tunneling each flow
through a different path, according to the rules
configured in the mapping system (control
plane).

In this way, the complexity and patchwork
introduced by IFOM, MAPCON, S1-flex, or,
more recently, NB-IFOM [2–5, 6] would be
removed by design. The article reviews this spe-
cific case later.

APPROACH TO ARCHITECTURE SCALABILITY:
PUSH VS. PULL STRATEGIES AND

THEIR CONSEQUENCES

Finally, there is also a key difference between
architectures in the strategy adopted to handle
interfaces between control plane and user/data
plane elements.

The EPS signaling model used to form user
plane paths is based on a push model. That is,
upon attachment of a mobile node, path infor-
mation is pushed to all user plane network enti-
ties that store this information as context
information. In general, a key advantage of
push-based signaling models is that path changes
are rapidly spread throughout the network. The
downside is that network resources are (poten-
tially) wasted by sending messages for setting up
and storing state at nodes and thus used for a
very low portion of time.

On the contrary, under the LISP paradigm,
the interaction between data plane and control
plane elements is pull-based, that is, path infor-
mation is generally requested and cached only
when needed. Equivalently, in certain SDN
implementations (i.e., reactive flow setup), the
first packet of a new flow triggers the setup of
state at forwarding nodes by the control plane.
This model requires the definition of some extra
mechanisms to control changes in path configu-
rations, but it scales better, as nodes only set up
and store state information that they need when
they need it.

Additionally, in order to ensure scalability,
the EPS defines a hierarchical structure of the
user plane, where the forwarding path is struc-
tured as a tree between the PDN-GW and the
eNBs, acting as leaves. Thus, it inherits the rigid-
ity of the circuit-switched world. Using this strat-
egy, access nodes do not need to maintain much
state in relation to their users, as they are
assigned a default S-GW and PDN-GW to which
to send data and from which to receive data.
This solution to provide scalability completely
removes the flexibility required to offer route
optimization, as opposed to what happens with a
pull-based strategy.

The EPS signaling

model used to form

user plane paths is

based on a 

push-model. That is,

upon attachment of

a mobile node, path
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SUMMARY OF OBSERVATIONS:
MAIN FINDINGS OF EPS DESIGN ANALYSIS

Table 1 summarizes the main findings of EPS
design analysis in comparison with SDN- and
LISP-based architectures in terms of the basic
design principles under discussion.

It can be seen that the EPS presents limited
adoption of these key design principles. As a
consequence, the EPS faces a series of problems
when dealing with more flexible data networking
requirements, which are hence handled through
various patches (e.g., to implement offloading or
multihoming). In the following three sections, we
discuss current challenges caused by these limi-
tations. We then propose an evolutionary path
for EPS in the sense that with small modifica-
tions to 3GPP procedures, the EPS can embrace
some of the key SDN and LISP design princi-
ples, hence solving by design what otherwise is
solved through ad hoc patches.

FLEXIBLE FLOW HANDLING: 
THE CHALLENGE OF

OFFLOADING TRAFFIC

THE CHALLENGE OF OFFLOADING TRAFFIC

Mobile data offloading has become one of the
key strategies adopted to face the exponential
growth of mobile data in cellular networks.
3GPP approached the problem with proposals
like LIPA and SIPTO [15].

LIPA is an offloading technique by means of
which a UE through a base station is able to
exchange data with IP-capable entities within its
local network. SIPTO is an offloading technique
by means of which the mobile operator is able to
offload certain types of traffic through a network
node close to the UE’s point of attachment.

This subsection builds on the observation that
LIPA and SIPTO are, in fact, solutions that
introduce external IP address awareness in ele-
ments of the user plane path that do not normal-
ly use this information (e.g., eNB). However, as
they are currently defined in [15], LIPA and
SIPTO developed mechanisms to circumvent the

requirement to use external IP addresses with
support of multiple PDN connections. In a sce-
nario with full embracement of the IP paradigm
in all elements of the architecture, LIPA and
SIPTO would reduce to configuring routing
tables and rules.

PROPOSED SOLUTION FOR THE CHALLENGE
The EPS architecture uses TFTs whenever an
element needs to interpret external IP layer
information to classify flows. TFTs are distribut-
ed during the attachment procedure with the
generation of dedicated bearers, but only those
elements that are going to use them (the PDN-
GW, the UE, and, in some scenarios, the S-GW)
store TFTs as context information. In fact, such
TFTs could be seen as equivalent to the packet
matching rules one may find in data plane nodes
of SDN.

Interestingly enough, transitioning from the
current EPS architecture to fully embracing the
IP paradigm requires minimal changes to the
EPS architecture. Indeed, the proposal here is to
extend the use of TFT filters to all the elements
in the user plane path. This includes storing TFT
information in eNBs and S-GWs in addition to
the PDN-GW, which was already using this
information. Even more, an analysis of the
attachment procedure reveals that during this
process enough TFT-related information is car-
ried through all interfaces that it can be exploit-
ed and stored locally at each of the user plane
elements. As a result, eNBs and S-GWs just
need to store this information that was previous-
ly ignored.

In order to prove the previous statement, we
have analyzed the possibility of using TFT filters
in all nodes of the user plane path to map flows
to bearers in [16]. The study provides a detailed
analysis revealing how none of the interfaces of
the EPS architecture needs to be neither modi-
fied nor extended to support the dissemination
of TFT information to all user plane entities.
The flow diagram illustrating the TFT dissemi-
nation process specified by 3GPP is shown in
Fig. 2. The interested reader will find a detailed
description of all the necessary steps in [16].

Table 1. Summary of EPS design analysis in comparison with SDN- and LISP-based architectures.

Feature EPS SDN LISP

Embracement of the IP
paradigm

Limited adoption:
• per PDN-connection
basis,
• intermediate nodes do
not use end-user IP info
for packet,
• multiple identifiers

Traffic processing at
data plane nodes
defined generically
through packet match-
ing rules, hence also
including IP header
fields.

Full adoption:
• per IP flow basis (5-
tuple),
• all nodes use end-user
IP info,
• unique identifier

Decoupling control
plane and user plane

Not full decoupling of
user and control plane
operation (S-GW shares
user and control plane
operation) 

Main design principle of
SDN

Separation of data and
control plane functional-
ity

Scalability
Push-based state and
hierarchical user plane
topology

Combination of pull-
and push-based with
arbitrary topologies

Pull-based state with
arbitrary user (data)
plane structure

The EPS architecture

uses TFTs whenever

an element needs to

interpret external IP

layer information to

classify flows. TFTs

are distributed dur-

ing the attachment

procedure with the

generation of dedi-

cated bearers, but

only those elements

that are going to use

them store TFTs as

context information.
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OFFLOADING WITH A
TFT-BASED ARCHITECTURE

With an EPS system embracing the IP paradigm
(or generically, an arbitrary header field match-
ing rule), as described above, the problem of
offloading is reduced to a question of distribut-
ing appropriate TFTs and routing information to
affected nodes from the centralized control we
discuss in the following section.

In particular, under the proposed scheme, the
process of offloading traffic in a SIPTO scenario
would not differ much from the process of estab-
lishing a dedicated bearer, where the eNB receives
a TFT filter associated with the traffic that needs
to be offloaded, as well as the alternative (offload-
ing) path to use. It can be noticed here that, once
using TFTs, the base station is able to differenti-
ate particular flows and has the possibility to
implement SIPTO functionality without requiring
that the UE support multi-PDN connectivity,
hence making it transparent to the UE.

In the particular case of LIPA, we need to
ensure that TFT rules are applied before routing
rules [14] to ensure that traffic not meant to be
offloaded (i.e., traffic that must traverse the core
network) is not routed locally before being tun-
neled to the core.

DECOUPLING CONTROL AND
USER/DATA PLANE FUNCTIONALITY:
THE CHALLENGE OF MULTIHOMING

MULTIHOMING
The multihoming problem appears repeatedly

in the EPS architecture in various flavors and
applied at different network entities. In the

IFOM (and NB-IFOM in 3GPP Release 13) sce-
nario, multihoming is required so that the end
user is able to use more than one access network
to send data and the PDN-GW can also send
flows through different paths through a single
PDN connection. In the MAPCON scenario,
multihoming is required so that the UE can use
more than one PDN connection through 3GPP
and non-3GPP access technologies. Another ini-
tiative that may require the configuration of
multihomed entities is the introduction of the
S1-flex, where the system introduces the mobility
management entity (MME) (and its associated
S-GW) redundancy. The S1-flex proposal only
considers the possibility of having a setup of the
type active/multiple-passive S-GW. With this
setup, only one S-GW can be active at a given
moment of time, and this is the only one the
eNB can use to forward data toward the
PDNGW.

In all these cases, multihomed elements of
the network core face the challenge of also hav-
ing to multihome their control plane procedures.
As a consequence, duplicating user plane func-
tions leads to having to solve a problem in the
coordination of control plane functions.

The limited decoupling between the control
and user planes in EPS entails additional chal-
lenges in multihoming scenarios. However, with
fully decoupled control and data planes, as in
SDN, multihoming user plane elements (e.g., for
load balancing) is not an issue.

PROPOSED ALTERNATIVE FOR THE
ARCHITECTURE: FULL DECOUPLING OF

CONTROL AND USER PLANE

Since the MME is the central control entity of
the EPS, we propose to move all control plane
responsibilities of the S-GW to the MME, given
the limitations introduced by having control
plane responsibilities in user plane elements
(e.g., for multihoming). As a consequence, the
MME becomes the core responsible for the
establishment and maintenance of the user plane
path during the attach process and during mobil-
ity events.

Therefore, one additional interface must be
established between the MME and the PDNGW,
which plays the role of S5/S8 interface for con-
trol plane information (Fig. 3). Additionally, the
S11 interface (between the MME and the SGW)
needs to be extended to accommodate those sig-
naling messages that are directly exchanged
between the PDN-GW and the SGW.

In [16], we have analyzed the feasibility to
move the messages exchanged between the PDN-
GW and the MME in the current EPS architec-
ture to the new proposed interface. The study
reveals that both the attachment and the mobility
procedures can be supported without modifica-
tion using the new proposed interfaces and with
some extension of the functionality provided
through the S11 interface. For instance, in the
considered procedures [16], out of 10 signaling
messages currently exchanged through a combina-
tion of S11 and S5 interfaces, 8 are sent through
the new interface, and 2 additional messages are
sent through S11. As a result, the S5 interface is
released from control plane operations.Figure 2. Dissemination of TFTs between all user plane entities.
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Notice that this article focuses on connectivi-
ty and mobility management, given its focus on
fundamental design principles underlying the
EPS. QoS and security should be given adequate
treatment in future refinements, given their
importance.

MULTIHOMING WITH FULL DECOUPLING OF
USER PLANE AND CONTROL PLANE FUNCTIONS.

Assuming SDN-like full decoupling of control
and user/data planes as proposed above, imple-
menting multihoming in the user plane path is
reduced to informing the different elements of
the multiple options they have to forward data.

An example of this would be the implementa-
tion of an advanced S1-flex scenario where the
eNB receives a list of alternative S-GWs to use
simultaneously. It could be done in two ways.
First, the MME can send to the eNB a signaling
message (e.g., Initial Context Setup Request/
Attach Accept [13]) including addresses of sever-
al candidate S-GWs for the user plane instead of
one, as is currently done. Second, the MME can
send to the eNB the same signaling message, but
several times, with a different S-GW address in
each. Similarly, the PDN-GW can receive the
same information about candidate S-GWs direct-
ly from the MME responsible for this particular
user plane path.

The same approach can be followed to imple-
ment NB-IFOM and MAPCON scenarios [16],
where the MME informs the corresponding
nodes about the multiple forwarding options to
send and receive information.

APPROACH TO NETWORK
SCALABILITY: THE CHALLENGE OF

ROUTE OPTIMIZATION

NETWORK ARCHITECTURE AND
ROUTE OPTIMIZATION

The logical architecture of the user plane of an
EPS system is highly hierarchical, with the PDN-
GW being the root of the system and the eNBs
located at the leaves. The advantage of this archi-
tecture is that it scales when the number of users
and eNBs grow without increasing the complexity
and requirements of eNBs. The reason is that
they just need routing information to reach their
corresponding S-GW and PDN-GW, and are
completely unaware of other S-GWs and eNBs.
However, for this same reason, it is hard to offer
the flexibility required by novel scenarios.

More specifically, route optimization (Fig. 4)
in this architecture is challenging. For example,
when two UEs belonging to the same network
are communicating, the flow must traverse the
complete hierarchy (up to the PDN-GW) and
back to the correspondent UE. Providing direct
communications (i.e., route optimization)
between eNBs in the current push-based EPS
would require that all elements receive and store
information about all the rest of elements, and
this would not scale.

Alternatively, in a pull strategy, nodes just
request the information they need and do not
cache information on inactive communications.

In this way, flexibility and scalability can be
simultaneously achieved.

PROPOSED ALTERNATIVE FOR THE
ARCHITECTURE: FROM PUSH TO PULL

Following the reasoning above, our proposal is
to move from a push-based scheme to dissemi-
nate information to a pull-based scheme, where
eNBs request information about flows when they
require it.

More specifically,  the attach procedure
would be used to establish the default bearer
following regular 3GPP procedures. After that,
when the UE generates the first uplink packet
of a new flow, the eNB would request (i.e.,
pull-based) whether a dedicated bearer must
be established to support the flow. Such dedi-
cated bearers would not be constrained by the
hierarchical architecture and could be estab-
lished between any two elements of the system
(e.g., two eNBs) thanks to the data plane infor-
mation provided by the control plane. We
have analyzed the requirements to use a pull-
based strategy to support path formation in
EPS systems in [15]. Slight modifications are
needed in some EPS procedures, but the basic
structure of the procedure can be maintained.
For instance,  the Init ial  Context Setup
Request/Attach Accept message [13] must
contain the destination eNB address.

SCALABILITY AND
ROUTE OPTIMIZATION WITH A PULL SCHEME

With the scheme proposed, the problem of route
optimization is moved to the control plane,
which decides, on a per-request basis, whether a
flow must follow the hierarchy up to the PDN-

Figure 3. MME with interface to every node.
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GW or can be routed directly between nodes of
the topology.

As an example, during a handover, X2-based
data forwarding would be simplified. When the
source eNB receives data for a node that was no
longer under its control, it would request the
establishment of a dedicated bearer to forward
the data and receive information about the desti-
nation eNB. As a result, data would be directly
encapsulated between the two eNBs without the
need for complex logical link setups.

We focused our above discussion on the route
optimization problem among two nodes of the
same network. However, the same pull-based
approach could be used for LIPA and SIPTO
toward local or external nodes, hence benefitting
from the same advantages. In this case, offload-
ing rules would not need to be preconfigured in
advance, but when the UE actually starts send-
ing data of a given flow, which allows the control
plane to dynamically adapt to network condi-
tions in a scalable way.

SUMMARY
This article presents an evolutionary path for
EPS toward a more flexible and future-proof
architecture to fulfill current and future require-
ments (e.g., multihoming, offloading, route opti-
mization). Such architectural reasoning exploits
design principles that have shown their potential
in the SDN and LISP contexts. Our proposal is
evolutionary in the sense that the minimum pos-
sible subset of modifications to current 3GPP
procedures is applied to include the new design
principles in EPS.

This article claims that the flexibility and
scalability required by novel scenarios can be
provided: 

• By using TFTs at each data plane node for
more flexible IP flow handling (similar to
SDN packet matching rules or LISP packet
handling at xTRs)

• By introducing a new interface between the
MME and the PDN-GW for full decoupling
of user and control planes à la SDN

• By applying a pull-based model for on-
demand state setup at network nodes for
efficient path handling

With the proposed modifications, the above
requirements could be natively solved by EPS
without the need for ad hoc schemes.

The current data networking challenges,
3GPP initiatives, EPS limitations, and proposed
solutions to overcome them are summarized in
Table 2.
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INTRODUCTION

Recent advances in the provision of reliable and
ubiquitous cellular communications have paved
the way for a new era in wireless communica-
tions that will see massive communication
between automated devices over wireless links.
This concept, commonly referred to as machine-
to-machine (M2M) communications, is an
enabling technology for a large variety of appli-
cation domains, including electricity manage-
ment (smart grids), healthcare, transportation
and logistics, and home and industry automa-
tion. As a result, M2M communications is one of
the fastest-growing technologies in the field of
telecommunications. The GSM Association fore-
casts that the number of M2M cellular connec-
tions will reach approximately a quarter of a
billion in 2014. Furthermore, according to ABI
research from January 2014, the (projected)

number of annual shipments of wireless modules
for cellular M2M communications will increase
from approximately 40 million in 2011 to approx-
imately 185 million in 2019. This demonstrates
the strong incentive for cellular wireless technol-
ogy providers to participate in this market. The
latest cellular communication standards devel-
oped by the third generation partnership project
(3GPP) are long-term evolution (LTE) and
LTE-advanced (LTE-A). Many cellular network
operators are migrating from GSM, UMTS/
HSPA, and other legacy standards to LTE. LTE
provides a flexible communication architecture
designed to enable communication at a lower
cost per bit and to accommodate the continuous
growth in wireless cellular demand, both in the
number of connections and in the required data
rate [1]. There is an obvious advantage for oper-
ators if the expanding LTE infrastructure will
also support M2M applications (and eventually
the Internet of Things (IoT)).

Wireless devices for M2M communication
generally serve applications whose quality-of-ser-
vice requirements are different from those han-
dled by conventional (human-operated) LTE
user equipment (UE). For example, many M2M
applications require transmitting only infrequent
and short messages and are often more delay-
tolerant compared to human-to-human (H2H)
and human-to-machine (H2M) applications. In
this context, requirements on peak data-rates
can often be relaxed. We expect that the market
for wireless modules supporting only these lower
rates (< 1Mb/s) will grow notably faster than the
total cellular M2M market.

Against this background, the 3GPP standard-
ization process has recognized the need for
extending the LTE standard to better support
M2M applications and to meet the specific
requirements of machine-type communication
(MTC) devices. In particular, 3GPP has started
to add MTC-specific optimization into LTE-A
starting from Release Ten (Rel-10) of the stan-
dard in 2010 [2]. Several new MTC-related work
items have been studied for Rel-12 [3]. These
include the introduction of a new UE category,
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the so-called category 0 (CAT0), equipped with
a single antenna, half-duplexing frequency-divi-
sion duplex (HD-FDD), and lower transport
block sizes in order to reduce costs [4].

Table 1 shows some of the properties of the
new CAT0 UE in comparison to legacy LTE UE
categories 1 to 5, which are dominantly used in
current LTE network deployments. We observe
that CAT0 UEs have reduced peak-rates and
diversity/MIMO capabilities for the benefit of
low-cost design. The associated estimated cost
savings are of the order of 50 percent compared
to CAT1 devices [3]. Further cost savings in
terms of reduced bandwidth, maximum transmit
power, and support for downlink transmission
modes are investigated in a recently opened
3GPP work item for Rel-13 [5].

For a number of M2M applications, such as
remote operation of vending machines, remote
metering, or remote maintenance and control,
MTC UEs can be installed inside buildings or
structures with large penetration losses [6]. Fur-
thermore, since these UEs are not mobile, they
have no possibility of improving link quality.
Hence, permanent coverage holes can occur.
This critical shortcoming can only be overcome
by coverage enhancement methods. In response
to this, a coverage enhancement work item for
MTC UEs was approved in the 3GPP radio
access network technical specification group
(RAN TSG) in June 2013 [4]. Initially, the aim
was to complete this work item for Rel-12, but
due to time limitations it was postponed and
reopened in September 2014 for inclusion in
Rel-13.

In this article we review the coverage
enhancement (CE) targets specified for MTC
LTE and present CE techniques that can pro-
vide cellular connectivity in adverse propagation
conditions and are considered for inclusion in
the MTC standardization. For the former we

first briefly describe the LTE resource structure
and the coverage in its uplink (UL) and down-
link (DL) channels. Then we choose three differ-
ent LTE channels and explain the possible
solutions for coverage enhancement. These
include novel methods that can provide flexible
CE under different network conditions. They do
not require modifications of legacy LTE UEs
and have little effect on their performance (e.g.
by way of limitations to resource scheduling).
They also attempt to retain overall cell spectral
efficiency, which is important from a cost per bit
perspective for mobile network operators.
Focussing on CE for MTC LTE, this article is
complementary to the discussion of CE for LTE-
advanced presented recently in [7].

OVERVIEW OF COVERAGE IN UPLINK
AND DOWNLINK LTE CHANNELS

In this section we first briefly review LTE physi-
cal uplink and downlink channels and present a
summary of the current coverage in these chan-
nels. This sets the stage for the coverage
enhancement methods presented thereafter.

LTE CHANNELS
In LTE, data is mapped to orthogonal radio
resources in the time-frequency plane. The
atomic data unit, known as a resource element
(RE), has the symbol duration of 66.7 microsec-
onds, which corresponds to a subcarrier band-
width of 15 kHz. For a normal cyclic prefix
length, a grid of 7 ¥ 12 REs in the time-fre-
quency domain is known as an LTE physical
resource block (PRB). A PRB pair forms the
basic unit commonly used in the LTE standard
for scheduling and resource allocation. Taking
guard bands and cyclic prefix into account, a
PRB occupies approximately 200 kHz over half a

Table 1. Comparison of some features for LTE UE categories 1-5 and LTE MTC UEs (category 0
(CAT0) devices). DL = downlink, UL = uplink.

Category 1 2 3 4 5 0

Peak rate
Mb/s

DL 10 50 100 150 300 1

UL 5 25 50 50 75 1

Capability for physical layer functionalities

RF bandwidth 20 MHz 20 MHz

Modula-
tion

DL QPSK, 16QAM, 64 QAM All

UL QPSK, 16QAM
QPSK,

16QAM,
64QAM

QPSK, 16QAM

Multi-antenna

2 Rx diversity Assumed in performance requirements Not supported

2x2 MIMO Not supported Mandatory Not supported

4x4 MIMO Not supported Mandatory Not supported
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millisecond, which is also the duration of an
LTE time slot. One LTE sub-frame consists of
two time slots (1 ms), and 10 consecutive sub-
frames form a radio frame.

In both the UL and DL directions, there are
different physical channels, which are transmit-
ted in specific REs of the time and frequency
radio resources. The physical DL and UL shared
channels (PDSCH and PUSCH) are dedicated
to data exchange between the LTE base station
(eNodeB) and the UEs. The size of the medium
access control protocol data unit is called the
transport block size (TBS), and the time taken
for its transmission is referred to as the data
transmission time interval (TTI). The TTI is
equal to the duration of one sub-frame. The
data channels are complemented by a number of
control channels, including the physical DL con-
trol channel (PDCCH) for allocating PRBs to
PDSCH and PUSCH, the physical UL control
channel (PUCCH) for transmitting UE resource
requests and link quality information, the physi-
cal broadcast channel (PBCH) in the DL, which
broadcasts the information required at a UE for
joining a cell, and the UL physical random access
channel (PRACH), which is used for contention-
based random access for requesting a resource
allocation from the eNodeB.

COVERAGE REQUIREMENTS
Maximum coupling loss (MCL) is a measure of
coverage in LTE channels. It is defined as the
difference between maximum transmission
power in the channel and its corresponding
receiver sensitivity [8]. A higher MCL value indi-
cates a smaller required signal-to-noise ratio
(SNR) for a target (often one percent) block
error rate (BLER), which translates into better
coverage for that channel.

The 3GPP study item [8] focused on identify-
ing the LTE channels with critical MCLs. For
this, the study item considered medium data rata
and VoIP applications. Table 2 summarizes the
MCL of the above-mentioned channels in LTE
as reported in [3] and [8]. Since CAT0 UEs will
be equipped with only one receive antenna as
shown in Table 1, a 4 dB penalty has been
applied to the MCL of downlink channels in
Table 2. Furthermore, a target MCL of 155.7 dB
has recently been agreed on for CAT0 UEs [9].
The resulting required CEs for the different
channels are summarized in the last row in Table 2.

Solutions suggested to achieve CE include
signal repetition and/or more efficient detection
and decoding techniques, relaxed reception
requirements, new channel and signal design,
and power boosting [4]. In the remainder of this
article we elaborate on such methods. Further-
more, since data usage for MTC UEs is far lower
than for typical H2H devices, spectral efficiency
for UE-specific traffic is less of a concern com-
pared to broadcast information, such as master
information blocks (MIBs) and system informa-
tion blocks (SIBs), which need to be continuous-
ly sent in LTE systems. Given this, we focus on
CE techniques to improve the PBCH, which is
dedicated to MIB transmission, and SIB broad-
casting, which is scheduled by the PDCCH and
sent via the PDSCH. Another characteristic of
MTC UEs is that they tend to send UL data
much more often than DL data. Therefore, and
since the PUSCH requires the largest coverage
gain (see Table 2), we also focus on novel CE
techniques to improve the PUSCH.

We start with the PBCH in the next section
and demonstrate the possibility of a 10.7 dB CE
through novel decoder designs. After that we
present CE for SIB broadcasting. Finally, a
transmission strategy based on spreading and
bundling of data is introduced in order to effi-
ciently achieve a 15 dB CE in the PUSCH. These
strategies generally exploit the relaxed MTC
latency requirements by prolonging the decoding
time and having the MTC UE waiting for more
data. If stricter latency requirements apply, CE
often leads to a reduced spectral efficiency. We
note that the methods presented in this
manuscript have been introduced to the RAN
TSG by the authors in [10–12]. At the time of
this writing, the RAN TSG is considering these
MTC CE techniques for possible inclusion in the
Rel-13 of the LTE standard. They are collated
here with the aim of providing timely informa-
tion to researchers and scholars interested in
LTE MTC coverage enhancement.

COVERAGE ENHANCEMENT
TECHNIQUES FOR PBCH

Since re-designing broadcasted channels, such as
the PBCH, would break backward compatibility
with legacy UEs, broadcasted channels need to
be supported by a network for a long time. At

Table 2. MCL for UL and DL LTE channels in FDD mode [3, 8]. eNodeB in two transmit and two
receive antenna configuration. UE CAT1 with one transmit and two receive antennas, UE CAT0
with one transmit and one receive antenna.

MCL in dB
UL channels DL channels

PUCCH PRACH PUSCH PDCCH PBCH PDSCH

Category 1 UE 147.2 141.7 140.7 146.1 149.0 145.4

Category 0 UE 147.2 141.7 140.7 142.1 145.0 141.4

Target MCL 155.7 155.7 155.7 155.7 155.7 155.7

Required CE for
CAT0 UE in dB 8.5 14.0 15.0 13.6 10.7 14.3
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the same time, decoding the PBCH is the pre-
requisite of a successful connection in low cover-
age. Hence, although the MCL value of the
PBCH is better than those for other channels in
Table 2, a 10.7 dB CE still needs to be achieved
as efficiently as possible.

PBCH BACKGROUND
The PBCH is transmitted in the first sub-frame
of each frame and has a TTI of 40 ms. The
PBCH nominally transmits 14 bits of control
information (the MIB). Via cyclic-redundancy
check (CRC) and a tail-biting rate-1/3 encoding
and cyclic rate matching, codewords of 1920 bits
are generated. These are divided into four
redundancy versions (RVs), which are transmit-
ted every 10 ms in sub-frame #0 of a radio
frame. The relative location of the RV within
the 40 ms TTI encodes another two bits of data
(see [1] for details).

Due to the mentioned legacy issues, changes
in the structure of the PBCH for CE would be
impractical. Therefore, in the following we pre-
sent two UE-based methods that achieve CE
exploiting the existing PBCH structure [10]. 

INCREASE PBCH 
DECODING ATTEMPTS (IPDA) METHOD

The first CE method, which we refer to as the
IPDA method, is to continue decoding PBCH
transmissions until decoding has been successful.
This conceptually simple method does not
require any modifications to the PBCH, but
rather relaxes the BLER target and the UE
acquisition time. Furthermore, and different
from other CE approaches such as PBCH repe-
tition or power boosting [13], no additional spec-
trum or power resources are exhausted.
However, IPDA can readily be combined with
these methods. Finally, the IPDA method does
not increase signal buffering or processing
requirements of the UE. However, it significant-
ly increases decoding latency, but this is often
acceptable for MTC UEs and will be discussed
later in the evaluation section.

CORRELATION DECODER (CD)
Our second method replaces the default PBCH
decoder, consisting of de-rate-matching, tail-bit-
ing, and CRC decoding (see [1]), by a maximum-
likelihood (ML) decoder. ML decoding is
achieved by correlating the PBCH received sam-
ples with all possible PBCH sequences. Hence,
we refer to the method as correlation decoder
(CD). The number of possible sequences is 3 ¥ 4
¥ 12288, where the factors 3, 4 and 12288 are due
to the possible three antenna configurations at
the eNodeB, the four relative locations of the RV
(2-bit information), and the fact that only 12288
of the 214 14-bit patterns are possible. The PBCH
sequence with the highest correlation value is the
ML estimate. However, to limit the possibility of
false alarm, usually done through CRC decoding,
the ratio of the likelihoods for the ML and the
second-best sequence is compared to a threshold.
If the ratio is above the threshold, the ML esti-
mate is used as the decoding result, otherwise a
decoding failure is declared.

The CD approach can naturally be extended

to cover multiple TTIs. Furthermore, decoding
can be performed after de-rate matching, when
the PBCH sequence length becomes 120 samples
for each TTI. This simplifies correlation to 120
additions per PBCH sequence.

EVALUATION
Table 3 shows the CE simulation results for the
IPDA and CD methods for an extended pedes-
trian type-A (EPA) channel with 1 Hz Doppler.
For the simulations, we used the MATLAB LTE
toolbox and the settings listed in [10]. For the
IPDA case, we also consider its combination
with intermittent duplication of the PBCH (as
suggested in [14]) in order to reduce acquisition
time. The table shows the acquisition times for
different percentiles (99 percent, 90 percent, and
mean) and for different coverage gains, which
are calculated based on a required one percent
BLER for PBCH.

We observe that IPDA can provide enhanced
coverage at the expense of acquisition time.
Acquisition time can be reduced through inter-
mittent duplication, which requires additional
resources and thus increases unwanted over-
head. However, the PBCH acquisition times
drop sharply when less than the maximal CE of
10.7 dB is required. This means that only UEs in
the deepest coverage holes will experience occa-
sional lengthy acquisition times.

For the CD the table shows the CE for differ-
ent correlation lengths and thus acquisition
times (which are multiples of the 40 ms TTI).
For an acquisition time of 160 ms and one per-
cent BLER (i.e. 99 percent success rate), the CD
method can provide an approximately 9.5 dB
additional gain compared to the IPDA method
without repetition, because the CD is the opti-
mal ML decoder. While the CD is more complex
than IPDA, it can be made simpler by noting
that during re-acquisition some of the MIB val-
ues are known, which reduces the number of
required correlations. Thus, MTC UEs may
implement both the IPDA method and the CD,
the former for initial MIB acquisition and the
latter for re-acquisition of MIBs.

SIB COVERAGE ENHANCEMENT
USING RESTRICTIVE

SIB SCHEDULING METHODS

Like the MIB sent on the PBCH, SIBs are also
broadcast by the network, and extra care must be
taken in the broadcast design, because there will
be no opportunity to improve it in the future with-
out breaking backward compatibility. Although
simple repetition for the PDCCH and PDSCH
can be used to provide the required CE for SIBs,
this would result in a spectrally inefficient imple-
mentation. In this section we describe alternative
methods, which we collectively refer to as restric-
tive SIB scheduling and which provide coverage
gain in a spectrally efficient manner [11].

SIB BACKGROUND
In the current Rel-12 there are 19 different SIBs
that are broadcast. However, since CE is desired
for mostly stationary UEs, many of the 19 SIBs
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do not need to be decoded. In fact, only SIB1,
SIB2, and SIB14 need to be decoded by the UE
when utilizing CE. If other SIBs are required,
they could be sent via unicast methods. As SIB1
is the most important SIB, it is sent most fre-
quently (every 20ms) and at a known sub-frame
(SF) (SF#5 of every other frame), and it must
be decoded by the UE before the other SIBs.

Unlike MIBs, which have a dedicated physi-
cal channel (i.e. the PBCH), SIBs use the same
physical channels as user plane data, that is, the
PDCCH for scheduling and the PDSCH for the
data. We will discuss methods for CE for both
channels in the following.

COMBINING-LEGACY-SIBS-PDSCH METHOD
In the current LTE standard, different levels of
coverage for the SIBs can be obtained by chang-
ing a SIB’s coding rate or the number of repeats
that are sent. Given there is a limited number of
PRBs that can be used in an SF (e.g. only six in
a 1.4 MHz system), repeating SIBs is an impor-
tant method used today to extend coverage. We
note that all the repeats should be sent within
the so called system-information (SI) window.
However, the information in SIB1, SIB2, and
SIB14 is often static for long periods of time in
normal operating conditions (e.g. the network is
not in an emergency overload situation). Hence,

to enhance coverage for the data portion of
SIBs, that is, the PDSCH, the UE could com-
bine SIB repetitions beyond the SI window.
Results in [11] show that for a 15 dB CE for
SIB1, the 99th percentile of the acquisition time
is 2.4 seconds (corresponding to combining 120
copies of SIB1). A similar number of copies
would be expected for other SIBs. Since the
other SIBs of interest (SIB2 and SIB14) are not
sent as often, the acquisition time for those SIBs
would typically be longer. In the context of
MTC, we consider an extended acquisition time
as generally more acceptable compared to
increasing SIB transmission periodicity, causing
a loss in spectral efficiency. We also note that
since the SIB message contains a CRC, the UE
will stop decoding when it has correctly decoded
the SIB. Thus, for the example above, acquisi-
tion time will often (i.e. 99 percent of the time)
be shorter than 2.4 seconds.

PDCCH-LESS SIB DECODING METHOD
As mentioned above, the PDCCH is required to
be decoded to obtain scheduling information.
However, lowering code rates for each PDCCH
message is not sufficient to provide an up to 15
dB CE, because there are not enough PDCCH
resources in an SF. Thus, the PDCCH message
would have to be repeated across many SFs,

Table 3. CE achieved with IPDA and CD as a function of the acquisition time. CD uses a fixed decoding window of n TTIs (n = 1,
2, 3, 4), and thus acquisition time is a constant equal to n × 40 ms.

IPDA
method

Duplication 
intermittency Coverage gain Mean acquisition

time (ms)
90th percentile 

acquisition time (ms)
99th percentile 

acquisition time (ms)

Repetition sent every
frame (100 percent

more PBCH
resources)

10.7 dB 65.1 120 600

6.0 dB 43.5 80 240

3.0 dB 41.0 80 120

Repetition sent every
2nd frame (50 per-

cent more PBCH
resources)

10.7 dB 77.3 120 720

6.0 dB 46.0 80 280

3.0 dB 41.7 80 120

Repetition sent every
4th frame (25 per-
cent more PBCH

resources)

10.7 dB 90.3 200 800

6.0 dB 47.1 80 320

3.0 dB 41.8 80 160

No repetition

10.7 dB 105.8 240 1000

6.0 dB 49.6 120 400

3.0 dB 43.2 80 160

Correlation
decoder

No repetition 
(1 percent BLER)

2.3 dB 40 (1 TTI)

4.5 dB 80 (2 TTIs)

7.5 dB 120 (3 TTIs)

12.5 dB 160 (4 TTIs)
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which is spectrally inefficient. To avoid this, we
first explore whether it would be possible to
decode the mentioned SIBs without prior
PDCCH decoding. Such a PDCCH-less SIB
decoding method would then require a different
mechanism for the UE to acquire all the infor-
mation contained within the PDCCH, so that
the UE can skip PDCCH decoding. In particu-
lar, the UE needs (1) SIB transmission timing,
(2) SIB PRB locations within the band, and (3)
SIB coding rate.

SIB Transmission Timing: For SIB1, there is
no problem because the SIB1 transmission tim-
ing is already known (e.g. every other SF#5).
Thus, SIB1 could be used to also provide the
precise transmission timing (i.e. more than the
SI window already transmitted via SIB1) for
SIB2 and SIB14. This would restrict the
eNodeB’s scheduler in that it may have to post-
pone a UE’s DL transmission and the UE may
experience additional latency. However, there is
no decrease in spectral efficiency due to the
scheduling restrictions. 

SIB PRB Locations within the Band and
Coding Rate: An intriguing solution is to provide
the PRB location and coding rate within the 10
available spare bits of the MIB (legacy UEs will
ignore these spare bits). Since the MIB has lim-
ited capacity, only the SIB1 information needs to
be in the MIB, and similar to above, SIB1 can
carry this information for SIB2 and SIB14 (lega-
cy UEs will ignore these new information ele-
ments in the SIB1). Although this method still
allows the PRB location and coding rate to be
dynamic, the eNodeB loses some scheduling
flexibility.

COMBING-PDCCH METHOD
An alternate method to PDCCH-less SIB decod-
ing is to have the UE combine the copies of the
PDCCH message already being sent to legacy
UEs. For this to be feasible, the content of the
PDCCH message must be static and the location
of the PDCCH message within the PDCCH
must be known a-priori to the UE. For the con-
tent of the PDCCH message to be static, the
PRB location and coding rate of the SIB must
be static.

This method requires the UE to complete
two steps: decode the PDCCH and then decode
the PDSCH. Thus this method would take longer
to achieve SIB reception than the PDCCH-less
method given the same number of repetitions.
Furthermore, if additional repetitions are sent to
reduce the SIB acquisition time, the PDCCH
and PDSCH portions would need to be repeat-
ed. Like the PDCCH-less solution, this solution
will be backward compatible since fixing the
PDCCH and its contents will be transparent to
legacy UEs.

TTI BUNDLING AND CDMA FOR
COVERAGE ENHANCEMENT IN THE

PUSCH

Many MTC UEs will have dominantly UL trans-
mission. Furthermore, as shown in Table 2, the
UL data channel, that is, the PUSCH, requires

the largest CE to meet the coverage target.
Therefore, our final CE considerations concern
the PUSCH.

PUSCH BACKGROUND
Data transmitted over the PUSCH is encoded
with a rate-1/3 turbo encoder and then rate-
matched and arranged in four RVs, each of
which matches the TBS (see [1]). Based on this,
incremental-redundancy automatic-repeat
request (ARQ) can be performed after each
TTI. That is, the receiver acknowledges the
receipt of data, and in the case of a negative
Acknowledgment, the next RV of the current
data will be transmitted. The default schedule
for PUSCH transmission is to transmit one RV
in one TTI, and to only transmit another RV if
requested via negative acknowledgment (NACK).
The authors in [8] tackle the issue of CE for the
PUSCH through TTI bundling. In TTI bundling,
all RVs are transmitted at once, without waiting
for a NACK. This leads to CE for delay-limited
application such as VoIP. The current LTE stan-
dard assumes a fixed bundling size of four, but the
current work in 3GPP for VoIP and medium data
rates considers increasing the TTI bundle size to
higher values to provide modest coverage gains.

Since M2M applications are often delay-tol-
erant, we can think of combining bundling with
repetition for CE. For example, increasing the
bundling size from four to eight means the UE
would send each RV twice [15]. Furthermore,
the bundling size could be adjusted dynamically,
considering the UE’s need for CE and its delay
tolerance [15].

An alternative to repetition of data is the use
of spreading. The advantage of spreading is that
it enables multiple UEs to transmit concurrently,
that is, to perform code-division multiple-access
(CDMA), which in turn improves system spec-
tral efficiency. CDMA is already used in LTE,
namely for PUCCH format-3 to provide multi-
ple-user access on the control channel [1].

In the following, we explain a method for
simultaneous use of adaptive TTI bundling and
spreading for MTC CE, and we present a signaling
procedure for the flexible assignment of PUSCH
resources to a variable number of UEs [12].

FLEXIBLE TTI BUNDLING WITH CDMA SUPPORT
Our method extends conventional LTE TTI
bundling by adjusting the bundling size and the
spreading factor used by UEs, according to the
instantaneous cellular network conditions. These
are defined through the number of “active”
MTC UEs, that is, UEs that have data to trans-
mit, their channel quality and thus instanta-
neous coverage, and the available PUSCH
resources. The main advantage of using flexible
bundling and spreading is that CE is achieved
without overly compromising network spectral
efficiency. Spreading is performed over REs at
the same frequency, which simplifies despread-
ing assuming the channel remains essentially
constant over the spreading interval. Denoting
the spreading length by NS and performing
bundling with bundling size NB, the CE offered
by the flexible TTI bundling and CDMA is about
10log10(NB ¥ NS) dB. The exact gain is some-
what larger when combining different RVs from
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the turbo code contained in TTI bundles. Figure
1 shows the structure of the code-spread TTI
bundling for the PUSCH.

PROTOCOL FOR
FLEXIBLE TTI BUNDLING AND CDMA 

In order to successfully schedule the active MTC
UEs to transmit in this scheme, the eNodeB
should first adjust the values of NS and NB based
on the number of active UEs and the required
coverage gain, respectively. Then it informs the
MTC UE of the values of NB and NS and the
assigned codes. To minimize the impact of this
procedure on the current LTE standard, we note
that some of the existing control flags in the
PDCCH uplink grant are unlikely to be used in
the MTC mode. Thus, they can be reused to
inform the UE to obtain its TBS, bundling size,
spreading length, and code index. This would be
done based on a configuration table for flexible
TTI bundling and CDMA, which is a modified
version of the TBS table used in legacy UEs.
Using a modified TBS table, transmission with
flexible TTI bundling and CDMA can be sched-
uled as follows:
1. When data is available for transmission, the

MTC UE sends a scheduling request on the
PUCCH.

2. The eNodeB waits for a predefined time,
collecting requests of MTC UEs as in Step
1, and estimates their required coverage
gain from the received channel quality
index (CQI).

3. The eNodeB sets NS to the closest spread-
ing length that is available in the configura-
tion table such that the current number of
active MTC UEs can be accommodated.

4. The eNodeB chooses NB based on the required
coverage gain, CE=10log10(NB × NS) with NS
from Step 3.

5. Based on Steps 3 and 4 and available
resources, the eNodeB assigns resources to
UEs. It sends a PDCCH DCI format-0 for
PUSCH allocation and sets a flag to indi-
cate that the modified TBS table needs to
be used.
Waiting and collecting requests in Step 2 is

done to utilize as much of the available CDMA
code as possible, which maximizes system spec-
tral efficiency while providing CE through
spreading for individual MTC UEs. Steps 3 and
4 can further be refined to account for MTC
UEs in good coverage, which may not need the
full spreading gain. For example, those UEs
could be assigned shorter spreading sequences
or multiple longer spreading sequences.

PERFORMANCE EVALUATION
According to the LTE coverage enhancement
study [8], we evaluate the CE achieved with flex-
ible bundling and CDMA by measuring the SNR
required for a BLER of two percent. The first
three columns of Table 4 show selected (NS,NB)
combinations and the expected coverage gains
compared to the case without bundling and
spreading. We observe the CE due to spreading
and bundling, which is proportional to NB × NS,
reaches the required 15 dB (Table 1) for various
parameter combinations. Column 4 shows simu-
lated coverage gains for the EPA channel with
1 Hz Doppler, assuming a TBS of 104 bits trans-
mitted in one PRB (i.e. 180 kHz bandwidth)
using QPSK and CDMA with orthogonal spread-
ing sequences. The theoretical and simulated
gains match well, where the latter include the
effect of combining RVs in the Turbo decoder,
which gives only another approximately 0.4 dB
gain compared to pure repetition due to the
already low code rate for only one RV. The last
two columns of Table 4 show the spectral effi-
ciency (over all MTC UEs) and data rate (per
MTC UE). As can be seen, system spectral effi-
ciency is affected by bundling but not by spread-
ing, assuming that all spreading codes are used.
Hence, no resources are wasted while benefitting
from spreading gain and achieving the required
CE. However, the amount of spreading that can
be applied is limited by the need for an essen-
tially time-invariant channel over NS PRBs or
extra reference symbols for channel estimation.

CONCLUSION
This article has reviewed recent efforts presented
in 3GPP to enhance coverage for LTE MTC. We
have described methods for downlink broadcast
and uplink data channels that are able to meet
the CE targets specified for CAT0 devices. An
overview of the presented CE methods and their
effects on the LTE system is provided in Table 5.
They build on the existing LTE signal structures
and are thus backward compatible, affect legacy
and non-MTC UEs as little as possible, and
maintain high system spectral efficiency. The lat-
ter is particularly relevant for broadcast channels.
The achieved CE generally comes at the cost of
increased latency of transmission, which is a natu-
ral trade-off for enhanced coverage and accept-
able for many MTC applications. We believe that
amendments to the LTE standard that support

Figure 1. Structure of the bundling and spreading blocks for flexible TTI
bundling and CDMA in PUSCH. Spreading with length NS is performed
over one or more consecutive sub-frames, which form a “spreading bun-
dle.” The spreading bundle is repeated NB times. Calculation and assign-
ment of NB, NS, and code index to MTC UEs is done by a scheduling
protocol in the eNodeB.
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CE for low-cost CAT0 UEs are very important to
ensure that LTE will be competitive with alterna-
tive wireless access technologies, such as custom
IoT wide-area network protocols (e.g. Weight-
lessTM and SigFoxTM), which claim to offer very
low-cost devices, high coverage, and very good
battery life. Further M2M and IoT changes for
LTE (e.g. to improve LTE battery life) are being
discussed in 3GPP, and we expect to see them in
Releases 13 and beyond.
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INTRODUCTION

 The Locator/ID Separation Protocol (LISP) [1]
decouples identity from location on current IP
addresses by creating two separate namespaces:
endpoint identifiers to identify hosts, and routing
locators to route packets. The original purpose
of LISP was to solve the scalability issues of the
Internet default-free zone (DFZ) routing tables
by pushing traffic engineering practices to the
identifiers space while keeping the locators
space quasi-static and highly aggregatable. At
the time of this writing LISP has been deployed
in a pilot network (lisp4.net) that includes more
than 20 countries and hundreds of institutions.
LISP hardware and software are also widely
available, both in open-source (lispmob.org,
openlisp.org) and proprietary implementations
(lisp.cisco.com).

Since its inception, LISP has gained signifi-
cant traction in both industry and academia. As
a result of LISP standardization and research
efforts, the protocol has grown architecturally
and has been applied to use cases beyond its
original purpose. There is a growing interest in

the role of LISP in Software Defined Network-
ing (SDN) [2]. LISP is already becoming part of
SDN solutions, such as the OpenDaylight con-
troller (opendaylight.org). In this article we ana-
lyze the relation between the LISP architecture
and the SDN paradigm.

There are two well-defined parts in any SDN
deployment: the northbound and the south-
bound interfaces. The northbound offers a high-
level application programming interface, where
control applications can be deployed. The south-
bound is a low-level interface used to operate
with the raw network elements. Currently, there
is ongoing effort to define the high level abstrac-
tion interface (see Frenetic [3] or Procera [4] as
examples). There are also several options with
respect to the southbound interface, with Open-
Flow [5] attracting the most interest from industry.

The main contribution of this article is to
analyze LISP as a southbound SDN protocol.
For this, the article presents a systematic analysis
of the fundamental SDN requirements, inferred
from the literature [2–10], and how such require-
ments can be fulfilled by the LISP architecture
and components. The analysis results in a set of
qualitative advantages and drawbacks as well as
recommended potential improvements to over-
come the identified issues. In order to validate
the analysis, we build and test a prototype using
the LISPmob open-source implementation (lisp-
mob.org).

BACKGROUND: LISP OVERVIEW
The Locator/ID Separation Protocol (LISP)
decouples host identity from its location. It cre-
ates two different namespaces: endpoint identi-
fiers (EIDs) and routing locators (RLOCs).
Hosts are identified by an EID, and their point
of attachment to the network by an RLOC. To
keep LISP incrementally deployable, in its very
basic form EIDs and RLOCs are syntactically
identical to current IPv4 and IPv6 addresses.
However, the protocol allows arbitrary address
families (e.g. MAC) to be used.

Figure 1 depicts the LISP common operation.
Packets are routed based on EIDs within host
sites and on RLOCs on transit networks. Since
host A and host B are in different sites (e.g. two
offices geographically separated), the packets
from A to B have to traverse a transit network
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(e.g. the Internet). To allow transit between the
EID and RLOC spaces, LISP follows a map-
and-encap approach performed by LISP tunnel
routers deployed at edge points. In the image,
tunnel router X receives the packet from host A
addressed to host B (1). It knows that host B is
in a different EID site, but it does not know
where to reach that site (i.e. its RLOC). Tunnel
router X requests this information to the map-
ping system (2). The LISP mapping system is a
distributed database that stores EID to RLOC
mappings. Tunnel router Y has previously regis-
tered its location and the set of EIDs it is in
charge of in one of the mapping system internal
servers. The mapping system routes the request
internally (3) to find that server, and eventually
it replies back with the requested location (4).
Tunnel router X gets this information and caches
it for future use. From now on, all EID packets
from host A to host B will be encapsulated into
an RLOC packet in tunnel router X and routed
toward tunnel router Y (5). Upon arrival at the
destination, tunnel router Y will decapsulate the
packets and forward them natively to host B (6).

LISP: AN SDN ARCHITECTURE?
In this section we analyze if the LISP architec-
ture, in its current form, can fulfill the require-
ments stemming from the SDN paradigm. Even
though a formal definition of such requirements
cannot be found in the literature, we infer the
key SDN requirements by revisiting the design
principles of the state-of-the-art SDN literature.

Control-Data Decoupling: One of the main
reasons that motivated the emergence of Open-
Flow [5] was to decouple the network control
from the data forwarding devices. With its map-
ping system in place, LISP is capable of main-
taining a distributed database where the network
state and control information are stored. This
database can be updated and queried by the
LISP network elements in real time, and any
change on it is propagated over the network.
With this approach LISP is effectively decou-
pling control from data: while the data-plane
remains at the router level, implemented on the

tunnel routers, all control is pushed to the map-
ping system.

Network Programmability: Frenetic [3] and
Procera [4] are two examples of the interest of
the community in programing the network and
improving its management. The LISP paradigm
does not program the network but rather the
mapping system. The control policies can be pro-
grammed and stored on the mapping system, then
the LISP data-plane will operate accordingly.
LISP semantics are poor when compared to state-
of-the-art languages [3, 4] and focuses on repre-
senting the network state, therefore LISP should
be complemented by a rich northbound language.

Centralized Control: Levin et al. [7] demon-
strate that one core benefit of SDN is that it
enables the network control logic to be designed
and operated on a global network view, as
though it were a centralized application. Since
the LISP mapping system stores all network con-
trol state data and can be remotely accessed and
updated in real time, it provides a global view of
the network that effectively centralizes the control.

Scalability: Yeganeh et al. [8] show the con-
cern of the SDN community about SDN scalabil-
ity. LISP is a pull-based architecture that stores
the network state information in the mapping
system, and network entities (e.g. LISP tunnel
routers) retrieve and cache only locally relevant
state information on demand. Furthermore, the
literature shows that the mapping system inter-
nals can be designed to be scalable [11].

Core-Edge Split: Casado et al. [9] analyze the
main shortcomings of existing SDN architectures
and point to the Fabric architecture as a solu-
tion. Fabric is based on an element called net-
work fabric, a set of forwarding elements whose
main function is packet forwarding. By taking
base on this concept, they split the network into
three components: hosts, edge switches, and core
fabric. With this, rich network services such as
isolation, mobility, or security are performed at
the edge while fabric control is only responsible
for packet forwarding. It is simple to establish a
bijective relationship from Fabric components to
LISP elements: tunnel routers perform edge
switch functions, hosts are located on the EID
space, and the core fabric corresponds to the
RLOC space. From an abstract point of view,
LISP offers an equivalent architecture to the one
proposed by Fabric.

LISP SDN BUILDING BLOCKS
In this section we analyze how specific LISP
architectural elements can be used as SDN build-
ing blocks to understand the technical advantages
and disadvantages of LISP as an SDN solution.

FLEXIBLE NAMESPACE
The main LISP specification assumes IPv4 and
IPv6 as address families, but it is flexible enough
to allow using any other address families (e.g.
MAC addresses). The LISP canonical address
format (LCAF) allows defining ad-hoc address
types that can be used for any purpose on a
LISP system.

The template to define this type of address
follows a simple TLV format (type-length-value).
With this format, it is possible to define any

Figure 1. LISP overview.
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address type, including nested addresses of the
same or different type. There are several address
types defined at the time of this writing: AS
number, geo-coordinates, application data,
NAT-traversal data, multicast info, and so on.
As an example, geo-coordinates addresses are
used to carry geographical information along
with any other address.

In general, such addresses allow LISP to map
from any kind of identifier to any kind of loca-
tor, which means that, from an abstract point of
view, LISP can map from any namespace to
another. This address agnosticism enables rich
network state programmability and can help to
ease the interoperability challenges of heteroge-
neous SDN deployments

DISTRIBUTED MAPPING DATABASE
Interface: The interface to exchange informa-
tion with the mapping system is standard and
open, and all the mapping system internal ele-
ments are hidden behind this interface (see
Fig. 2). This allows the LISP data-plane devices
to remain agnostic of the mapping system inter-
nal implementation. Such decoupling was put
into test when the LISP beta-network deployed
on the Internet (lisp4.net) replaced the existing
mapping system, based on BGP, to a new one
based on DNS without interfering with any of
the LISP data-plane elements.

Arbitrary Information: Using the LISP flexi-
ble addresses (LCAF) described in the previous
section, the mappings can contain any arbitrary
information and be read/written from the map-
ping system using a standard interface. An SDN
system can take advantage of this feature to
store the network state. This is similar to what
Onix [10] does with its own distributed databases.

Onix is a well known wide-area SDN deploy-
ment that addresses the lack of a general SDN
control platform that can provide network-wide
management abstractions. Onix provides an
infrastructure to manage network state, on top
of which different control-plane applications can
be implemented. To offer this, Onix deploys its
own database system to keep the network state
and relies on the OpenFlow protocol to commu-
nicate with the network devices. Onix takes care
of keeping consistent and distributed this net-
work state over all network elements. With a
LISP deployment, Onix could take advantage of
LISP capabilities to provide similar functionality.
First, it could use the mapping system with flexi-
ble addresses to keep network state and policies
instead of deploying its own database system.
Second, it could automatically reflect this state
on the actual network if the network devices
directly pull these policies from the mapping sys-
tem using the LISP protocol.

Internal Scalability: The internal architecture
of a specific mapping system varies depending
on the type of information it is expected to store.
Figure 2 also shows how the mapping system can
use different internal implementations.

A mapping system indexing common IP
addresses benefits from a hierarchical structure,
such as DNS. This is the approach followed by
the delegated database tree (DDT) based on [11],

the mapping system design used on the current
LISP Internet deployment (lisp4.net). On the
other hand, some deployments could require a
flat name space; this is the case of non-aggregat-
able data such as character strings. For such
requirements, a distributed hash table (DHT)
design, rather than a DNS-like design, should be
used. Although some initial efforts toward a
DHT-like mapping system can be found in the
literature [12], at the time of this writing only a
hierarchical mapping system (DDT) has been
successfully widely deployed.

Consistency: Levin et al. [7] expose the impact
of a distributed SDN state on a logical central-
ized control application. While LISP still needs
to deal with distributed trade-offs, its design
allows mitigating them. The LISP mapping sys-
tem is consistent and any snapshot of the dis-
tributed information reflects the desired control
state. However, LISP network elements are
eventually inconsistent, since an update on the
mapping system is not instantaneously reflected
on the data-plane. For instance, a LISP tunnel
router can register new mapping information
into the mapping system at any time, but an old
version of the mapping can still be cached by
remote tunnel routers. In order to minimize net-
work inconsistency time, LISP defines two mech-
anisms to enforce up-to-date information at the
data-plane. First, data-packets can carry an index
of the current version of the mapping; second, a
special control message can be used to explicitly
notify remote parties of the mapping update.

NETWORK LANDMARKS
Re-encapsulating tunnel routers (RTR) are spe-
cial LISP tunnel routers that can be deployed on
the RLOC space, rather than on the EID-RLOC
edges. They receive LISP traffic, decapsulate it,
look-up on the mapping system for the next hop,

Figure 2. LISP mapping system.
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re-encapsulate the traffic, and forward it. They
give flexibility to the data path, offering network
landmarks that data-packets can use.

These routers are a key element of a LISP
SDN deployment. They can process the decapsu-
lated traffic prior to re-encapsulating it again.
This means, for instance, that traffic can be
inspected, accounted, dropped, or modified at the
re-encapsulating tunnel routers. An SDN
approach can take advantage of these elements to
set up network function devices. Devices such as
firewalls, traffic analyzers, and accounting points,
can be plugged, implemented, or virtualized on
top of re-encapsulating devices. In that sense, Fig.
3 shows the abstract representation of a re-encap-
sulating tunnel router device with some network
functions integrated that are used on demand.

TRAFFIC ENGINEERING
A mapping on the LISP mapping system can link
an identifier to several locators. LISP allows
defining a different priority and weight per loca-
tor. These values are used to specify the prefer-
ence of the RLOCs to use to reach an EID as
well as how to balance traffic among them.
Besides that, LISP also introduces advanced
traffic engineering capabilities by means of the
explicit locator path (ELP). An explicit locator
path is a list of hops through which packets have
to be routed. The packets have to visit those

locators in the same order as they are listed in
the explicit path. These explicit paths serve as a
mechanism to force traffic to follow a certain
path on the locators space.

Priorities and weights also apply to locator
paths, which means that an EID can map to sev-
eral locator paths with different priority/weight
attributes. Furthermore, such paths can be nest-
ed, creating sub-paths. This is done using EIDs
instead of RLOCs as hops in the path. The final
locator-only path will be obtained by a recursive
look-up process. When a device finds that the
next hop of the path is an EID, it will look-up
on the mapping system to know the sub-path
that this EID represents. Note that these sub-
paths are subject to priority and weight values
the same way as any other locator on the path.
Using priority and weight, a LISP system can use
different paths for the same destination where
one path could be the most preferable while the
others serve as backup, or many paths can be
used at the same time to balance traffic.

Figure 4 shows an example. The traffic going
to endpoint C should first go through M and N
before being delivered at U. If that path is not
available, then the traffic should be balanced in
a 70/30 fashion over locators V and W. The traf-
fic going to D should follow the path defined by
α before reaching Z. As a backup, it can be also
delivered directly on Z. In the example, α is
used as a special identifier that represents a path
instead of an endpoint.

Locator paths and re-encapsulating devices
are tightly coupled, since in most of the cases
the locator paths are used to force traffic to go
through re-encapsulating devices. Explicit loca-
tor paths combined with re-encapsulating devices
enable network programmability due to the abil-
ity to define custom programmable paths for
packets in real time. Priority and weight parame-
ters serve a fundamental role when deploying
traffic rules. Traffic can be balanced among sev-
eral paths and, thanks to recursion, to an arbi-
trary number of sub-paths. An SDN approach
can deploy several re-encapsulating devices that
also may implement (virtualized or not) network
functions, and then program the mapping system
to force the traffic to flow through these devices
using explicit paths. Path nesting allows defining
common sets of re-encapsulating devices that
can be applied at once to specific traffic.

LABEL SYSTEM
Instance-ID is a 24 bit length identifier that can
be associated with a certain EID. The identifier
is included in the LISP header, and hence in all
data-packets. Typically, this is used to carry
VLAN tags or VPN identifiers. With this, net-
work operators can split network policies and
traffic, enabling multi-tenancy deployments.

However, instance-ID can be used beyond its
original purpose. It is a 24 bit tag that can be
appended to any data-packet to enable further
features, not only multi-tenancy or address
reusing. Specifically it can be used for routing
scalability as well as management. In an SDN
proposal such as Fabric [9], instance-ID can be
used to tag flows that should be forwarded in the
same way, simplifying forwarding on the core
fabric and improving management and scalability.

Figure 3. LISP re-encapsulating tunnel router.
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LISP FOR SDN
Based on the previous analysis, this section dis-
cusses the advantages and drawbacks of applying
LISP for SDN.

HIGHLIGHTS
Based on the analysis in the previous section, we
highlight the most relevant features of LISP in
SDN environments.

Scalability: As described previously, the map-
ping system provides scalability to the LISP sys-
tem, an SDN solution can leverage this to
provide a scalable network state database that
can be directly queried by both data and control
devices.

Interoperability: Given its flexible namespace
and its label system, LISP is agnostic to the pro-
tocols it encapsulates and is well-suited to deploy
overlays. 

Inter-Domain: Network landmarks and LISP
traffic engineering capabilities allow LISP to
enforce policies on transit networks and make it
suitable for inter-domain deployments.

BENEFITS
First, LISP has been designed to be incremental-
ly deployable and to leverage current IP-based
networks. Any existing IP-based network can
incorporate common SDN features by simply
upgrading some routers to LISP tunnel routers
and connecting them to a mapping system.

Second, the shortcomings of traditional SDN
protocols are motivating the emergence of hybrid
SDN proposals that combine SDN with tradi-
tional network solutions [13]. Interestingly, due
to its scalability and interoperability, LISP eases
the deployment of the aforementioned hybrid
SDN networks, specially since LISP can be incre-
mentally deployed. Furthermore, thanks to its
flexibility, LISP is well-suited to accommodate
future protocols and new network approaches.

Finally, in contrast with common SDN proto-
cols that are designed to operate mostly within a
single domain, LISP allows SDN policies to be
enforced across domains (e.g. DC-to-DC, DC-
to-user’s home). Well-placed LISP elements (e.g.
re-encapsulating tunnel routers) make possible a
programmable SDN deployment over a transit
network (e.g. the Internet), something that is
more complex to accomplish with traditional
SDN protocols.

DRAWBACKS
Due to both how the protocol operates and its
nature as a map-and-encap approach, LISP has
some limitations that must be taken into account
when considering LISP as a southbound SDN
protocol.

Extra Headers: In order to encapsulate the
traffic, LISP adds extra headers to the packets.
This increments the packet size and reduces the
available payload.

Mapping Resolution: LISP devices resolve
and cache the mapping information on demand.
The first packets of non-cached flows need to be
either buffered or dropped until the mapping
resolution process has been completed.

Mapping Updates: Any update on the map-
ping system is propagated over the network.

However, this propagation involves some delay
due to the signaling process, which can introduce
latency in the system and/or produce packet losses.

Look-Up Support: While LISP defines how to
convey different types of addresses in control
messages, it does not define how to use all of
those addresses to perform look-up operations.

Flat Data Support: Generally, mapping sys-
tem implementations have been designed with
hierarchical data in mind (e.g. IP addresses) and
as such do not perform well when storing flat
data (e.g. character strings).

Both extra headers and mapping resolution
drawbacks are inherent in the LISP architecture.
However, they do not have a strong impact on
performance given that LISP encapsulation typi-
cally adds only 36 bytes (IPv4) or 56 bytes (IPv6) [1],
and the LISP entities cache the mappings and
because of the strong locality of traffic [14]
achieve a hit-rate above 99 percent.

Regarding flat data support, the limitation can
be solved with a DHT-based mapping system.
Given that the interface to read/write mappings
is open and standard, this limitation is not archi-
tectural and can be solved taking advantage of
existing DHT databases.

To overcome the rest of the drawbacks we
propose the following potential enhancements
for the protocol above.

PROPOSED IMPROVEMENTS
The mapping updates limitation requires opti-
mizing the mapping update signaling on SDN
scenarios. In this context, we propose imple-
menting a publish/subscribe mechanism for
LISP mappings. The proposed mechanism is
already being prototyped for the LISP project
in OpenDaylight (opendaylight.org). The sys-
tem operates as follows. Whenever a LISP
data-plane device requests a mapping, the map-
ping system adds it to the list of subscribers for
that mapping. Whenever the mapping data
changes, the subscribers of that mapping are
immediately notified, and thus they do not
need to wait for the standard mapping update

Figure 5. LISP SDN prototype.
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propagation. The requester has to renew its
subscription by explicitly requesting the map-
ping before a time-out. For scenarios where
scalability and/or security is a concern, the sub-
scription may be restricted to a set of pre-
defined mappings or subscribers.

The look-up support needs to be extended
beyond its current focus mostly in IP-prefixes.
Most of the current SDN solutions operate the
network in terms of flows. Traditionally, the
minimal amount of information to identify a
flow is its 5-tuple, even though normally in SDN
more fields are used (e.g. OpenFlow). We advo-
cate that LISP requires at least a look-up mecha-
nism based on 5-tuples, despite the fact that in
the future further look-up processes can be
implemented, potentially leveraging on the
OpenFlow tuple matching process.

PROTOTYPE
This section presents a prototype of a LISP-
based SDN solution in order to validate its feasi-
bility.

SETUP
The prototype topology is depicted in Fig. 5.
Two hosts (A and B) in different LISP sites are
connected through the transit network via two
tunnel routers (X and Y) and optionally via a re-
encapsulating tunnel router. The mapping sys-
tem stores mappings of source-destination EID
tuples to RLOC space paths. These mappings
are loaded by (borrowing OpenFlow terminolo-
gy) a controller.

To implement the prototype, we instantiate a
virtual machine running Linux for each of the
elements on the topology. We connect the
machines using virtual networks, emulating the
topology depicted in the figure. On the machines
that need LISP capabilities we run the open-
source LISPmob implementation (lispmob.org)
modified to support look-ups based on destina-
tion-source EID tuples.

On the described prototype we test two dif-
ferent scenarios, one where the traffic goes
directly to its destination and another where the
traffic goes through the detour introduced by the
re-encapsulating tunnel router. We have a sim-

ple SDN application running on the controller
that can dynamically set which path has higher
priority.

METRICS
To extract relevant metrics we run 10 iterations
injecting ping packet traffic during 10 secs per
scenario (with and without detour) at a data-rate
of 1000 pkts/s.

Packet Loss: The initial packet loss is due to
the required mapping resolution signaling when
we send a flow over a new path. We have mea-
sured an average initial packet loss of 3.0 pack-
ets dropped per iteration on the scenario without
detour. This average packet loss goes up to 5.1
packets per iteration on the scenario with the
extra LISP router due to the introduction of
additional mapping resolution operations.

Delay: To measure how much delay is intro-
duced by LISPmob we built an equivalent pro-
totype without LISP capabilities, where traffic
paths were configured modifying the routing
tables on the Linux boxes. The top of Fig. 6
shows the PDF (probability distribution func-
tion) of the RTT (round trip time) for the sce-
narios considered. Note that without the detour
round-trip traffic goes through four hops (i.e.
two from A to B and two from B to A), while
the detour introduces one extra hop in each
direction (3+3) for a total of six hops. The bot-
tom part of Fig. 6 shows how much time elaps-
es from when LISPmob receives a new packet
until it delivers the LISP encapsulated packet,
that is, LISP look-up and encapsulation. The
plots in Fig. 6 show that each LISP hop adds
roughly 50 microseconds to the RTT, of which
no more than 30 are due to LISP operations.
The remaining latency is mostly due to the user
↔ kernel communication required by LISP-
mob. Nevertheless, the lookup and encapsula-
tion operations may be optimized by router
manufacturers to enable the performance of
hardware implementations to be similar to that
of traditional IP datagram forwarding.

CONCLUSIONS
In this article we have analyzed if LISP, in its
current form, can be used for SDN. Our analysis
concludes that the control-data decoupling, the
network programability, and the centralized con-
trol enabled by traditional SDN solutions are
already enabled by the LISP mapping system
and supported by the rest of the LISP compo-
nents. The major benefits of using LISP for SDN
are that it keeps its incremental deployability
and flexibility while providing scalability, inter-
operability, and inter-domain support, making
LISP especially suitable for SDN deployments
over legacy or transit networks, such as the
Internet. However, despite its potential as an
SDN enabler, there are some aspects of the pro-
tocol that should be extended to better fit the
SDN use-case, mainly the signaling for the map-
ping updates and implementing support for an
advanced look-up process. Finally, the presented
prototype demonstrates that LISP is feasible for
SDN scenarios.

Figure 6. LISPmob induced delay.
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