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ME S S A G E F R O M T H E ED I T O R- I N -CH I E F

his issue features a feature topic on “Mul-
ticell Cooperation,” which contains 11
excellent papers collected by our Guest

Editors,  Ekram Hossain and Zander
(Zhongding) Lei. They worked extremely hard
to edit this feature topic due to a fairly large
number of submissions to the Call for Papers.
Multicell  cooperation is a newly emerging
communication technology that can help to
significantly improve the overall system capaci-
ty of a cellular system through mitigating or
coordinating intercell interference. A multicell
cooperation system works based largely on
cooperative communications at both the base
station (BS) and mobile station (MS) levels,
and it  has become a viable technology to
address various critical issues in throughput
and coverage enhancement in fourth genera-
tion mobile cellular systems. As a matter of
fact, multicell cooperation has been identified as one of the key
technologies adopted in the LTE-A standard, which offers a
peak data transmission rate up to 1 Gb/s. Therefore, the impor-
tance and timeliness of this feature topic is evident. Due to the
excellent work done by the Guest Editors, this feature topic
offers you a collection of 11 articles, contributed by experts

from both academia and industry. We do hope
that you will enjoy reading them.
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INTRODUCTION

More than any time ever before, today technology has a
significant impact on people’s lives. The proliferation of
slim, mobile, and portable devices such as notebooks,
ultrabooks, tablets, and smartphones is a clear testament
to the importance of computing and communication in
modern society. In the particular case of wireless systems,
this explosive growth has led to an insatiable need to con-
stantly  boost  capacity  so that  innovative uses can be
offered to consumers. This vicious cycle has brought to
market many innovative wireless solutions including the
IEEE 802.11 family of standards, third generation (3G),
and fourth generation (4G), to name a few.

When it  comes to wireless  systems with data rates
greater than 1 Gb/s at a few meters, the most notable
examples include the IEEE 802.11ac and IEEE 802.11ad
amendments to the base IEEE 802.11 standard [2], with
key parameters summarized in Table 1. Several companies
have announced products implementing these technolo-
gies, with a few of those products already available, or
soon to be available, to consumers.

The data rates offered by IEEE 802.11ac and IEEE
802.11ad can meet the needs of many applications, with
replacement of  wired digital  interface (WDI) cables
arguably the most prominent new use of these technolo-
gies. This includes replacing WDI cables used between a
notebook/tablet/smartphone and certain display (e.g.,
HDMI, DisplayPort) and IO (e.g., USB) devices, thereby
enabling a fully wireless user experience [4].

THE EVOLVING LANDSCAPE IN WDIS

The vicious cycle of technology permeates both wired and
wireless interfaces. Since replacement of WDI cables is the
primary use of this new wave of multi-gigabit per second
wireless systems, it is important to understand how promi-
nent WDIs are expected to evolve over time. This is illus-
trated in Table 2,  which focuses primari ly  on the

approximate maximum data rates currently supported by
each of the corresponding WDI. Future versions of these
WDIs are under development and promise to offer even
higher data rates.

Supporting the data rates outlined in Table 2 over a
wireless system is nontrivial. While IEEE 802.11ac and
IEEE 802.11ad are able to support degrees of these WDIs,
when it comes to supporting, say, the high-end data rates
for certain WDIs shown in Table 2, it becomes apparent
that there is  sti l l  a performance gap. This gap is  only
expected to grow larger, given the rapid evolution in WDI
speeds – clearly, this is one of the major drivers of the
vicious cycle behind multi-Gb/s wireless technologies. As
such, we can conclude that next generation wireless sys-
tems needs to support data rates in the order to tens of
Gb/s to be able to keep up with the evolution of WDI
speeds.

THE WAY TOWARD TENS OF GIGABIT PER SECOND WIRELESS

So far today, there has been little discussion in the indus-
try on ways to achieve tens of Gb/s wireless speeds with
ranges of a few meters. Despite that, there is growing con-
sensus being formed that the only practical way of getting
there is through the use of higher frequencies, with 60
GHz being the starting point.

The amount of unlicensed spectrum in frequencies below
6 GHz is very limited. Even though there are ongoing
efforts to allocate additional unlicensed spectrum in the 5
GHz band, the added capacity will be far short of allowing
tens of gigabits per second rates to be offered at ranges of
5–10 m. As such, the 60 GHz frequency band, with its vast
bandwidth of around 7 GHz, is currently seen as the only
viable solution to achieve those goals. Referring back to
Table 1, this implies that reusing and extending IEEE
802.11ad is the way toward tens of gigabits per second wire-
less, since this technology operates in the 60 GHz frequency
band. Arguably, unlicensed bands higher than 60 GHz (e.g.,
terahertz) could also be used to achieve tens of gigabits per

Table 1. Brief comparison between two > 1 Gb/s systems.

Parameter IEEE 802.11ac IEEE
802.11ad

Approx. max.
theoretical
data rate
(Gb/s)

Per device 3.5 (4¥ 4, 160
MHz channel)

6.8

Aggregate 6.95

Range at max data rate (m) Few (< 10)

Channel bandwidth (MHz) 20/40/80/160 2160

Number of channels in the US Five 80 MHz Three

Frequency band (GHz) 5 60

Expected publication Feb/14 Dec/12

Table 2. Evolution of prominent WDIs.

WDI Version Approx. max. data rate
(Gb/s)

DisplayPort
1.0–1.1 8.6

1.2 17.3

HDMI
1.0–1.2a 5

1.3–1.4a 10.2

USB
2.0 0.48

3.0 5

Thunderbolt 1.0 10

THE PURSUIT OF TENS OF GIGABITS PER SECOND WIRELESS SYSTEMS
CARLOS CORDEIRO, INTEL CORP.
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second wireless, but technologies operating at these fre-
quencies are nowhere near commercialization.

REVIEW OF BEAMFORMING IN IEEE 802.11AD

An overview of the IEEE 802.11ad standard is given in [3].
The unique feature of this standard is the fact that com-
munication in 60 GHz requires the use of high gain direc-
tional antennas in order to compensate for the large path
loss [1]. While directional communication addresses the
link budget issue, it introduces the need for finding the

direct ion of  communication with a neighbor.  This  is
addressed by a novel beamforming (BF) protocol.

BF is the process used by a pair of stations to achieve
the necessary link budget for subsequent communication.
In IEEE 802.11ad, BF consists of two phases, as depicted
in Fig. 1: sector level sweep (SLS) and beam refinement
phase (BRP). SLS enables a pair of devices to establish
the initial (coarse) direction of communication. At the end
of SLS, a pair of devices determines the best transmit sec-
tor for communication with each other. BRP is used for
receive antenna training and to fine tune antenna settings
to improve the quality of directional communication, and
hence obtain a multi-gigabit-per-second link.

One of the most important characteristics of the BF
protocol in IEEE 802.11ad is that it is capable of discover-
ing a single radio frequency (RF) path for communication
between a pair of devices. Thus, this means that even if a
device possesses more than one antenna array, only one of
those antenna arrays is used for communication between
any transmitter-receiver device pair. This is depicted in
Fig. 2.

ACHIEVING TENS OF GIGABITS PER SECOND WIRELESS
Similar to the evolution of IEEE 802.11a/b/g toward

IEEE 802.11n, we believe that the next step in the evolu-
tion of 60 GHz standards beyond IEEE 802.11ad wil l
include the introduction of multiple-input multiple-output
(MIMO) and channel bonding capabilities. With MIMO,
different signals are transmitted from different 60 GHz
antenna arrays,  as  shown in Fig.  3.  This  results  in an
improvement in diversity and performance.

To illustrate the gains possible with MIMO in 60 GHz,
we have simulated the scenario shown in Fig. 4, wherein

IEEE Wireless Communications • February 2013
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Figure 1. Beamforming protocol in IEEE 802.11ad.
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two devices are separated by 5 m, and each device is
equipped with two antenna arrays each with 2 ¥  8 ele-
ments. The center of the two antenna arrays in a device
are separated by 10 cm. A reflector with a reflection coef-
ficient of 2 dB is placed next to the two devices to form a
reflected path between the two devices. The distance to
the reflection point (y) is varied from 1 to 3 m. The total
transmit power of each antenna array is set to 10 dBm,
and the noise figure and implementation loss are set to 15
dB. Both beamforming and nullforming techniques are
used to enable two s imultaneous data transmissions
between the two devices over the direct path (i.e., link 1)
and the reflected path (i.e., link 2). The MCS is chosen
from MCS 13 (693 Mb/s) to MCS 24 (6.76 Gb/s) of IEEE
802.11ad based on the received signal-to-interference-plus-
noise ratio (SINR). Figure 5 shows the results obtained,
where an aggregate data rate of at least 11 Gb/s can be
achieved with two simultaneous transmissions.

When coupled with channel bonding, the aggregate
data rate is essentially multiplied. Therefore, MIMO with
channel bonding can lead to data rates greater than 20
Gb/s for two bonded channels and 30 Gb/s for three bond-
ed channels. The use of higher-order MIMO schemes and
larger numbers of elements per antenna array than those
shown in Fig. 4 can lead to even higher aggregate data
rates.

CONCLUSIONS AND FUTURE DIRECTIONS

The next few years will experience a significant growth in
the availability of commercial wireless technologies capa-
ble of multi-gigabit-per-second data rates. While this will
provide a major technological advancement compared to
the capacity of today’s short-range wireless systems based
on IEEE 802.11 [2], these speeds fall short of meeting the
rates of future WDIs.  The use of MIMO and channel
bonding at 60 GHz frequencies is expected to provide the
next major bump in wireless speeds that can lead to data
rates on the order of tens of gigabits per second, thus serv-
ing as the path toward supporting the envisioned evolution
in WDI speeds. That said, research is still in its infancy
when it comes to the use of MIMO in 60 GHz, and further
work is needed on developing this capability and proving
its commercial feasibility.

ACKNOWLEDGMENTS
The author would like to thank Minyoung Park from Intel
for providing helpful contributions to this article.

REFERENCES
[1] C. Cordeiro, “Evaluation of Medium Access Technologies for Next

Generation Millimeter-Wave WLAN and WPAN,” IEEE ICC, 2009.
[2] IEEE 802.11-2012 Standard, http://www.ieee802.org/11/
[3] C. Cordeiro et al., “IEEE 802.11ad: Introduction and Performance

Evaluation of the First Multi-Gb/s WiFi Technology,” ACM mmCom,
2010.

[4] C. Hansen, “WiGig: Multi-Gb/s Wireless Communications in the 60
GHz Band,” IEEE Wireless Comms, Dec. 2011.

IEEE Wireless Communications • February 2013

Figure 5. Simulation results of MIMO with 60 GHz.

Distance to the reflection point, y (m)
1

2

PH
Y 

ra
te

 (
G

b/
s)

0

4

6

8

10

12

14

16

1.5 2

Link2 data rate

Link1 data rate

Sum rate

2.5 3

IN D U S T RY PE R S P E C T I V E S

LYT-INDUSTRY-Cordeiro_LYT/SCANNING/JUNE  2/21/13  3:25 PM  Page 5

http://www.ieee802.org/11/


IEEE Wireless Communications • February 20136

BO O K RE V I E W S

EDITED BY SATYAJAYANT MISRA

Fundamentals of Wireless Sensor Net-
works: Theory and Practice, Wal-
tenegus Dargie and Christian
Poellabauer, Wiley Series on Wireless
Communications and Mobile Com-
puting; Series Editors: Xuemin (Sher-
man) Shen and Yi Pan; John Wiley
and Sons, Ltd.; Edition 1, 2010;
ISBN: 978-0-470-997-659; Hard-
cover, 332 pages.
Reviewer: Satyajayant Misra

Wireless sensor networks (WSNs)
have been an area of sustained research
for more than a decade. Although their
initial application has been restricted to
niche domains, such as in the military
and for academic projects, recently,
they are finding use in many fields, such
as civil and mechanical engineering,
biology, ecology, medicine, and individ-
ual civilian uses. Several recent efforts
have also been launched to make wire-
less sensor nodes easy to assemble,
using commercial off-the-shelf compo-
nents, and easy to program using freely
available open source software. Several
commercial ventures have been started
to help users set up their own WSNs,
gather data and store it in the cloud,
and also perform sophisticated analysis
in the cloud. Looking into the future,
these spirited efforts will result in
WSNs becoming ubiquitous in our day-
to-day life. This exciting phase of WSN
development will enable users, practi-
tioners, enthusiasts, and researchers
attempting to apply WSNs in their
domains. This calls for availability of
literature and texts that provide an
understanding of the fundamentals of
WSNs from both the theoretical and
the practical perspectives. These texts
should not only be written with students
and researchers in the area in mind, but
also aim to benefit a wide spectrum of
readers. This book, titled Fundamentals
of Wireless Sensor Networks: Theory and
Practice, is a good match for the needs
of this wide spectrum of possible users,
including students at the graduate and
undergraduate levels. The book pro-
vides an introduction to the fundamen-
tal concepts and principles of WSNs,
and a survey of protocols, algorithms,
and technologies in subdomains, such
as the network protocol stack, middle-
ware, and applications.

This book is divided into three

broad sections: Introduction, Basic
Architectural Framework, and Node
and Network Management, containing
a total of 12 chapters. The Introduc-
tion section contains four chapters.
Chapter 1 provides the motivation for
the use of WSNs by juxtaposing WSNs
against traditional networks (e.g. ,
wired networks).  The chapter also
provides some insights on the nature
of typical sensors that are attached to
sensor nodes, and the classification for
these sensors. It also details the chal-
lenges and constraints with WSNs, in
terms of the environment, wireless
channel, and energy scarcity, among
others. The second chapter provides
details on several application scenar-
ios for WSNs: structural health moni-
toring, traffic monitoring, healthcare,
volcano monitoring, underground min-
ing, pipeline monitoring, and precision
agriculture. There are of course sever-
al other applications that may be envi-
sioned for WSN application, such as
habitat monitoring and ecological sur-
veys of animals and their migration
patterns. Chapter 3 presents the archi-
tecture of a wireless sensor node,
which includes the sensing subsystem
consisting of the analog-to-digital con-
verter as the integral part; the proces-
sor/microcontroller subsystem, which
uses different technologies, such as
application-specific integrated circuits
and field programmable gate arrays;
and communication interfaces, such as
the serial peripheral interface and the
inter-integrated circuits. The chapter
also presents some of the prototypical
architectures, such as the Intel iMote
node architecture, the XYZ architec-
ture, and the Hogthrob architecture.
Chapter 4 presents different features
and functional aspects of operating
systems for a wireless sensor node,
and also presents and compares four
OSs: TinyOS, SOS, Contiki,  and
LiteOS. 

The second section of the book per-
tains to basic architectural frameworks,

and provides a detailed discussion of
protocols and algorithms used at dif-
ferent network protocol layers. Chap-
ter 5 presents a discussion about the
physical layer architectures and con-
cepts. It starts by presenting the basic
components of a wireless sensor sys-
tem, and then presents source encod-
ing, channel encoding, different
modulation techniques for communica-
tion in the wireless channel, and signal
propagation. Chapter 6 starts with an
overview of medium access control
(MAC) protocols: the paradigms of
contention-based and contention-free
MAC; then presents MAC protocols
used in the ad hoc wireless domain,
and the requirements of a MAC proto-
col in WSNs. The chapter also pre-
sents several contention-free,
contention-based, and hybrid MAC
protocols for WSNs. Chapter 7 pre-
sents an overview of the network layer,
the routing metrics, and also the dif-
ferent routing paradigms, such as
flooding and gossiping, data-centric
routing, proactive routing, on-demand
routing, hierarchical routing, location-
based routing, QoS-based routing, and
the corresponding protocols. 

The third section deals with node
and network management, presenting
several additional techniques and solu-
tions for dealing with system and net-
work dynamics and WSN-specific
requirements. Chapter 8 deals with
power management in WSNs: local
power management aspects and dynam-
ic power management. Chapter 9 deals
with time synchronization primitives
for the nodes in the WSN. It presents
the basics for time synchronization in
WSNs and the corresponding chal-
lenges. The chapter further presents
several time synchronization protocols,
such as lightweight tree-based synchro-
nization, the timing-sync protocol for
sensor networks, the flooding time syn-
chronization protocol, and protocols
for multihop time synchronization.
Chapter 10 deals with localization —
ranging techniques, different tech-
niques for range-based localization,
range-free localization, and event-based
localization. Chapter 11 deals with
WSN security, that is, the security fun-
damentals necessary for proper opera-
tion of a WSN, the challenges to
security, and potential security attacks.
The chapter also presents protocols
and mechanisms to improve security
and provide reusable primitives. Chap-
ter 12 deals with sensor network pro-

Given its breadth of coverage of
the topic of wireless sensor networks
and its close following of the state

of the art, the book would serve not
only as a good textbook, but also

as a very good reference for
researchers and practitioners.
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gramming: the challenges to program-
ming wireless sensor nodes; the node-
centric programming constructs in the
event-driven programming paradigm;
the idea of macroprogramming, where
a node is no longer the focus, but a
group of nodes or a whole network; the
idea of dynamic reprogramming of sen-
sor nodes post-deployment; and the
available sensor network simulators
and tools.

The book provides a holistic view of
WSNs from the perspectives of both
theory and practice. Given its breadth
of coverage of the topic of wireless sen-
sor networks and its close following of
the state of the art, the book would
serve not only as a good textbook, but
also as a very good reference for
researchers and practitioners. The book
also has several interesting exercise
questions at the end of each chapter.
The references provided at the end of
each chapter are fairly representative of
the state of the art.

Smart Grid Communications and
Networking, Edited by Ekram Hossain,
Zhu Han, and H. Vincent Poor, Cam-
bridge University Press, Edition 1, May
2012, ISBN-13: 9781107014138,
Hard cover, 481 pages.
Reviewer: Satyajayant Misra

Due to its huge economic, environ-
mental ,  and societal  benefits ,  the
smart grid has become a critical agen-
da worldwide. The smart grid is an
enhanced power grid system, in which
grid entit ies can cooperate to
improve, the response of the power
grid, reduce peak demand, and make
power generation, distribution, and
consumption economically. A major
enabler of this cooperation is efficient
communication and information
exchange between the grid entities,
the producers,  distributors,  policy
makers, and the consumers. The com-
munication and information exchange
will be facilitated by several wireless
and wire-line technologies, such as
IEEE 802.11,  ZigBee,  6LoWPAN,
Ethernet, Power-Line Communica-
tion, etc. The smart grid will provide
information and intelligence to the
power grid to enable grid automation,
active operation, and efficient demand
response. This makes the need for
research and development in commu-
nication protocols for the smart grid
an area needing immediate attention
and thus, research in the development
of smart grid communications and

networking systems is gaining momen-
tum. Smart Grid Communications and
Networking, edited by Ekram Hossain
from the University of  Manitoba,
Canada, Zhu Han from the University
of Houston,  USA, and H. Vincent
Poor from the Princeton University,
USA—a recently published book by
Cambridge University Press on smart
grid communications has been
released for enthusiasts, practitioners,
and engineers at the right time.

The book contains twenty chapters,
which are organized into six parts.  Part
one consists of four chapters covering
the basics of communication architec-
tures, models, and technologies, net-
work control systems, demand-side
management models, as well as the
vehicle-to-grid systems in the future
smart grid. Part two onwards; the book
deals in greater detail with communica-
tion, namely existing paradigms, tech-
nologies, and security and privacy issues
on the smart grid. Part two, consisting
of four chapters, deals with the physical
data communications, access, detection,
and estimation techniques for the smart
grid systems.  Chapter 5 presents com-
munication and access technologies
from legacy systems, to technologies
that will find application in smart grids
of the future. The emerging paradigm
of machine-to-machine (M2M) commu-
nications is reviewed in Chapter 6.
Chapter 7 deals with the important area
of bad-data detection in the smart grid
especially in a distributed manner.
Chapter 8 deals with distributed state
estimation with emphasis on a learning-
based framework. 

Part three of the book consists of
two chapters and focuses on wireless
networks and performance evaluation
of network architectures and protocols
for the smart grid systems. Chapter 9
presents networking technologies for
wide-area power-systems measurement,
monitoring, protection, and control.
Chapter 10 presents factors to take into
account when using wireless technolo-
gies (especially wireless sensors and
actuators) for smart grid applications.
Wireless sensor and actuator networks

will play a very important role for the
generation systems, transmission and
distribution systems, as well as in the
consumers' premises in the smart grid
environments. Part four of the book,
consisting of four chapters, focuses on
the applications of the technologies for
these sensor networks, major design
challenges, as well as implementation
and performance evaluation of sensor
networking protocols for the smart grid
systems. Chapter 11 deals with research
challenges and potential application of
wireless sensor networks for smart grid.
Chapter 12 presents sensor techniques
and network protocols customized to
the needs of the smart grid. Chapter 13
presents potential methods, such as
pervasive service-oriented network and
content-aware intelligent control, for
development/deployment of sensor and
actuator networks in smart grid. Chap-
ter 14 implementation and performance
evaluation of wireless sensor networks
for smart grid. Security is a significant
issue in the smart grid research and it
has attracted substantial research inter-
est from both academia and industry.
Part five of this book is dedicated to
security issues in the smart grid.  Five
chapters in this part deal with issues
such as cyber-attack impact analysis,
jamming-based attack and bad-data
injection attack, cross-layer design for
security provisioning, and intrusion
detection, and application-driven design
approach for secured smart grid appli-
cations. Lastly, part six overviews sever-
al smart grid field trials.

The articles in the book are well-
organized and well-articulated, with
access to relevant references at the
end of each chapter. It will be a valu-
able source of information for people
new to the area of smart grid commu-
nications and networking and the
smart grid systems in general. Also,
scientists and engineers already
involved in smart grid research will
find this book a very good reference
source. This is one of the few books on
the smart grid available today which is
useful to the researchers in the area of
communications, networking, and sig-
nal processing who intend to work in
the smart grid area. 

Even though this is an edited book,
the book has a very good flow and the
materials are coherently presented. All
of the major aspects related to smart
grid communications and networking
have been covered. This book may be
also useful to readers from the power
engineering community seeking to opti-
mize the communication systems for
smart grid.

BO O K RE V I E W S

Even though this is an edited
book, the book has a very good

flow and the materials are 
coherently presented. All of the

major aspects related to smart grid
communications and networking

have been covered.
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Crowdsourcing to Smartphones: Incen-
tive Mechanism Design for Mobile
Phone Sensing
Dejun Yang, Guoliang Xue, Xi Fang,
and Jian Tang, ACM MobiCom, Istan-
bul, Turkey, August 2012

Mobile phone sensing is a new
paradigm which takes advantage of the
pervasive smartphones to collect and
analyze data beyond the scale of what
was previously possible. In a mobile
phone sensing system, the platform
recruits smartphone users to provide
sensing service. Existing mobile phone
sensing applications and systems lack
good incentive mechanisms that can
attract more user participation. To
address this issue, the authors design
incentive mechanisms for mobile phone
sensing. They consider two system
models: the platform-centric model
where the platform provides a reward
shared by participating users, and the
user-centric model where users have
more control over the payment they
will receive. For the platform-centric
model, the authors design an incentive
mechanism using a Stackelberg game,
where the platform is the leader while
the users are the followers. They show
how to compute the unique Stackel-
berg Equilibrium, at which the utility
of the platform is maximized, and none
of the users can improve its utility by
unilaterally deviating from its current
strategy. For the user-centric model,
the authors design an auction-based
incentive mechanism, which is compu-
tationally efficient, individually ratio-
nal, profitable, and truthful. Through
extensive simulations, they evaluate the
performance and validate the theoreti-
cal properties of our incentive mecha-
nisms.

A Picasso: Flexible RF and Spectrum
Slicing 
Steven Hong, Jeff Mehlman, and Sachin
Katti, ACM SIGCOMM, Helsinki, Finland,
August 2012

This paper presents the design,
implementation and evaluation of
Picasso, a novel radio design that allows
simultaneous transmission and recep-
tion on separate and arbitrary spectrum
fragments using a single RF front end
and antenna. Picasso leverages this
capability to flexibly partition fragment-
ed spectrum into multiple slices that

share the RF front end and antenna,
yet operate concurrent and indepen-
dent PHY/MAC protocols. The authors
show how this capability provides a
general and clean abstraction to exploit
fragmented spectrum inWiFi networks
and handle coexistence in dense deploy-
ments. They prototype Picasso, and
demonstrate experimentally that a
Picasso radio partitioned into four
slices, each concurrently operating four
standard WiFi OFDM PHY and CSMA
MAC stacks, can achieve the same sum
throughput as four physically separate
radios individually configured to oper-
ate on the spectrum fragments. The
authors also demonstrate experimental-
ly how Picasso’s slicing abstraction pro-
vides a clean mechanism to enable
multiple diverse networks to coexist
and achieve higher throughput, better
video quality and latency than the best
known state of the art approaches.

Combined Relay Selection and Coop-
erative Beamforming for Physical Layer
Security
Junsu Kim, Aissa Ikhlef, and Robert Schober,
Journal of Communications and Networks,
14(4), 364-373, August 2012

This paper proposes combined relay
selection and cooperative beamforming
schemes for physical layer security.
Generally, high operational complexity
is required for cooperative beamform-
ing with multiple relays because of the
required information exchange and syn-
chronization among the relays. On the
other hand, while it is desirable to
reduce the number of relays participat-
ing in cooperative beamforming
because of the associated complexity
problem, doing so may degrade the
coding gain of cooperative beamform-
ing. Hence, the authors propose com-
bined relay selection and cooperative
beamforming schemes, where only two
of the available relays are selected for
beamforming and data transmission.
The proposed schemes introduce a
selection gain which partially compen-
sates for the decrease in coding gain
due to limiting the number of partici-
pating relays to two. Both the cases
where full and only partial channel state
information is available for relay selec-
tion and cooperative beamforming are
considered. Analytical and simulation
results for the proposed schemes show
improved secrecy capacities compared

to existing physical layer security
schemes employing cooperative relays.

Outage Probability and Outage-Based
Robust Beamforming for MIMO Inter-
ference Channels with Imperfect Chan-
nel State Information
Juho Park, Youngchul Sung, Donggun Kim
and H. Vincent Poor, IEEE Transactions on
Wireless Communications, 11(10), 3561
– 3573, Octorber 2012

In this paper, the outage probability
and outage-based beam design for mul-
tiple-input multiple-output (MIMO)
interference channels are considered.
First, closed-form expressions for the
outage probability in MIMO interfer-
ence channels are derived under the
assumption of Gaussian-distributed
channel state information (CSI) error,
and the asymptotic behavior of the out-
age probability as a function of several
system parameters is examined by using
the Chernoff bound. It is shown that
the outage probability decreases expo-
nentially with respect to the quality of
CSI measured by the inverse of the
mean square error of CSI. Second,
based on the derived outage probability
expressions, an iterative beam design
algorithm for maximizing the sum out-
age rate is proposed. Numerical results
show that the proposed beam design
algorithm yields significantly better sum
outage rate performance than conven-
tional algorithms such as interference
alignment developed under the assump-
tion of perfect CSI.

DOF: A Local Wireless Information
Plane
Steven Hong and Sachin Katti, ACM
SIGCOMM, Toronto, ON, Canada,
August 2011

The ability to detect what unlicensed
radios are operating in a neighborhood,
their spectrum occupancies and the
spatial directions their signals are
traversing is a fundamental primitive
needed by many applications, ranging
from smart radios to coexistence to net-
work management to security. This
paper presents DOF, a detector that in
a single framework accurately estimates
all three parameters. DOF builds on
the insight that in most wireless proto-
cols, there are hidden repeating pat-
terns in the signals that can be used to
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construct unique signatures, and accu-
rately estimate signal types and their
spectral and spatial parameters. The
paper shows via experimental evalua-
tion in an indoor testbed that DOF is
robust and accurate, and achieves
greater than 85 percent accuracy even
when the Signal-to-Noise Ratios
(SNRs) of the detected signals are as
low as 0 dB, and even when there are
multiple interfering signals present. To
demonstrate the benefits of DOF, the
authors design and implement a prelim-
inary prototype of a smart radio that
operates on top of DOF, and show
experimentally that it provides a 80 per-
cent increase in throughput over Jello,
the best known prior implementation,
while causing less than 10 percent per-
formance drop for co-existing WiFi and
Zigbee radios.

Interference Channel with Constrained
Partial Group Decoding
Chen Gong, Ali Tajer, and Xiaodong
Wang, IEEE Transactions on Communi-
cations, vol. 59, no. 11, November 2011,
pp. 3059–71

This paper proposes novel coding and
decoding methods for a fully connected
K-user Gaussian interference channel.
Each transmitter encodes its informa-
tion into multiple layers and transmits
the superposition of those layers. Each
receiver employs a constrained partial
group decoder (CPGD) that decodes its
designated message along with a part of
the interference. In particular, each
receiver performs a twofold task by first
identifying which interferers it should
decode and then determining which lay-
ers of them should be decoded. Deter-
mining the layers to be decoded and
decoding them are carried out in a suc-
cessive manner, where in each step a
group of layers with a constraint on its
group size is identified and jointly
decoded while the remaining layers are
treated as Gaussian noise. The decoded
layers are then subtracted from the
received signal and the same procedure
is repeated for the remaining layers.
The authors provide a distributed algo-
rithm, tailored to the nature of the
interference channels, that determines
the transmission rate at each transmit-
ter based on some optimality measure
and also finds the order of the layers to
be successively decoded at each receiv-
er. They also consider practical design
of a system that employs the quadra-
ture amplitude modulations (QAM)
and rateless codes. Numerical results
are provided on the achievable sum-

rate under the ideal case of Gaussian
signaling with random codes as well as
on the system throughput under practi-
cal modulations and channel codes. The
results show that the proposed multi-
layer coding scheme with CPGD offers
significant performance gain over the
traditional un-layered transmission with
single-user decoding.

No Time to Countdown: Migrating
Backoff to the Frequency Domain
Souvik Sen, Romit Roy Choudhury, and
Srihari Nelakuditi, ACM MobiCom, Las
Vegas, NV, USA, September 2011

Conventional WiFi networks perform
channel contention in time domain.
This is known to be wasteful because
the channel is forced to remain idle
while all contending nodes are backing
off for multiple time slots. This paper
proposes to break away from conven-
tion and recreate the backing off opera-
tion in the frequency domain. The basic
idea leverages the observation that
OFDM subcarriers can be treated as
integer numbers. Thus, instead of pick-
ing a random backoff duration in time,
a contending node can signal on a ran-
domly chosen subcarrier. By employing
a second antenna to listen to all the
subcarriers, each node can determine
whether its chosen integer (or subcarri-
er) is the smallest among all others. In
fact, each node can even determine the
rank of its chosen subcarrier, enabling
the feasibility of scheduled transmis-
sions after every round of contention.
The authors develop these ideas into a
Back2F protocol that migrates WiFi
backoff to the frequency domain.
Experiments on a prototype of 10
USRPs confirm feasibility, along with
consistent throughput gains over 802.11.
Trace based simulations affirm scalabil-
ity to larger, real-world network topolo-
gies.

PACP: An Efficient Pseudonymous
Authentication-Based Conditional Pri-
vacy Protocol for VANETs
Dijiang Huang, Satyajayant Misra,
Mayank Verma, and Guoliang Xue,
IEEE Transactions on Intelligent Trans-
portat ion Systems, vol. 12, no. 3,
September 2011, pp. 736–46

This paper proposes a new privacy
preservation scheme, named pseudony-
mous authentication-based conditional
privacy (PACP), which allows vehicles
in a vehicular ad hoc network
(VANET) to use pseudonyms instead

of their true identity to obtain provably
good privacy. In the proposed scheme,
vehicles interact with roadside units to
help them generate pseudonyms for
anonymous communication. In the
scheme setup, the pseudonyms are only
known to the vehicles but have no
other entities in the network. In addi-
tion, the proposed scheme provides an
efficient revocation mechanism that
allows vehicles to be identified and
revoked from the network if needed.
Thus, the authors can provide condi-
tional privacy to the vehicles in the sys-
tem, that is, the vehicles will be
anonymous in the network until they
are revoked, at which point, they cease
to be anonymous.

Achieving MAC-Layer Fairness in
CSMA/CA Networks
Ying Jian, Ming Zhang, and Shigang Chen,
IEEE/ACM Transactions on Network-
ing, vol. 19, no. 5, October 2011, pp.
1472–84

CSMA/CA networks, including IEEE
802.11 networks, exhibit severe fairness
problem in many scenarios, where some
hosts obtain most of the channel’s band-
width while others starve. Most existing
solutions require nodes to overhear
transmissions made by contending
nodes and, based on the overheard
information, adjust local rates to
achieve fairness among all contending
links. Their underlying assumption is
that transmissions made by contending
nodes can be overheard. However, this
assumption holds only when the trans-
mission range is equal to the interfer-
ence range, which is not true in reality.
As this paper reveals, the overhearing-
based solutions, as well as several
nonoverhearing AIMD solutions, can-
not achieve MAC-layer fairness in vari-
ous settings. The authors propose a
new rate control protocol, called Pro-
portional Increase Synchronized multi-
plicative Decrease (PISD). Without
relying on overhearing, it provides fair-
ness in CSMA/CA networks, particular-
ly IEEE 802.11 networks, by using only
local information and performing local-
ized operations. It combines several
novel rate control mechanisms, includ-
ing synchronized multiplicative
decrease, proportional increase, and
background transmission. The authors
prove that PISD converges and achieves
(weighted) fairness. They further intro-
duce Queue Spreading (QS) to achieve
MAC-layer fairness when there are
multiple contention groups, in which
case PISD will fail.
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t is well recognized that the conventional cellular networks
can no longer meet the user performance requirements in terms
of throughput and coverage, which is due to the significant

increase in the number of mobile users along with their traffic
demands and the limited spectrum resource. This has stimulat-
ed the search for new approaches to alleviate this problem. Recent-
ly, cooperative communications at both the base station (BS)
and mobile station (MS) levels has been proposed as a key
technology to address this problem. Multicell cooperation is a new
and emerging communication paradigm promising significant
improvement in system capacity by mitigating intercell interfer-
ence. It has been shown that, with the aid of multicell coopera-
tion, a significant improvement of cellular system performance can
be achieved, and the increase in throughput can be as large as
an order of magnitude. Although the advantages of multicell coop-
eration have been demonstrated, many problems related to the
research and development of practical and effective schemes
for multicell cooperation exist. They have attracted consider-
able research attention in both academia and industry. This
special issue of IEEE Wireless Communicationsputs together some
recent results in the area of multicell cooperation for the next
generation cellular wireless networks. It includes 11 articles, a brief
account for each of which is provided below.

In the first article, “Future Steps of LTE-A: Evolution
toward Integration of Local Area and Wide Area” by Kishiya-
ma et al., the authors focus on the importance of integrating
local area and wide area in the future of LTE-Advanced (LTE-
A) networks. The concept of a macro-assisted small cell is
introduced for this integration in a frequency-separated
deployment scenario. The authors also identify some potential
technologies such as 3D MIMO/beamforming, receiver inter-
ference cancelation, and dynamic TDD, to enhance the spec-
trum efficiency of higher frequency bands.

In the next article, “Multicell Cooperation: Evolution of Coop-
eration and Cooperation in Large-Scale Cellular Networks” by
Burchardt and Hass, the authors emphasize the importance of mul-
ticell cooperation in large-scale cellular networks. They present
different techniques to perform such cooperation including
user-based cooperation, system-wide optimization, and large-scale
multiple-antenna systems. A recently proposed Pareto-based opti-
mal OFDMA transmission scheduling method is introduced as
an example in which both the concept of user-based coopera-
tion and multiple-antenna systems are combined.

In the third article, “Multicell Cooperation for LTE-Advanced
Heterogeneous Networks Scenarios,” Soret et al. present two
scenarios in which simple multicell cooperation is used for
LTE-A heterogeneous networks. In the co-channel deploy-
ment scenario, the cross-tier interference is mitigated by using
enhanced intercell interference coordination, which also
ensures that the number of offloaded users is sufficient. In the other
scenario, different carriers are assigned to the deployed macro and
small cells while using collaborative intersite carrier aggrega-
tion to fully utilize the fragmented spectrum. In addition, the authors
point out the importance of explicit terminal support as well as dis-
tributed coordination among the base stations for both the sce-
narios to perform optimally.

Interference alignment is emerging as a key transmission
strategy to facilitate interference cancellation for communica-
tion in interference channels. In the article “The Practical
Challenges of Interference Alignment,” El Ayach, Peters, and
Heath, Jr. give an overview on interference alignment and its
challenges. These challenges include the system performance
in realistic propagation environments, how to obtain the chan-
nel state information at the transmitter, and the practicality of
interference alignment in large-scale wireless networks.

Cooperation among multiple transmit antennas has been shown
to be an effective interference management tool for communi-
cations over interference channels. In the fifth article, “CSI
Sharing Strategies in Wireless Networks,” de Karet and Ges-
bert emphasize the cost of exchanging the channel state infor-
mation (CSI) among the collaborating transmitters. They
present two scenarios, the interference alignment and network
MIMO scenarios, in which the need for full CSI sharing could
be compromised to get more practical and scalable coopera-
tion while maintaining the same performance. To reduce the amount
of CSI sharing in the interference alignment scenario, the
authors use specific antenna configurations, whereas in the
network MIMO scenario they exploit the decay property of sig-
nal power. Then they present the challenges of precoding
design in the network MIMO channels.

The sixth article, “Multicell Cooperative Systems with Mul-
tiple Receive Antennas” by Hwang et al., emphasizes the
importance of using multiple receive antennas in a multicell
cooperative system. The authors review recent developments in
multicell advanced receiver-processing algorithms to mitigate
the interference. Next, they outline the main limitations to achieve
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cooperation in multicell cooperative systems and provide an
overview of recent research efforts to overcome such limita-
tions using multiple receive antennas.

Coordinated multipoint transmission/reception (CoMP), in
which base stations cooperate to mitigate or eliminate intercell
interference, has been specified as one of the enabling tech-
niques for LTE-Advanced networks (in Release 11). In the
article “Interference Management through CoMP in 3GPP
LTE-Advanced Networks,” Sun et al.discuss the performance ben-
efits of CoMP in both downlink and uplink scenarios defined
in the 3GPP LTE-Advanced standard. In downlink CoMP,
they focus on four different techniques: transmission scheme (which
includes dynamic point selection, dynamic point blanking, joint
transmission, and coordinated scheduling/beamforming), CSI
report, interference management, and reference signal design.
Next, the authors explain briefly why it is easier to support
CoMP in the uplink than in the downlink. Then the efficiency
of CoMP is evaluated for four different scenarios defined in
the standard, and several unsolved problems as well as their
possible solutions are also outlined.

In the next article, “How Do We Design CoMP to Achieve
Its Promised Potential?,” Yang et al. first discuss the features
of CoMP systems that are different from those of single-cell MIMO
systems. Then the challenges related to CSI acquisition are dis-
cussed for both time-division duplexing (TDD) and frequency-
division duplexing (FDD) systems. Also, the challenges that
arise due to the limited backhaul capacity for the cooperating base
stations in a CoMP system are discussed, and possible approach-
es to tackle these challenges are outlined. 

In the ninth article, “On the Impact of Network Geometric
Models on Multicell Cooperative Communications Systems,”
Tukmanov et al. emphasize the trade-off between complexity and
precision in modeling multicell cooperative networks. The
authors describe the Wyner model as a well-known deterministic
approach to model multicell cooperative networks, and then they
present the stochastic geometry approach to model the random mul-
ticell cooperative wireless networks. The authors give examples
of some common tools that can be used to model multicell coop-
erative networks considering fixed base stations and random user
locations as well as random base stations and user locations.

An interesting overview on how to improve the energy effi-
ciency in multicell cooperative cellular networks is given by Han
and Ansari in their article “On Greening Cellular Networks via
Multicell Cooperation.” The authors discuss how the number of
active base stations can be reduced and thus energy saved by
using traffic-demand-aware multicell cooperation. Also, the authors
introduce the concept of energy-aware multicell cooperation in which
the power consumption of on-grid base stations is reduced by offload-
ing traffic to off-grid base stations powered by renewable energy.
To this end, the authors discuss how CoMP can be used to
improve the energy efficiency of cellular networks as well as the
challenges of energy-efficient multicell cooperation in next gen-
eration cellular networks.

In the last article, “Optimal Trade-off between Power Saving and
QoS Provisioning for Multicell Cooperation networks,” Zhang et
al. develop a new scheme to achieve an optimal trade-off between
the power saving and QoS provisioning in multicell cooperation.
To obtain the optimal power scheduling policy that minimizes
the power consumption at the base stations while guaranteeing
QoS to the users, the authors formulate a stochastic optimization
scheme based on a semi-Markov decision process. 

The articles included in this Special Issue consider different
aspects of multicell cooperative cellular wireless networks
which will be very significant in the context of the evolving
LTE-Advanced (and beyond) networks. We hope that you
enjoy reading this issue and find the articles useful. We would
like to thank all the authors for submitting their work and the
reviewers for their time in reviewing the articles. Our special thanks
to Dr. Hongyang Chen who first conceived the idea to organize
this Special Issue and has helped us throughout the process.
Also, we acknowledge the support from Professor Hsiao Hwa Chen
who has guided us in this endeavor.
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
The Third Generation Partnership Project
(3GPP) standardized the radio interface specifi-
cations for the next generation mobile communi-
cations system, called Long-Term Evolution
(LTE) [1, 2]. The initial specifications for LTE
(i.e., Release 8) were finalized in 2008, and com-
mercial LTE service in Japan was launched in
December 2010. Standards development for
LTE is continued toward establishing an
enhanced LTE radio interface called LTE-
Advanced (LTE-A; LTE Release 10 and
beyond), and now specifications for LTE Release

11 are in their finalization phase. 
In order to continue to ensure the sustain-

ability of 3GPP radio access technologies over
the coming decade, 3GPP standardization will
need to identify and provide new solutions that
can respond to future challenges. Toward this
end, the 3GPP initiated discussions on further
steps in the evolution of LTE toward the future
(i.e., Release 12 and onward) [3]. The general
consensus in 3GPP so far is that the further
standardization of LTE will continue to follow
step-by-step evolutionary phases in the form of
LTE Releases 12, 13, and so on. We refer to
these new steps in the LTE evolution as LTE-B,
LTE-C, and so on to indicate the next steps of
LTE-A. Here, LTE-B refers to the next set of
releases, LTE Releases 12 and 13 [3].

This article provides our views on future
requirements, the evolution concept, and candi-
date solutions for the next steps after LTE-A.
The goal is to establish a long-term evolution
concept and identify the candidate technologies
required to satisfy the future requirements of the
next decade. The envisioned evolution concept
consists of two key aspects:
• The efficient integration of wide and local

area enhancements
• The efficient utilization of higher and wider

frequency bands for small cells along with
existing lower frequency bands for macrocells
To concretize this evolution concept, poten-

tial spectrum-efficiency-enhancing candidate
technologies are identified for both the wide
area and the local area, on both the transmitter
and receiver sides. Furthermore, we introduce a
macro-assisted small cell, called the Phantom
cell, as a key solution to efficiently support the
integration of the local area with the wide area.
A macro-assisted small cell, the Phantom cell
indeed establishes a new form of multicell coop-
eration between macrocells and small cells
required for further network densification and
spectrum extension into higher frequency bands.
In LTE-A, technologies for multicell coopera-
tion between macrocells and small cells are stan-
dardized such as coordinated multipoint (CoMP)
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ABSTRACT
In the future steps of 3GPP LTE-Advanced,

we will need to ensure the sustainability of 3GPP
radio access technologies in order to respond to
the anticipated challenging requirements of the
future. To this end, this article presents our
views on the evolution concept and candidate
technologies for future steps of LTE-A taking
into account the ever increasing importance of
local area (small cells) and the need for further
spectrum extension to higher frequency bands.
In our evolution concept, we emphasize the inte-
gration of the local area with the wide area as a
new form of cooperation between conventional
macrocells in lower frequency bands and small
cells deployed in higher frequency bands. Fur-
thermore, we identify the potential key technolo-
gies for further spectrum efficiency
enhancements for both the local area and the
wide area, and for the efficient integration of the
local and wide areas while assuming frequency
separation between macrocells and small cells.
In particular, multicell cooperation based on
macrocell assistance of small cells (referred to as
Phantom cell) is introduced, and the related
benefits are discussed. Finally, in order to
demonstrate the potential capacity gains of our
evolution concept, system-level simulation results
are provided for using outdoor small cells in
higher/wider frequency bands. 

FUTURE STEPS OF LTE-A:
EVOLUTION TOWARD INTEGRATION OF

LOCAL AREA AND WIDE AREA SYSTEMS
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transmission/reception and enhanced intercell
interference coordination (eICIC) [4]. Such
LTE-A technologies, however, were developed
mainly assuming single-frequency operation for
macrocells and small cells with co-channel inter-
cell interference between them. In our evolution
concept, the frequency-separated deployment
between the wide area and the local area is iden-
tified as an important key scenario toward the
efficient utilization of higher frequency bands.
For such a frequency-separated scenario, there
are no issues related to macro-to-small intercell
interference, but other new issues related to cov-
erage, mobility, and energy/battery savings arise.
We first explain these new issues, and then dis-
cuss the benefits associated with the Phantom
cell solution. Finally, we provide the system-level
simulation results for using outdoor small cells
in higher/wider frequency bands in order to
demonstrate the potential gains associated with
our evolution concept. 

The rest of the article is organized as follows.
We first present high-level requirements envi-
sioning the next decade. We present the pro-
posed evolution concept for the next steps after
LTE-A. We identify and discuss the candidate
technologies related to the proposed evolution
concept. We present results for system-level
evaluations. Finally, we present our conclusions. 

FUTURE REQUIREMENTS

The most important requirement in the future is
the provision of higher system capacity [5]. Over
the past few years, there has been significant
growth in the volume of mobile data traffic fol-
lowing the proliferation of smartphones and new
mobile devices that support a wide range of
applications and services. Last year alone, the
volume of mobile data traffic grew 2.3 times,
with a nearly threefold increase in the average
smartphone usage rate [6]. There is now a gen-
eral consensus in the industry that such growth
will continue in the future as well. Many recent
forecasts project mobile data traffic to grow
beyond 24 times between 2010 and 2015, and
thus beyond 500 times in 10 years (2010–2020)
assuming the same pace of growth is maintained.
Thus, the capacity of future systems needs to be
increased significantly so that they can support
such an order of magnitude of growth in traffic
volume. Another important requirement is effi-
cient support for a variety of traffic types includ-
ing reduction in the impact of the ever increasing
volume of signaling traffic on both the network
and handheld device sides, the support of lower
latency for the currently proliferating cloud
applications, and the handling of simultaneous
connections from the large number of small data
packets for machine-to-machine (M2M) traffic. 

The next requirement is to provide better
user experience by improving both the achiev-
able data rates and fairness in user throughput.
The target we set here is to achieve a tenfold
improvement in the data rate over the next
decade. We also aim to achieve gigabit-per-sec-
ond-order user experience throughput in the
wide area. 

One more requirement is to design flexible
and cost-efficient network deployments. This

becomes of particular importance as future spec-
trum utilization becomes more diverse, ranging
from lower and narrower frequency bands to
higher and wider frequency bands, as the net-
work density is further increased by deploying
more small cells, and as the simultaneous sup-
port of diverse environments and deployment
scenarios becomes more important. 

There are also other requirements regarding
energy/battery savings and system robustness
against emergencies (e.g., tsunamis and earth-
quakes). These requirements, however, are an
implementation issue for which non-standard-
ized solutions would generally be more effective.
Thus, we do not set them as a primary target,
but rather as an add-on that complements other
requirements as part of the whole system design. 

CONCEPTUAL VIEWS ON SOLUTIONS

Prior to explaining in detail the candidate solu-
tions to satisfy future requirements, we describe
the proposed concept for future evolution. In
the future, we believe that wide area enhance-
ment will continue to be important, but local
area enhancement will become more important
than in the past. Here we use the term local area
to mainly refer to outdoor dense deployments
and hotspots where a high volume of traffic
needs to be supported, and better user experi-
ence throughput needs to be provided. The key
challenge we identify here resides in how to
enhance and integrate the local area with the
wide area in such a way that future requirements
can be satisfied. 

The proposed concept for future evolution
consists of two aspects:
• Efficient integration of wide and local area

enhancements
• Efficient utilization of both lower and higher

frequency bands through frequency-separated
deployments between wide and local areas

INTEGRATION OF WIDE AREA AND
LOCAL AREA ENHANCEMENTS

In Releases 8 to 11, some local area technolo-
gies were introduced to LTE and LTE-A. As we
move toward Release 12 onward, the perfor-
mance of LTE-B, C, and so on needs to be
improved further, and local area technologies
will play a more important role in the future
steps of LTE-A. Thus, the performance of the

Figure 1. Future steps for LTE-A (i.e., LTE-B and C) based on the evolution
concept of eLA as an integrated part of general LTE enhancements.
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local area should be further enhanced, and the
required technologies should be specified. We
refer to this as an enhanced local area (eLA), as
shown in Fig. 1. However, eLA should be an
integrated part of LTE Release 12 onward along
with general LTE enhancements. We should
retain commonality between wide and local
areas from the specification point of view, and
enhance it as an integrated part of the general
enhancements for the wide area. Specific local
area enhancements can be specified only if a suf-
ficient performance gain can be identified. Thus,
the proposed way forward is to retain common
specifications between wide and local areas in
terms of a fundamental LTE radio interface, and
add eLA specific specifications (e.g., a new carri-
er type) only when necessary.

EFFICIENT UTILIZATION OF BOTH LOWER AND
HIGHER FREQUENCY BANDS THROUGH

FREQUENCY-SEPARATED DEPLOYMENTS BETWEEN
WIDE AND LOCAL AREAS

From the spectrum utilization point of view, the
spectrum in the lower frequency bands is becom-
ing scarce. Thus, it is crucial to explore and uti-
lize higher frequency bands in the future.
However, higher frequency bands are difficult to
accommodate in wide areas in macrocells
because of either space limitations on the eNode
B (eNB) side, for example, in terms of radio fre-
quency (RF) equipment and antenna size, cover-
age limitations (e.g., higher path loss), or cost
issues due to the need to alter the already estab-
lished network infrastructure. The proposed way
forward is to use lower frequency bands such as
existing cellular bands in macrocells to provide
basic coverage and mobility, and to use separate
frequency bands such as higher frequency bands
in the local area for small cells to provide high-
speed data transmission, as shown in Fig. 2. The
figure shows that in local the area, we can con-
sider using a wider spectrum bandwidth in the
higher frequency bands and local-area-specific
technologies to support smaller and denser cell
deployments. 

CANDIDATE SOLUTIONS
A set of radio access technologies is required in
order to expand the current cellular capacity and
performance, and thus be able to meet future
requirements and challenges. Hereafter, we pre-
sent our identified candidate solutions to address
the future requirements along with three evolu-
tion dimensions: spectrum efficiency, spectrum
extension, and network densification (referred to
as “The Cube” in [3, 5]). 

CANDIDATE TECHNOLOGIES FOR
ENHANCED SPECTRUM EFFICIENCY

General Enhancements — LTE radio access based
on orthogonal frequency-division multiple access
(OFDMA) achieves radio link performance that
is close to the Shannon capacity limit for point-
to-point communications. However, further
overhead reduction or further enhancements for
higher signal-to-interference-plus-noise ratio
(SINR) regions could still be considered. In
LTE-A, the focus of studies in recent releases
has shifted to the study of interference solutions
for multipoint/antenna/multi-user radio links in
order to improve spectrum efficiency. The tech-
nical challenges for intracell access (i.e., multi-
user multiple-input multiple-output
[MU-MIMO) and intercell access (i.e., CoMP
transmission technologies) will continue to be
studied in LTE-B and later. To enhance the
spectrum efficiency further, hopefully without
significant increase in the amount of channel
state information (CSI) feedback [7], we identify
the following two key approaches. 

Active Beamforming with More Antenna Elements —
Three-dimensional (3D) MIMO/beamforming
with active antenna system (AAS) is one of the
major technologies that would be studied in
LTE-B [8]. AAS, where not only horizontal
antennas but also vertical antenna elements have
independent RF units, allows flexible beam con-
trol in both horizontal and vertical directions, as
shown in Fig. 3a1. From a specification perspec-
tive, 3D MIMO/beamforming will require the

Figure 2. Frequency-separated deployments between a wide area and a local area.
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support of more than eight antenna elements.
The current physical layer specifications
(Release 10) only support up to eight antenna
ports in the downlink (DL), for example, for the
DL reference signals (RSs) and CSI feedback
scheme. Furthermore, extending 3D MIMO/
beamforming to MU-MIMO and CoMP opera-
tions would need to be investigated. 

Massive MIMO, which to some extent is
another variant of 3D MIMO/beamforming with
AAS but with very large numbers of antennas
(e.g., more than 100 antenna elements), is a key
technology for small cells in future higher fre-
quency bands (e.g., beyond 10 GHz) [9]. For
higher frequency bands, antenna elements can
be miniaturized, and more elements can be
placed in the same space; thus, very narrow
beamforming can be created, as shown in Fig.
3a2. We expect such very narrow beamforming
to become essential in higher frequency bands in
order to support practical coverage areas for
small cells by compensating for the increased
path loss. Assuming ideal beamforming gain, a
two-dimensional mapping of antenna elements
can compensate for the path loss with a frequen-
cy factor of 20 dB/decade. However, there are
several technical issues toward massive antenna
technologies that need to be resolved, such as
how to achieve accurate beamforming or how to
support control signaling for mobility and con-
nectivity over highly directive links. One possibil-
ity to address the control signaling issue is to
apply macro-assisted small cells (i.e., the Phan-
tom cell), explained later. 

Advanced Receiver Cancellation — Receiver cancella-
tion technologies do not require much CSI feed-
back, and are generally beneficial in both wide
and local areas. In LTE Release 11, an advanced
receiver that employs interference rejection
combining (IRC) was investigated for user equip-
ment (UE) with two receiver (Rx) antennas [10].
Thus, further study on the IRC receiver with
more Rx antennas (e.g., four or eight) will be a
natural extension in LTE-B in order to utilize
the increased degrees of freedom at the UE
receiver for suppressing multiple interference
resources, as shown in Fig. 3b1. CoMP technolo-
gies considering the IRC receiver (e.g., interfer-
ence alignment [11]) may be a potential topic for
future steps beyond LTE-B, although this might
to some extent be achieved through eNB imple-
mentations. 

In addition to the IRC receiver, we consider
nonlinear interference cancellation, such as suc-
cessive interference cancellation (SIC), as one
key future advanced receiver technology for the
future radio access. However, one issue regard-
ing the SIC receiver for the UE terminal side is
that the SIC receiver requires a condition in
which interference signals to be cancelled are
decodable at the UE receiver. Thus, it may be
challenging to apply a SIC receiver to cancel
intercell interference since those signals are typi-
cally difficult to decode. Compared to that, the
application of SIC to intracell multiple access
schemes can be more feasible. Initial investiga-
tions reported that intracell non-orthogonal mul-
tiple access using a SIC receiver improves
spectrum efficiency and user fairness [12]. 

eLA Focused Enhancements — The aforementioned
approaches are generally applicable to both wide
and local areas. The following enhancements can
be additionally considered in order to satisfy the
requirements specific to local area. 

Dynamic Time-Division Duplex and Interference Coordina-
tion/Management for Dense Small Cells — In small
cell deployments, it is expected that the number
of UE devices per small cell will not be large,
and the traffic pattern in each small cell will
change widely over time depending on user
applications. As a result, spectrum sharing
between the uplink (UL) and the downlink (DL),
so-called dynamic time-division duplex (TDD)
[13], would provide gains in terms of spectrum
efficiency compared to the semi-static partition
of UL and DL. Study on dynamic TDD is
already underway in Release 11. However, when
small cells are densely deployed, interference
issues such as UL-to-DL or DL-to-UL interfer-
ence, as shown in Fig. 4a, become more impor-
tant. Therefore, interference coordination and
management schemes for dense small cells espe-
cially for dynamic TDD need to be established
in LTE-B. 

Enhancements for the Higher SINR Region: UL OFDMA
and 256-QAM — In small cell deployments, espe-
cially in the aforementioned frequency-separated
deployments between wide and local areas, it is
expected that a relatively high SINR can often
be observed at the eNB or UE receiver due to
lower intercell interference compared to macro-
cellular deployments. Therefore, link-level per-
formance enhancements for the higher SINR
region (e.g., higher than 20 dB) is beneficial in
improving the user-experience throughput in
local area. Higher-order modulation such as 256-
quadrature amplitude modulation (QAM) can
be effective in improving the throughput perfor-

Figure 3. General enhancements for spectrum efficiency: advanced transmitter
and receiver: a1) 3D MIMO/beamforming; a2) massive MIMO in higher fre-
quency bands; b1) advanced receiver with more Rx antennas; b2) non-
orthogonal multiple access using a SIC receiver .
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mance in a high SINR region. For UL enhance-
ments in a higher SINR region, the benefits of
OFDMA compared to current single-carrier fre-
quency-division multiple access (SC-FDMA)
need to be revisited. Also, hybrid access between
OFDMA and current SC-FDMA [14], as shown
in Fig. 4b, can be considered for UL radio access. 

SPECTRUM EXTENSION USING
HIGHER FREQUENCY BANDS

Currently, the spectrum below 2.5 GHz is mostly
utilized by existing systems. Thus, spectrum
extension to 3.5 GHz and higher frequency
bands will be required in order to further expand
the system capacity in the future steps of LTE-
A. As described earlier, in our proposed concept
frequency-separated deployments between wide
and local areas are emphasized toward the effi-
cient use of higher frequency bands. Thus, spec-
trum extension and network densification are
highly correlated. However, when we look into
higher frequency bands,  (e.g., beyond 10 GHz),
the current LTE radio interface, which was opti-
mized for the existing cellular bands (i.e., around
2 GHz) would not be optimum. Therefore, at a
certain point in the future, it would become nec-
essary to redesign the radio interface assuming
the requirements for future newly identified
spectrum in the World Radiocommunication
conferences (WRC-15) and beyond. 

From another point of view, the market size
for utilizing higher frequency bands needs to be
sufficiently large. It is therefore desirable from
the operator perspective that higher frequency
bands can be used by many UE devices and for
many service areas as much as possible. In this
sense, higher frequency bands need to be uti-
lized in various deployments, not only for indoor
but also for outdoor deployments. Figure 4
shows two typical scenarios for outdoor small
cell deployments, that is, normal high traffic
spots such as railway stations in suburban areas
in which small cells are sparsely deployed, and a
super high traffic area such as the downtown
area in a large city in which small cells are dense-
ly deployed to provide continuous or partial cov-

erage. Furthermore, macrocell deployments
using higher frequency bands should be allowed. 

NETWORK DENSIFICATION WITH
PHANTOM CELL SOLUTION

Macro-Assisted Small Cell: Phantom Cell — In the cur-
rent deployments, there are a number of capaci-
ty solutions for indoor environments such as
WiFi, femtocells, and in-building cells using dis-
tributed antenna systems (DASs). However,
there is a lack of capacity solutions for the out-
door environment that can also support good
mobility and connectivity. Thus, we propose a
macro-assisted small cell, called the Phantom
cell, as a capacity solution that offers good
mobility support while capitalizing on the exist-
ing LTE network. In the Phantom cell solution,
the control (C)-plane/user data (U)-plane are
split as shown in Fig. 5. The C-plane of UE in
small cells is provided by a macrocell in a lower
frequency band, while for UE in macrocells both
the C-plane and U-plane are provided by the
serving macrocell, the same as in a conventional
system. On the other hand, the U-plane of UE
in small cells is provided by a small cell using a
higher frequency band. Hence, these macro-
assisted small cells are called Phantom cells, as
they are intended to transmit UE-specific signals
only, and the radio resource control (RRC) con-
nection procedures between the UE and a Phan-
tom cell, such as channel establishment and
release, are managed by the macrocell. The
Phantom cells are not conventional cells in the
sense that they are not configured with cell-spe-
cific signals and channels, that is, primary/sec-
ondary synchronization signals (PSSs/SSSs),
cell-specific reference signals (CRSs), master
information block and system information blocks
(MIB/SIBs), and so on. Their visibility to the UE
relies on macrocell signaling. 

The Phantom cell solution comes with a range
of benefits. One important benefit of macro
assistance of small cells is that control signaling
due to frequent handover between small cells
and macrocell and among small cells can be sig-
nificantly reduced, and connectivity can be main-

Figure 4. eLA focused enhancements and deployment scenarios for higher frequency bands.
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tained even when using small cells and higher
frequency bands. In addition, by applying the
new carrier type (NCT) that contains no or
reduced legacy cell-specific signals, the Phantom
cell is able to provide further benefits such as
efficient energy savings, lower interference trans-
missions (and thus higher spectrum efficiency),
and reduction in cell planning efforts for dense
small cell deployments since Phantom cells do
not rely on legacy cell-specific signals. 

Technical Issues Related to the Phantom Cell 

Network Architecture — To establish a network
architecture that supports the C/U-plane split,
interworking between the macrocell and the
Phantom cell is required. A straightforward
solution to achieve this is to support Phantom
cells by using remote radio heads (RRHs)
belonging to a single macro eNB. This approach
can be referred to as intra-eNB carrier aggrega-
tion (CA) using RRHs [15]. However, such a
tight CA-based architecture has some draw-
backs as it requires single-node operation with
low latency connections (e.g., optical fibers)
between the macro and Phantom cells. In the
future, more flexible network architectures
should be investigated to allow for relaxed back-
haul requirements between macro and Phantom
cells and to support a distributed node deploy-
ment with separated network nodes for each
(i.e., inter-eNB CA). 

Macro-Assisted Discovery — In frequency-separated
deployments, efficient small cell discovery in
higher frequency bands is an important technical
issue. To achieve efficient discovery (e.g., for UE
battery savings), we propose to use a macro-
assisted property in the Phantom cell concept
and to introduce newly defined discovery signals,
which are transmitted by small cells in a time-
synchronized manner with macro downlink sig-
nals. Assisted by the C-plane provided by the
macrocell, small cells simultaneously transmit
the discovery signals with a relatively long trans-
mission interval (e.g., longer than 100 ms), and
the UE attempts the detection of discovery sig-
nals from small cells only in a short time inter-
val. Thus, the interfrequency measurement effort
and battery consumption of UE to detect the
surrounding small cells in higher frequency
bands can be reduced. Furthermore, network
energy savings when there is no traffic are also
expected due to the long transmission interval.
The discovery signal should be designed to satis-
fy the requirements for small cell deployment
such as robustness against intercell interference
for the scenarios including user-deployed or
closed subscriber group (CSG) cells, support for
a large number of sequences to reduce the cell
planning effort, and so on. 

Flexible Duplex Support — In frequency-separated
deployments, different duplex schemes, such as
frequency-division duplex (FDD) and TDD, may
be used for lower and higher frequency bands,
respectively. In the future, it is desirable to sup-
port the Phantom cell (or inter-eNB CA) solu-
tion irrespective of the combination of duplex
schemes in lower and higher frequency bands. 

SIMULATION EVALUATIONS
In this section, we present system-level simulation
results to demonstrate the potential capacity gains
of our evolution concept where outdoor small cell
deployments are assumed using higher/wider fre-
quency bands. The simulator we used is built in C
language and consists of system-level modeling uti-
lizing exponential SINR link-to-system-level map-
ping [16]. Figure 6 shows the system throughput
performance per square kilometer as a function of
the transmission bandwidth assuming variable car-
rier frequencies ranging from 3.5 to 40 GHz. The
main simulation parameters are also depicted in
the same figure. In this evaluation, we assume 12
small cells are randomly located within each sector,
where each macrocell site consists of three sectors
and intersite distance is set to 500 m. Thus, the size
of each sector is about 0.072 km2, and the density
of small cells is 166.7 cells/km2. We also assume
that all U-plane related transmissions are conduct-
ed by small cells. In order to evaluate the impact of
propagation loss increase in higher frequency
bands, the distance-dependent path loss model in
[17] is assumed. Considering that all small cells are
deployed outdoors to further enhance system
capacity, we evaluate two cases that differ in terms
of the penetration loss. The first one is the case
without penetration loss assuming all users are out-
doors, and the other one is the case with penetra-
tion loss (= 20 dB) assuming all users are indoors.
We note that the simulation results for the macro-
cell only case (without small cells) is 310 Mb/s/km2

assuming a transmission bandwidth of 10 MHz in a
2 GHz carrier frequency. 

In the case without penetration loss, the sim-
ulation results (solid lines) show that spectrum
extension using higher frequency bands in small
cells significantly increases the system through-
put per square kilometer. For example, a system
throughput of 31.0 Gb/s/km2, which corresponds
to a 100 times gain compared to that for the
macrocell only case, is achieved by transmission
bandwidth of 170, 230, 300, and 400 MHz for
carrier frequency of 3.5, 10, 20, and 40 GHz,
respectively. Meanwhile, for the case with a 20
dB penetration loss included, the simulation
results (dotted lines) show that spectrum exten-
sion for the small cells using the higher frequen-
cies beyond 10 GHz is not as effective due to the
increase in the compound loss due to path loss
and penetration loss. However, spectrum exten-
sion in 3.5 GHz carrier frequency remains very
effective. Based on the results, we would like to
express the following observations. 

Figure 5. Phantom cell: macro-assisted small cell.
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• In 3.5 GHz carrier frequency, outdoor small
cell deployment combined with the spectrum
extension is very effective to boost the system
capacity. 

• In higher frequency bands beyond 10 GHz,
technology to overcome the propagation loss,
such as beamforming (massive MIMO) is
highly required to ensure outdoor small cells
are useful not only for outdoor users but for
indoor users as well. 

CONCLUSION

In this article we present our views on the
requirements, evolution concept, and candidate
technologies for the future steps of LTE-A. The
establishment of the evolution concept is of par-
ticular importance in setting the evolution frame-
work so that 3GPP standardization can focus the
specification work on usage cases and deploy-
ment scenarios that really matter not only in the
short term but also in the long term. In the pro-
posed evolution concept we emphasize on the
importance of integrating local area into wide
area enhancements. Also, we introduce the set
of radio access technologies we have identified
as the most promising for improving spectrum
efficiency in both wide and local areas. In partic-
ular, we have identified frequency-separated
deployment between wide and local areas as an
important scenario toward efficient utilization of
higher/wider frequency bands in local area while
still maintaining basic mobility and connectivity
in wide area over existing lower frequency bands.
For this scenario, the macro-assisted small cell,
called the Phantom cell, with a split of C-plane
and U-plane between the macrocell and small
(Phantom) cells, is introduced as a new form of
multicell cooperation. In order to confirm the
potential benefits of our evolution concept, sim-
ulation evaluation results assuming outdoor
small cell deployments using higher/wider fre-
quency bands are presented. Outdoor small cell
deployment combined with spectrum extension
is shown as an effective approach to boost the

system capacity and achieve the future require-
ments. 
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Figure 6. Throughput gains using higher frequency bands (12 small cells per macro sector). 
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Since the introduction of mobile technologies
over two decades ago, wireless communication
has evolved into a utility similar to water and
electricity, needed by almost all people of today’s
modern society. To support the ever growing
demand for mobile communications, cellular
networks have had to evolve from simple local
service providers to massively complex coopera-
tive systems. While on one hand the underlying
transmission methods have been systematically
advanced with each generation of wireless tech-
nologies, that is:
• Time-/frequency-division multiple access

(T/FDMA) in second generation (2G) net-
works

• Code-division multiple access (CDMA) in third
generation (3G) networks

• Orthogonal frequency-division multiple access
(OFDMA) in fourth generation (4G) networks

to improve the capacity and availability of these
networks; on the other hand, the inherently
enhanced complexity of these transmission
schemes necessitates more intelligent methods of
cooperation and system coordination. Ultimate-
ly, the dramatically increasing demand for
mobile communications [1] requires more and
more intelligent utilization of the radio frequen-
cy (RF) spectrum, and enhanced cooperation
between cells.

Before we begin, the ultimate goals of multi-
cell cooperation must be introduced. By coordi-
nating resource and power allocation over
multiple cells (or indeed a whole network), the
system is able to provide simultaneous service to
thousands of users. Thus, the main goals of
cooperation can be compiled as: 
• The optimal utilization of radio resources

within a cellular network
• The minimization of interference to neighbor-

ing cells
• Hence, the maximization of the number of

simultaneously transmitting users
In the rest of this introduction, we describe

the most basic forms of network management
without cooperation, and highlight the need for
more advanced coordination techniques. Follow-
ing this, we investigate three areas of multicell
cooperation and how they intend to solve the
problem of increased throughput demands for
the limited bandwidth available for wireless sys-
tems. Finally, we conclude with a performance
analysis of an example of such techniques, and
the envisioned further evolution to future mobile
networks.

FREQUENCY REUSE
The most basic form of interference mitigation
utilized in wireless networks is that of frequency
reuse. Consider two mobile stations (MSs) in
neighboring cells transmitting on the same band
of frequencies; these will surely interfere with
each other and, consequently, degrade each
other’s signal. Hence, the logical conclusion
would be to allocate orthogonal bandwidths to
avoid interference. However, due to the quantity
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ABSTRACT
Due to the large growth of mobile communi-

cations over the past two decades, the support-
ing cellular systems have continuously needed to
expand and evolve in order to meet the ever
increasing demand of wireless connections.
While simple frequency reuse and power control
were enough to manage the demand of these
networks at first, multicellular cooperation and
coordination have become paramount to the
operation of larger and more highly utilized
communication systems. This article discusses
the development of different techniques for
cooperation in large cellular networks, and
offers insights into the need for such an evolu-
tion. We investigate various branches of multi-
cell cooperation, including user-based
cooperation, system-wide optimization, and the
opportunity of multiple-base-station transmis-
sion. Furthermore, we offer an example of a
recently proposed technique designed for multi-
cell cooperation in full frequency reuse orthogo-
nal frequency-division multiple access networks.

MULTICELL COOPERATION:
EVOLUTION OF COORDINATION AND COOPERATION IN

LARGE-SCALE NETWORKS
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of MSs requesting resources and the limited
bandwidth available, it is clear that not all users
can be allocated different frequencies (i.e., the
frequencies must be reused). Utilizing the same
frequency bands in neighboring cells can be
detrimental to the achievable throughputs in
each cell (as stated in the example); however, as
the wireless signal attenuates directly as a func-
tion of the distance from the transmitter, a fre-
quency band may be reused in cells that are
sufficiently far away from each other. Thus, a
frequency reuse scheme results (shown on the
left of Fig. 1) in two neighboring cells never
sharing the same set of transmission frequencies,
and MSs can transmit virtually interference-free.

Fractional Frequency Reuse —While MSs in neigh-
boring cells do not interfere with each other, it
is clear that only a portion (1/3 in the example
in Fig. 1) of the already limited system band-
width is available in each cell; therefore, the
number of users servable by the system is dra-
matically reduced. Therefore, fractional fre-
quency reuse (FFR) is adopted in more modern
wireless systems [2], where the center of all cells
utilize the same frequency band, and only the
cell edges (which are more vulnerable to inter-
ference from other cells as they are closer)
employ frequency reuse. An example of this is
shown on the right of Fig. 1, and it is clear that
the bandwidth available in each cell has doubled
in comparison to traditional frequency reuse.
However, in future systems where full frequency
reuse (i.e., the full bandwidth is used in all cells)
is planned, cells will most certainly need to
cooperate in order to ensure interference miti-
gation for their users.

POWER CONTROL
In general, a wireless base station (BS) will
transmit at maximum power in the downlink in
order to serve the MSs connected to it. Howev-
er, in the uplink this can cause substantial diffi-
culties such as large interference at a
neighboring BS or massive received signal differ-
ences (from different users) at the same BS,

referred to as the near-far problem. Therefore,
transmit power control (TPC) is utilized in the
uplink of most mobile communications systems
to balance the signal-to-noise ratios (SNRs) of
the MSs in a cell at the BS, and hence ease
simultaneous reception and create a fairer sys-
tem. In TPC, each MS transmits at a power level
that is just large enough to overcome the path
loss, or signal attenuation, from itself to its serv-
ing BS. Through this, nearby users will transmit
with much lower power than users at the cell
edge, as a high-power user near the BS would
essentially drown out farther users. Furthermore,
due to the significantly reduced transmit powers,
the interference to neighboring cells is limited,
additionally easing simultaneous transmission of
users throughout the network. This will be essen-
tial for full frequency reuse networks.

While these basic forms of coordination were
able to satisfy early networks’ service demands,
the vast increase in cellular activity cannot be
compensated by these single-cell-management
techniques. Hence, multicell cooperation has
become more than necessary.

USER-BASED COOPERATION

Due to the ever increasing complexity and uti-
lization of modern mobile communications net-
works, it has become more and more difficult to
serve the large number of MSs requesting ser-
vice. Furthermore, resource allocation on a sin-
gle-cell basis is no longer able to sustain the
demands of these networks; hence, users often
fall into outage. In this section, a class of tech-
niques that utilize individual users’ transmission
requirements to perform multi-cell resource allo-
cation is discussed. Here, cells adjust their
resource selection and scheduling based on the
MSs in neighboring cells already transmitting. A
few examples of such techniques are discussed
below.

DYNAMIC FREQUENCY REUSE
The main drawback of static FFR is the inability
to adapt to an ever changing environment and
the consequent waste of wireless resources.
Therefore, in dynamic frequency reuse (DFR) [3,
4] the allocation of frequency subbands to differ-
ent cells is determined based on the contempo-
rary resource allocation and consequent
immediate interference environment in the cellu-
lar system. Ideally, we would prefer all frequen-
cies to be available in all cells, so at minimum an
FFR scheme with a common frequency band in
the cell centers is applied. Subsequently, the fre-
quencies allocated to the cell edge may be adapt-
ed based on the use of specific frequency bands
in the neighboring cells, and the interference
incident from these to the cell of interest. Clear-
ly, this necessitates some signaling between BSs
such that the possibility of close frequency reuse
can be determined in each cell. Therefore, the
frequency and consequent resource allocation in
each cell is adapted dynamically to the behavior
of the cellular system.

DFR may be implemented by a central or
distributed approach. In centralized approaches,
resources are assigned to BSs by means of a cen-
tral controller, which generally achieves more

Figure 1. On the left is the most basic from of frequency reuse, where the avail-
able bandwidth is divided into three equal bands, and distributed such that no
neighboring cells utilize the same band. On the right, FFR improves the spa-
tial reuse of resources by reusing the same band in the center of the cell, and
protecting the edges through standard frequency reuse.

f f
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efficient resource utilization, at the expense of
additional signaling and higher complexity of the
network infrastructure. In a distributed
approach, each BS autonomously carries out the
resource allocation, attempting to individually
react to the interference environment. In dis-
tributed DFR methods, however, BSs generally
may access only a predefined number of sub-
bands, so these approaches provide little flexibil-
ity in subband reassignment when interference
conditions change.

SUCCESSIVE INTERFERENCE CANCELLATION
While frequency reuse schemes help protect
cells from interference, they are unable to active-
ly eliminate co-channel interference (CCI) at the
MS. This challenge, however, can be met
through interference cancellation. To accurately
define successive interference cancellation (SIC),
we use a definition given in [5], stating that
“interference cancellation should be interpreted
to mean the class of techniques that demodulate
and/or decode desired information, and then use
this information along with the channel esti-
mates to cancel received interference from the
received signal.” In other words, signal process-
ing is utilized after reception to improve the
quality of the desired information, while remov-
ing the interference from the received signal. An
example of a simple implementation of SIC is
shown in Fig. 2.

In SIC, the strongest signal (it has, inevitably,
the highest signal-to-noise-plus-interference ratio
[SINR]) is detected and decoded first, then the
next strongest, and so on. After the received sig-
nals have been reconstructed (through the
respective channel estimations), these can be
subtracted/cancelled from the composite
received signal to improve the performance of
the remaining MSs (i.e., their signal detection).
Thus, with each removed signal, the interference
in the composite received signal is reduced, and
the remaining signal SINRs consequently
enhanced.

It has been shown that SIC can nearly achieve
the Shannon capacity for multi-user additive
white Gaussian noise channels [5]. Many well-
known examples of interference cancellation are
utilized today, such as the decision feedback
equalizer (DFE) and the original Bell Labs lay-
ered space-time (BLAST) system. In the DFE,
previously decoded symbols are utilized to can-
cel intersymbol interference (ISI) of future
received symbols, given that the channel is
known. In BLAST decoding, spatial interference
in multiple-input multiple-output (MIMO) sys-
tems can be removed in order to separate spa-
tially multiplexed streams of data. Overall, there
are many similarities [5] between the elimination
of: 
• ISI (equalizers)
• Spatial interference (MIMO receivers)
• Consequently, multi-user interference cancel-

lation
Hence, while SIC for multicell cooperation may
be rather novel, the idea of interference cancel-
lation has been well proven over the years.

Of course, the great benefits that come from
SIC in multi-user environments come at a price,
which is not always satisfiable. In general, the

concept of interference cancellation relies on the
premise that the received signal can be reliably
estimated. This means that not only can the
desired signal be decoded, but also the received
interfering signals. For this, a receiver must
know both what was transmitted by an interferer
(i.e., what data was sent with which modulation
and coding scheme [MCS]) and the channel over
which it was sent (i.e., how it has been modi-
fied). On one hand, the system may signal among
the BSs the MCSs of all users simultaneously
transmitting on the same frequencies such that
this interference can be cancelled; this would,
however, drastically increase the signaling bur-
den on the network (e.g., in comparison to fre-
quency reuse techniques). On the other hand,
even if this information is known, the receiver
must perfectly estimate the interfering channel
to be able to decode the signal, which is highly
improbable. Hence, while SIC provides great
promise for multicell coordination, its require-
ments are very difficult to fulfill.

UPLINK INTERFERENCE PROTECTION
It is clear that the high complexity of SIC and its
heavy reliance on channel estimation make it dif-
ficult to implement in cellular communication
networks. In addition, multi-cell cooperation and
coordination are more difficult to achieve in the
uplink; however, here is where it is usually most
needed. Because each MS has a much more limit-
ed power budget than any BS, reducing interfer-
ence in the uplink is paramount to modern mobile
communications. Therefore, much work (e.g.,
TPC, briefly discussed earlier) is dedicated to
alleviating the interference, especially that inci-
dent on cell edge users in the reverse link. One
such technique recently proposed is uplink inter-
ference protection (ULIP), summarized here.

Whereas TPC determines MS transmit power
based on local information, ULIP is a technique
that actively combats CCI in the uplink of a cel-
lular system [6]. The level of uplink interference
originating from neighboring cells (affecting co-
channel MSs in the cell of interest) can be effec-
tively controlled by reducing the transmit power
of the interfering MSs (i.e., rather than attempt-
ing to cancel the signal entirely). This is done
based on the target SINR and tolerable interfer-
ence of the vulnerable link. Bands are prioritized
in order to differentiate those (vulnerable/ vic-
tim) MSs that are to be protected from interfer-

Figure 2. An example of SIC, where the quality of the desired signal is
improved by successively removing the detected interfering signals from the
received signal.
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ence and those (aggressor/interfering MSs) that
are required to sacrifice transmission power to
facilitate the protection. Furthermore, MSs are
scheduled such that those users with poorer
transmission conditions receive the highest inter-
ference protection, thus balancing the areal
SINR distribution and creating a fairer alloca-
tion of the available resources. In addition to
interference protection, the individual power
reductions also serve to decrease the total sys-
tem uplink power, resulting in a greener system.

However, while ULIP significantly protects
cell edge users from uplink interference, it is
clear that a substantial amount of signaling is
necessary to facilitate this protection. Not only
must the tolerable interference of each user be
calculated and sent to its interferers; the inter-
fering channel to that user must also be estimat-
ed. Fortunately, this can be done at the
interfering MS using the reference signal
received power (RSRP) of the cell with which it
is interfering, and thus does not add any signal-
ing complexity to the network.

SYSTEM-WIDE OPTIMIZATION

In the user-target-based cooperation techniques
discussed above, it is clear that a significant
amount of information must be signaled between
BSs and MSs in order to facilitate successful
simultaneous transmission in multicellular sys-
tems. Furthermore, because these techniques rely
on individual users’ requirements, it is clear that
they very rarely result in a system-optimal solu-
tion. Therefore, another class of techniques is
considered where, assuming a central controller
with all necessary information, the multicell coop-
eration and resource allocation problem can be
expressed as an optimization problem. Through
this, such techniques attempt to reach globally
optimum solutions for a system, at the cost of
near unlimited knowledge at the controller. Some
examples of these techniques are discussed here.

CAPACITY MAXIMIZATION
In wireless networks, the resource and power
allocation problem of the system as a whole is
often posed as an optimization problem where

the objective is the maximization of the achiev-
able throughput (i.e., sum rate) of the system
[7]. Of course, individual user requirements must
also be met, constraining the set of solutions to
the problem. Therefore, a system optimization
problem is generally constructed as follows:

where the most common constraints posed are
the user rate requirements and transmit power
limitations. However, these may be extended to
more detailed QoS requirements such as delay,
buffer length, and priority. By solving the above
problem, a system-wide optimal resource alloca-
tion for the network can be found.

Although such a method seems preferable to
any individual-user-driven cooperation tech-
niques, there are two significant drawbacks of
system optimization that greatly reduce its appli-
cability to wireless cellular networks. First of all,
the biggest difficulty of such an optimization
problem is that in almost all cases this problem
becomes NP-hard, and is therefore practically
unsolvable using standard optimization tech-
niques. In most cases, the scheduling problem is
then broken down into multiple optimization
problems, separating the resource allocation and
transmit power determination, resulting in ulti-
mately suboptimal solutions. Furthermore,
because of the interdependency of, for example,
subcarrier allocation and transmit power, solving
the resource allocation does not guarantee a
solution to the transmit power problem. There-
fore, the optimality of these techniques is hardly
ever achieved.

Second, not only is there a massive computa-
tional complexity involved, but also the large
amount of system information that is required by
the central controller to solve these system-wide
problems must be communicated from each BS,
implying a tremendous signaling burden on the
network. Not only must the individual user
requirements be signaled, but also the desired
and interfering path gains of each MS in the sys-
tem must be known at the central controller in
order for an optimal resource and power alloca-
tion to be formed. Therefore, while in theory
these problems present optimal network solu-
tions, they are in practice almost impossible to
implement.

POWER MINIMIZATION
Another form of the above optimization prob-
lem is, rather than maximize the sum rate, to
minimize the total transmit power utilized in the
wireless network [8]. Here, clearly, the power
constraint falls away as it implies the maximiza-
tion of network performance with maximum
power.

On the other hand, the individual user
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requirements are the main constraints, where
especially the rate of each user must be main-
tained; otherwise, a system without any transmis-
sion would result. This form of optimization is
beneficial in two main ways: 
• The minimization of interference to other cells

eases power and resource allocation over the
network.

• The minimization of transmit power results in
much greener networks, a topic of fervent dis-
cussion for future wireless communications.

However, the same difficulties apply to this
problem as to the rate maximization variation,
and hence the practical implementation of such
a system is highly complex.

LARGE-SCALE
MULTIPLE-ANTENNA SYSTEMS

In the previous sections, we have discussed two
contrasting forms of multicell cooperation and
coordination: lower-complexity user-based coop-
eration and substantially complex system opti-
mization. Furthermore, in a network with
thousands of BSs and antennas, the signaling
burden required by both of these coordination
dogmas becomes immense. While this cannot
necessarily be avoided, a new class of multicellu-
lar coordination that exploits this abundance of
transmission elements is investigated, utilizing
multiple antennas cooperatively to achieve not
only spectral but also energy efficiency gains.
This is discussed here.

The recently proposed concept of large-scale
multiple-antenna systems (LSMASs) is a radical
step toward a new way of conceiving MIMO
systems for energy efficiency optimization [9].
LSMASs are extended MIMO systems with tens
or hundreds of radiating elements, each one
consuming a small amount of energy, which
may be collocated at a BS, spread out on the
face of a building, or geographically distributed
over an entire network. LSMASs provide a
plethora of advantages over conventional
MIMO systems. In particular, these large-scale
systems offer higher data rates, increased link
reliability, and potential energy savings through
the exploitation of the many degrees of free-
dom offered by the many antenna elements.
Meanwhile, random impairments such as ther-
mal noise and other-cell interference can be
averaged out. While in the past multiple-anten-
na systems have been used to provide capacity
gains through spatial diversity, energy-efficient
networks can be achieved by using massive
multi-antenna systems where the many anten-
nas are used to form and focus directed beams
to a multiplicity of terminals on the forward
link, and selectively collect signals from these
terminals on the reverse link. Furthermore, the
proposed approach is scalable with the number
of antennas, and it provides energy savings that
increase with the number of radiating elements.
On the other hand, there are several theoretical
(capacity limits, power allocation strategies, sig-
nal transmission, channel estimation, amount of
feedback, etc.) and practical (antenna design,
compensation of mutual coupling and spatial
correlation, etc.) issues that need to be

addressed. Overall, however, LSMASs offer a
radical new direction in multicellular coopera-
tion to improve not only the spectral efficiency
of wireless communications networks, but also
generate large power savings on the existing
infrastructure.

COORDINATED MULTIPOINT TRANSMISSION
One of the most fervently discussed topics for
cooperative multicellular communication in
future network is that of coordinated multipoint
transmission (CoMP) [10], where neighboring
BSs transmit together to multiple users in their
cells. In CoMP, MSs in neighboring cells are
grouped based on the received pilot signal
strength from the surrounding BSs (i.e., users
are grouped if the strongest BSs they see are
identical). Once these groups are formed, each
of the MSs in each group is served simultaneous-
ly by the BSs which provide the strongest signal
strengths for that group (Fig. 3). Consequently,
these BSs jointly precode their transmissions to
the user group such that the combined received
signal from the set of BSs at each MS provides
the user with its desired signal (i.e., which would
have been transmitted from its serving BS), with-
out receiving any interference from the other
cells in its set of strongest BSs.

In [11], the combination mechanisms of such
preprocessing techniques are described and com-
pared: 
• Joint TDMA (J-TDMA): Only one MS in the

user group is served in each time slot. Thus,
transmission is automatically CCI-free, at the
cost of reduced spectral efficiency. 

• Joint zero-forcing (J-ZF): The joint prepro-
cessing matrix F = HH (HHH)–1 is the pseudo-
inverse of the aggregate channel matrix H
such that each user only receives a noisy ver-
sion of its intended data. However, just as ZF
receivers amplify noise, J-ZF precoding gener-
ally increases the average transmit power. 

• Joint minimum mean square error (J-MMSE):
This preprocessing achieves a compromise
between CCI cancellation and transmitter
power efficiency. Based on the MMSE criteri-
on, the precoding matrix is given by F = HH

(HHH + (N0/r)I)–1, where N0/r is a scaled
version of the noise.

Essentially, CoMP eliminates the interference
from what would normally be the most strongly
interfering BSs, consequently enhancing SINR
and thus throughput at each MS.

A common problem in the CoMP concept
is that the gain strongly relies on ideal “user
centric” clustering and assignment, meaning
all MSs should be served by their individual
set of strongest cells. In a large network with
irregularly distributed MSs in the cells, the dif-
ficulty is to find sufficient users with these sets
being identical, since due to shadowing the
signal strength of BSs might be widely dis-
tributed. Thus, the typical penetration rate of
MSs that might be served by such a single spe-
cific set of cells is often very small, causing
many users to be denied service. In [12] partial
CoMP, where shifted coverage areas increase
the probabil i ty  of  MSs sharing a set  of
strongest cells, is suggested to alleviate this
problem. While the performance gains of par-

LSMASs are extend-
ed MIMO systems
with tens or hun-
dreds of radiating

elements, each one
consuming a small
amount of energy,

which may be collo-
cated at a BS,

spread out on the
face of a building, 
or geographically 

distributed over an
entire network.
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tial CoMP reach similar levels as those achiev-
able via full CoMP, the additional signaling
and complexity must be compensated by limit-
ing transmission of reference signals by the
MSs. However, it is clear that large SINR and
throughput gains are achieved.

While CoMP does not achieve the perfor-
mance of system optimization (i.e., albeit at
significantly reduced complexity), it is able to
provide large gains over user-based coopera-
tion schemes. In general, a substantial increase
in signaling over traditional intercell coopera-
tion techniques is necessary to facilitate CoMP.
However, this is true for most of the recent
multi-cell cooperation techniques, as the “sim-
ple” solutions are no longer sufficient to pro-
vide the large throughput demands of today’s
networks. Furthermore, it is evident that joint
processing and cooperative transmission tech-
niques are necessary for future networks,
implying that user clustering techniques will
also need to be optimized to improve system
performance. In general, however, it is clear
that multicellular cooperation, and specifically
LSMASs, will  be paramount to the perfor-
mance and development of future wireless
communications networks. A performance
comparison of the discussed cooperation tech-
niques is shown in Table 1. Pareto optimal
scheduling (POS), which combines aspects
from user-based cooperation and CoMP, is
described next.

PARETO-BASED
OPTIMAL TRANSMISSION SCHEDULING

In our final section, we would like to introduce
a recently proposed OFDMA resource alloca-
tion and power control method [13] based on
Pareto optimal power control (POPC) [14],
which combines some of the aspects of user-
based cooperation and CoMP. In POPC, given

a feasible link allocation (i.e., a group of users
in neighboring cells  allocated the same
resource block [RB](s)), a transmit power vec-
tor P can be found such that all users achieve
their SINR requirements with minimal power.
This is, of course, a highly desirable result that,
depending on the location and service require-
ments of the interfering MSs, is clearly not
always possible. Hence, by scheduling users in
such a manner to maximize the number of fea-
sible user groupings (in principle, there can be
as many user groups as there are [orthogonal]
RBs in the system), the system spectral effi-
ciency can be maximized.

However, scheduling users in such a manner
is not a trivial task. In POPC, the desired and
interfering path gains of users in neighboring
cells allocated the same frequency resource(s)
are combined in a matrix F, where

the SINR target of user i is g*i, and Gj,i is the
path gain from MS j in cell j to the BS in cell i.
From this, the optimum transmit power vector
P* = (I – F)–1u, where u signifies the SNR of
each user, can be calculated if the largest eigen-
value of F is shown to be less than 1. Effectively,
this constraint establishes the stability (i.e., feasi-
bility) of the POPC system of equations. The
largest eigenvalue is found via an eigenvalue
decomposition, which can be highly computa-
tionally complex even for small matrices. Thus,
in order for a group of users in neighboring cells
to be purposely scheduled onto the same RB, a
simple expression for the allocatability of such a
group must be developed.

In [13] the authors, through analytic deriva-
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Table 1. Technique performance comparison: Scores ranging over {– –, –, +, ++} are given in each performance area. ‘– –’ indicates
terrible performance, and ‘++’ indicates superior performance (i.e., ‘++’ in complexity means very low complexity, whereas in spec.
eff. it signifies very high spectral efficiency). The general trend is evident that the more optimal and efficient the system is, the more
complex it becomes.

Method Objective Complexity Signaling Optimality Spec. Eff. Energy Eff.

FFR Interference mitigation ++ ++ – – – – – –

TPC Uplink fairness ++ + – – – – +

DFR Interference management + + – – – –

SIC Interference cancellation – – – – + –

ULIP Interference mitigation + – + + ++

Sys. opt. Objective optimization – – – – ++ ++ ++

LSMAS Efficient transmission – – + + ++

CoMP Cooperative transmission – – + ++ ++

POS Interference management + – – + ++
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tion, have found that for three neighboring
cells (for any number of cells greater the com-
plexity increases exponentially) that if three
MSs i ,  j ,  and k ,  one in each cell, satisfy the
condition

FijFji + FikFki + FjkFkj + FijFjkFki
+ FikFjiFkj < 1, (1)

they may be allocated the same resources in
each cell, and POPC can be applied. This is
clearly dependent on the individual desired
and interfering path gains,  along with the
SINR targets of the users. Therefore, a sched-
uler might make use of this condition to sched-
ule users such that the number of feasible
groups of MSs is maximized, hence also maxi-
mizing the spectral efficiency of these three
cells; this is called POS. Of course, in a large
network with hundreds of cells, this is not so
useful. As indicated in Fig. 4, three neighbor-
ing cells may be grouped in the network. By
grouping three cells with coinciding beam pat-
terns (see shaded cells in Fig. 4), POS can be
applied to these three cells, and the cluster
will be relatively shielded from neighboring
sectors interference due to the nature of the
beam patterns. This clustering is then tessel-
lated over the network, such that POS can be
applied separately in each of these clusters
without overly excessive CCI from the sur-
rounding cells, allowing the MSs to achieve
their transmission requirements. Thus, this
form of POS combines the user-based cooper-
ation methods of individual service require-
ments with the grouping of users that is so
essential in CoMP. 

In Fig. 5, a performance comparison to maxi-
mum power transmission (utilized in downlink
transmission) and standard TPC (utilized in sys-
tem uplink), in terms of spectral and energy effi-
ciency is shown, displaying the potential of POS
for future wireless communication networks. In
general, POS has a performance advantage over
power control over all SINR targets (except g*

i =
20 dB), whereas also substantial gains over 13%
are seen over max. power transmission in the
mid-SINR (typically the operational) range. The
POS performance begins to suffer for higher
SINRs as not enough feasible MS groupings can
be found. However, on average the POS spectral
efficiency is equivalent to that of max. power
transmission.

This becomes even more significant when
considered together with the energy efficiency
(calculated as data rate per unit of transmitted
power [b/s/W � (bits/J)]) results shown in Fig. 5.
As expected, maximum power transmission is
the least energy efficient of the three considered
techniques. POS, on the other hand, provides
massive energy efficiency benefits for the system,
even when compared to power control, with
gains of up to 5 dB for higher SINRs. Hence, it
is quite clear that POS drastically reduces the
transmit power consumption in a macrocellular
network. Considering this together with the
spectral efficiency results, it is evident that POS
provides overall superior system performance
over the standard resource and power allocation
techniques.

CONCLUSIONS
Throughout this article, we have discussed the
evolution of multicell cooperation from more
simple user-requirements-driven cooperation
techniques, over system-wide optimization-
based methods, to coordination in LSMASs
and cooperative transmission. Clearly, tech-
niques optimizing the resource and power
allocation for individual users do not always
strike system optimum decisions, and hence
from this research moved on to optimization
methods. While, if solvable, these techniques
can provide system-optimal resource and
power allocations by coordinating over all cells
in a network, it was explained that these meth-
ods are highly intractable, and in most situa-
tions must be broken down into multiple
subproblems, yielding suboptimal solutions.
Finally, the most recent research has consid-
ered the opportunity of LSMASs and coopera-
tive transmission from multiple BSs in a
network. CoMP provides large throughput
gains for users in the network, but at the cost
of additional complexity and rather unreliable
scheduling. However, it is clear that for future
networks to deliver the increasing service
demands [1], such cooperation over multiple
BSs is more than necessary.

We have concluded our article by introduc-
ing a recently proposed technique that com-
bines some of the aspects of user-based
cooperation and CoMP scheduling. In POS,
users in neighboring cells are grouped based
on their desired and interfering path gains, at
which point POPC can be applied, and large
energy savings can be achieved without sacri-
ficing spectral efficiency. And although a large

Figure 4. Extension of three-cell POS to larger multicellular networks [13].
Universal frequency reuse is applied, and the differing coloration of the cells
simply demarks which BS is serving them.
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amount of information is needed to determine
the feasibility of a group of MSs, since this
procedure is performed on a three-cell basis,
BSs need only the information from their
immediate neighbors, limiting the additional
complexity and signaling implied. The POS
results, combined with the given comprehen-
sive research review, thoroughly show the
immense importance of multi-cell cooperation
in today’s, and more significantly for future,
wireless networks.

REFERENCES
[1] Cisco Visual Networking Index, “Global Mobile Data Traffic

Forecast Update, 2011-2016,” white paper, Feb. 2012.
[2] A. Molisch, Multiple Access and the Cellular Principle,

Wiley-IEEE Press, 2011.
[3] S. Ali and V. Leung, “Dynamic Frequency Allocation in Frac-

tional Frequency Reused OFDMA Networks,” IEEE Trans.
Wireless Commun., vol. 8, no. 8, Aug. 2009, pp. 4286–95.

[4] M. Wang and T. Ji, “Dynamic Resource Allocation for
Interference Management in Orthogonal Frequency
Division Multiple Access Cellular Communications,” IET
Commun., vol. 4, no. 6, Apr. 2010, pp. 675–82.

[5] J. G. Andrews, “Interference Cancellation for Cellular
Systems: A Contemporary Overview,” IEEE Wireless
Commun., vol. 12, no. 2, Apr. 2005, pp. 19–29.

[6] H. Burchardt et al., “Uplink Interference Protection and
Scheduling for Energy Efficient OFDMA Networks,”
EURASIP J. Wireless Commun. and Net., May 2012.

[7] Y. Ma and D. Kim, “Rate-Maximization Scheduling
Schemes for Uplink OFDMA,” IEEE Trans. Wireless Com-
mun., vol. 8, no. 6, Jun. 2009, pp. 3193–205.

[8] D. Kivanc, G. Li, and H. Liu, “Computationally Efficient
Bandwidth Allocation and Power Control for OFDMA,”
IEEE Trans. Wireless Commun., vol. 2, no. 6, Nov. 2003,
pp. 1150–58.

[9] G. Wright, “GreenTouch Initiative: Large Scale Antenna
Systems,” Spring Meeting, Seoul, South Korea, 2011:
http://www.greentouch.org/uploads/documents/pres_gr
egory wright.pdf.

[10] M. Sawahashi et al., “Coordinated Multipoint Trans-
mission/Reception Techniques for LTE-Advanced [Coor-
dinated and Distributed MIMO],” IEEE Wireless
Commun., vol. 17, no. 3, June 2010, pp. 26–34.

[11] J.-S. Sheu and C.-H. Hsieh, “Joint Preprocessing Techniques
for Downlink CoMP Transmission in Multipath Fading
Channels,” IEEE 75th VTC-Spring, May 2012, pp. 1–5.

[12] W. Mennerich and W. Zirwas, “User Centric Coordinat-
ed Multi Point Transmission,” IEEE 72th VTC-Fall, Sept.
2010, pp. 1–5.

[13] H. Burchardt et al., “Pareto Optimal Power Control
Scheduling for OFDMA Networks,” IEEE 76th VTC-Fall,
Sept. 2012.

[14] A. Goldsmith, Wireless Communications, Cambridge
Univ. Press, 2005.

BIOGRAPHIES
HARALD BURCHARDT (h.burchardt@ed.ac.uk) received his B.Sc.
in electrical engineering and computer science in 2007
from Jacobs University Bremen, and his M.Sc. in communi-
cations engineering in 2009 from the Technical University
of Munich. He is currently working toward his Ph.D. degree
at the Institute for Digital Communications at the Universi-
ty of Edinburgh.

HARALD HAAS holds the Chair of Mobile Communications at
the University of Edinburgh. He is also part-time chief tech-
nical officer (CTO) of a university spin-out company,
pureVLC Ltd. His main research interests are interference
management in wireless networks, multiple antenna con-
cepts, and optical wireless communication. He holds 23
patents, and has published more than 230 conference and
journal papers. He was an invited speaker at TED Global
2011. He currently holds a prestigious Established Career
Fellowship of the Engineering and Physical Sciences
Research Council (EPSRC) in the United Kingdom.

Figure 5. System spectral efficiency (SE) and energy efficiency (EE) results for
the various power control techniques in a multi-cellular network. In modern
cellular systems, full frequency reuse is applied, utilizing maximum power
transmission in the forward link, and power control in the reverse link.
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
The potential performance benefits of applying
multicell cooperation for mobile broadband cellu-
lar systems depends on numerous factors such as
the network architecture, deployment topology,
and the radio standard. As an example, the net-
work architecture for wideband code-division
multiple access (WCDMA) included a centralized
radio network controller (RNC), hosting major
radio resource management (RRM) algorithms
such as admission control, mobility control, and
packet scheduling for multiple cells. Nevertheless,
it seems that most of today’s WCDMA imple-
mentations only utilize multicell RRM in the
form of soft handover. With the introduction of
high-speed packet access (HSPA) overlay for
WCDMA, the architecture moved toward a dis-
tributed functionality by moving RRM algorithms
such as packet scheduling to the base station
nodes [1]. Thus, faster access to radio channel
measurements was achieved (e.g., for packet
scheduling and link adaption), but at the cost of
reduced possibilities for multicell cooperation.

With the introduction of Long Term Evolution
(LTE), the architecture evolved further toward a
fully distributed paradigm by removing the RNC,
but at the same time introducing a new inter-
base-station interface (called X2) to allow some
degree of multicell coordination and collabora-
tion. Since its first introduction, the LTE standard
has evolved significantly toward LTE-Advanced,
where numerous spectral efficiency and peak data
rate improvements have been introduced. Among
those, it is worth mentioning improved multiple-
input multiple-output (MIMO) techniques, carri-
er aggregation (CA), and enhanced intercell
interference management [2].

Despite the many enhancements included in
LTE-Advanced, it seems that macro-only net-
works may not be able to carry the predicted
future broadband traffic. Therefore, the next big
leap in cellular system performance improve-
ment is estimated to come from the introduction
of additional small cells to complement tradi-
tional macro site installations (i.e., migrating
toward heterogeneous network [HetNet] topolo-
gies). This raises the questions on how small
cells are most spectrally efficiently introduced,
and how to integrate them with the macro layer
to maximize the performance benefits while
keeping capital expenditures (CAPEX) and
operational expenditure (OPEX) at tolerable
levels. In this study we further address such
aspects for cases where small cells are in the
form of either standalone picos or remote radio
heads (RRHs). As it will be demonstrated, bene-
fits of LTE-Advanced small cells can be
improved via tight integration and cooperation
between the macro layer and the small cells in a
multicell RRM basis. For this purpose, two
state-of-the-art LTE-Advanced HetNet integra-
tion schemes are examined: interference man-
agement between macro and small cells, and
cooperative inter-site CA between layers. In
both use cases we highlight the benefit of multi-
cell cooperation as well as the importance of
explicit terminal involvement to push the system
performance to its maximum. As compared to
published studies (e.g., [3–5]), we present perfor-
mance results for highly irregular HetNet sce-
narios, where clusters of small cells are only
present in some macrocells, calling for additional
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ABSTRACT
In this article we present two promising prac-

tical use cases for simple multicell cooperation
for LTE-Advanced heterogeneous network sce-
narios with macro and small cells. For co-chan-
nel deployment cases, we recommend the use of
enhanced interference coordination, or eICIC,
to mitigate cross-tier interference and ensure
sufficient offload of users from macro to small
cells. It is shown how the eICIC benefit is maxi-
mized by using a distributed inter-base station
control framework for dynamic adjustment of
essential parameters. Second, for scenarios
where macro and small cells are deployed at dif-
ferent carriers an efficient use of the fragmented
spectrum can be achieved by using collaborative
inter-site carrier aggregation. In addition to dis-
tributed coordination/collaboration between base
station nodes, the importance of explicit termi-
nal assistance is highlighted. Comprehensive sys-
tem-level simulation results illustrate the
performance benefits of the presented tech-
niques.

MULTICELL COOPERATION FOR LTE-ADVANCED
HETEROGENEOUS NETWORK SCENARIOS
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macro to macro coordination. A recent survey
on Third Generation Partnership Project (3GPP)
LTE-Advanced HetNet features can be found in
[3], while more information on the role of termi-
nals in HetNet scenarios is available in [6]. In
addition, there is ongoing research toward
advanced coordinated multipoint (CoMP) trans-
mission and reception techniques within 3GPP,
as reported in [2]. However, advanced CoMP
schemes are outside the scope of this article, as
we focus here on simpler downlink LTE-
Advanced multicell cooperation schemes for
HetNet scenarios.

The rest of the article is organized as follows:
We first outline the system model and addressed
problem. Second, we analyze enhanced intercell
interference coordination (eICIC) for co-chan-
nel cases, emphasizing the latest research ideas.
Afterward, cases with dedicated carriers for
macro and small cells are studied, where cooper-
ative inter-site CA aims at exploiting the frag-
mented bandwidth. In both cases, system-level
performance results are presented to demon-
strate the benefits of multicell cooperation in
terms of end-user-experienced throughput. The
article is closed with some concluding remarks.

SYSTEM MODEL AND PROBLEM STATEMENT

Figure 1 illustrates the considered LTE-
Advanced HetNet scenario with macro base sta-
tions (called eNBs) and small cells. The macro
eNBs are assumed to transmit with 46 dBm
power per sector and have 14 dBi antenna gain
(including feeder loss), which results in an equiv-
alent isotropic radiated power (EIRP) of 60
dBm. Small cells only have an EIRP of 35 dBm
in the example in Fig. 1. In traditional homoge-
neous networks, the eNB offering the highest

signal strength indicator is selected as the serv-
ing eNB for the user equipment (UE). In LTE,
either the reference signal received power
(RSRP) or the reference signal received quality
(RSRQ) is used as the comparative metric in the
cell-selection procedure. While RSRP only
reflects the received power from each cell, RSRQ
is defined as RSRP divided by the total received
power, capturing the channel quality of the
respective resources. Applying the RSRP or
RSRQ cell selection criterion in HetNets leads to
a downlink imbalance problem: The coverage of
the macrocell is much larger than that of the
small cell, resulting in a small number of UE
devices being served by the small eNB. The cov-
erage area of the small cell is not only limited by
its transmition power, but to a large extent by the
potential interference experienced from the
macro eNB. This imbalance can be corrected by
expanding the range of the small cell. Thus, a
positive bias denoted as range extension (RE)
offset is added to the RSRP or RSRQ measured
from small eNBs, pushing more UE devices to
this layer. The latter is illustrated in Fig. 1, where
the basic coverage area of small cells is plotted
with darker blue, while the range extended small
cell coverage is depicted with lighter blue.

The performance and the need for multicell
cooperation techniques for such a HetNet sce-
nario depend heavily on the carrier deployment
strategy of macro eNBs and small cells. Here we
consider two distinct cases:
• Co-channel deployment, where macro and

small cells occupy the same bandwidth
• Dedicated carrier deployment where macro

and small cells use different carriers
The co-channel case has the advantage of being
able to exploit the full system bandwidth at both
macro and small layers, but the disadvantage of

Figure 1. Sketch of the considered LTE-Advanced HetNet scenario.
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having interference between the two base station
layers. The dedicated carrier case has the benefit
of no inter-layer interference, but the disadvan-
tage of not using the full system bandwidth at
both macro and small cells, resulting in frag-
mented spectrum between the two layers. In
general, co-channel deployment is preferred for
operators with moderate LTE spectrum (e.g., 10
MHz), whereas dedicated carrier deployments
are attractive in situations with larger availability
of bandwidth (20 MHz or more) and high pene-
tration of small cells. As the characteristics for
these two deployment cases are clearly different,
they also call for different multicell cooperation
techniques. 

For the co-channel case we investigate multi-
cell cooperation in the form of inter-layer inter-
ference management. More specifically, we study
the applicability of time-domain eICIC between
macro and small cells [3]. As compared to previ-
ous eICIC studies we focus on the inter-site
coordination signaling required to have such
solutions working in practice, as well as recently
considered eICIC enhancements on top of the
basic functionality defined for LTE-Advanced
Release 10 (Rel-10). New state-of-the-art eICIC
performance results are presented for realistic
scenarios. For the dedicated carrier case there is
no inter-layer interference, and therefore no
need to apply eICIC. However, the performance
can be further improved by using collaborative
inter-site CA between macro and small cells,
such that the UE devices will essentially be
served on a larger bandwidth simultaneously
from multiple cells. For the inter-site CA case
we assume that the small cells are RRHs, being
connected to macro eNBs via high-bandwidth
low-latency fibers. Thus, all baseband processing
for the small cells (RRHs) could be placed in
the macro eNB, offering further opportunities
for various optimizations such as joint multicell
packet scheduling. Referring to the 3GPP termi-
nology, the dedicated carrier scenario with
macro and RRHs is denoted CA scenario num-
ber four [7]. As discussed in detail in the follow-
ing sections, successful application of eICIC and
inter-site CA collaboration techniques requires
explicit UE assistance and involvement [6].

CO-CHANNEL INTERFERENCE COORDINATION
In the co-channel deployment example in Fig. 1
we assume small cells in the form of outdoor
picos, but all the techniques presented here are
also valid for other types of small cells. Here,
only users in the very close vicinity of the pico-
eNB will be served by it, offering limited off-
load gains. This is due to the high interference
received from the macro layer, which essentially
prevents picos from using larger RE to increase
the offload of users. eICIC techniques (intro-
duced in 3GPP Rel-10 specifications) alleviate
this interference problem and enable application
of moderate to high values of RE. The basic
principle is to establish coordinated resource
partitioning between the macro and pico layer
with the aim of providing some resources free of
macro interference to pico UE devices. This is
enabled by preventing the macro eNB from
transmitting on certain subframes, the so-called
almost blank subframes (ABS), as illustrated in
Fig. 2. In this way, victim pico UE devices in the
extended area may be scheduled within the sub-
frames overlapping the muted frames of the
macrocell, mitigating cross-tier interference. The
muting ratio determines the periodicity of the
ABS on a time-domain basis (4 over 8 subframes
in the example in Fig. 2). The concept relies on
accurate time and phase synchronization
between all base station nodes. The name
“almost” blank subframes refers to the fact that
the aggressor cell still transmits the most essen-
tial information in order to provide support to
legacy UE devices. Thus, ABS does include
transmission of common reference signals (CRS)
and, depending on the subframe number, also
channels such as the physical broadcast channel
(PBCH), and the primary and secondary syn-
chronization signals (PSS/SSS). The interference
from PBCH and PSS/SSS can be handled by not
configuring subframes where those channels
appear as ABS, as well as by using time shifts
between the macro and pico layers to avoid, or
minimize, the probability of experiencing colli-
sions of those channels between layers. The
interference from CRS does, however, appear in
every ABS. Ultimately, the macro transmission

Figure 2. Basic principle of eICIC.
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power in ABS is not zero, but on average
reduced by X dB compared to normal transmis-
sion.

Numerous studies in the literature (e.g., [4])
have confirmed that eICIC performance depends
heavily on numerous factors such as:
• ABS muting patterns at the different macro-

cells
• RE settings for the picocells
• UE traffic distributions

3GPP specifications support several mecha-
nisms for distributed configuration of eICIC
related parameters by means of coordination
among eNBs, as summarized in Fig. 3. Thus,
eNBs can exchange and request information on
ABS patterns, and dynamically change the con-
figuration, taking into consideration not only the
overall system performance, but also the individ-
ual QoS requirements of individual users. Other
self-organizing network (SON) features like
mobility load balancing (MLB) and mobility
robustness optimization (MRO) facilitate coor-
dinated adjustment of mobility parameters such
as RE [8]. Specifically, MLB allows tuning the
handover and cell selection bias for cell pairs
such as macro and picocells to balance the load
between layers, and MRO monitors failed hand -
overs to fine-tune mobility parameters and mini-
mize the probability of radio link failures
(RLFs). Thus, MRO essentially limits settings of
RE that would otherwise result in risk of RLF.
More details on mobility aspects in HetNet sce-
narios can be found in [9]. The X2 mechanisms
for ABS configuration, and the MLB and MRO
procedures form a simple but effective inter-
eNB coordination protocol that facilitates
autonomous network self-adjustment to maxi-
mize the benefits of eICIC. Notice that the
inter-eNB coordination mechanisms summarized
in Fig. 3 are applicable for macro to macro,
macro to pico, and pico to pico. Besides the
coordination among eNBs, the explicit involve-
ment of the UE in the process is also important.
When eICIC is enabled, highly time-variant
interference fluctuations are likely to happen,

which basically means that UE measurement
reports should be time-restricted to have value
for the network. For example, UE channel state
information (CSI) measurements for pico UE
devices are recommended to be time restricted
so that the eNB receives CSI feedback corre-
sponding to normal and protected subframes of
the macro. Finally, measurement restrictions for
radio link monitoring (RLM) and mobility mea-
surements shall also be configured for terminals
to maximize the gain from eICIC [3, 6]. 

The described coordination mechanisms are
available in 3GPP Rel-10 specifications. Further
Rel-11 eICIC (FeICIC) work item aims at
strengthening the eICIC concept and boosting
the overall performance. Particularly, two main
novelties are envisioned in the new release: CRS
interference cancellation (IC) and low-power
ABS (LP-ABS). 

UE CRS INTERFERENCE CANCELLATION
One of the main UE receiver enhancements in
3GPP Rel-11 is the application of CRS IC to
remedy the residual CRS interference during
ABS. When the macro is muting a subframe,
some resource elements have zero transmission
power while resource elements with CRS have
normal transmission. Assuming 2 ¥ 2 MIMO,
the CRS overhead during ABS is approximately
9 percent, corresponding to an average trans-
mission power of ABS, which is roughly 10 dB
below that of normal subframe transmissions.
To fully benefit from macro muting, pico UE
may apply CRS IC during subframes where the
macro uses ABS, by estimating the CRS inter-
ference from neighboring cells and subtracting
it from the received signal. In the ideal case, all
pico UE devices would suppress the interfer-
ence from all macro cells with no residual inter-
ference. However, a more realistic non-ideal
CRS IC assumption entails terminals cancelling
only the most relevant interferers with an inter-
ference cancellation error [5]. Deciding the suit-
able number of cancelled interferers is the key
aspect here, and it depends on the UE capabili-

Figure 3. Multicell and eNB-UE coordination for co-channel deployments.
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ties but also on the user location. Thus, pico UE
devices in the extended area are in the best con-
dition for estimating the CRS from the domi-
nant interfering macros and, at the same time,
those that mainly require and benefit from CRS
IC. The network can provide additional assis-
tance for the UE to further ease the CRS IC, as
also indicated in Fig. 3.

LOW-POWER ABS
During protected subframes the macro layer
may, instead of stopping data transmission,
reduce the transmission power, scheduling strict-
ly users in the vicinity of the macro eNB. This
option is referred to as low-power ABS, in con-
trast to (zero-) ABS. LP-ABS brings additional
flexibility for optimizing the system under differ-
ent conditions, enabling second order optimiza-
tions. Nonetheless, reducing the macro
transmission power also has a cost in terms of
additional complexity. As happens with ABS,
essential information (CRS and other control
channels) required by the system has to be trans-
mitted unchanged during the reduced power
subframes for backward compatibility. Thus,
CRS IC is still relevant for LP-ABS operation.
The introduction of LP-ABS mode can be fully
exploited by means of extra coordination
between layers. Therefore, additional informa-
tion exchange could include the exchange of sug-
gested (configured) LP-ABS power reduction
between pico and macro layers (and vice versa).
In order to respect the currently defined eNB
transmitter radio frequency (RF) requirements,
power reductions of 3 dB and 6 dB are typically
considered for LP-ABS.

EICIC PERFORMANCE
A network layout as defined in [10] is simulated.
The network topology consists of hexagonal
three-sector macrocells with an inter-site dis-
tance of 500 m and four randomly placed
hotspots per macrocell area. According to 3GPP
simulation guidelines, one picocell is deployed in
each hotspot. The system-level simulator follows
the LTE specifications, including detailed mod-
eling of major RRM functionalities such as
packet scheduling, hybrid automatic repeat
request (HARQ), link adaptation, 2 ¥ 2 closed
loop MIMO with precoding and rank adapta-
tion. The available bandwidth is 10 MHz, and
Proportional Fair (PF) scheduling is applied. In
Fig. 4 we show the performance gain of eICIC
under different assumptions. The performance
gain in 5th percentile and 50th percentile end-
user throughput (macro and pico users) with full
buffer traffic is shown, compared to the scenario
with no eICIC and no RE. For the case without
eICIC and no RE, only 40 percent of the users
are offloaded to the picocells, meaning that the
majority of users (60 percent) are served by the
macro layer. However, by enabling eICIC with
4/8 of subframes as ABS and using 12 dB of RE,
the offload increases to 80 percent. Thus, only
20 percent of the users are served by the macro
layer, resulting in more resources per macro user
even if it is muting 50 percent of the subframes.
As a result, a significant eICIC gain for 12 dB is
observed in Fig. 4, assuming RSRP-based cell
selection. Comparing the three sets of perfor-

mance results for 12 dB RE clearly shows the
importance of having explicit UE support in the
form of CRS IC. The cases with ideal and non-
ideal CRS IC are fairly close, while there is
noticeable performance degradation when CRS
IC is not applied (non-ideal UE CRS IC refer-
ring to cases where only a few interferers are
partially suppressed [5, 6]). Decreasing the RE
offset from 12 dB to 9 dB means that a smaller
number of users are offloaded to picocells.
Therefore, a smaller ABS muting ratio should be
applied in order to keep the trade-off between
macro loss and pico gain. In this case, the maxi-
mum eICIC gain is achieved when reducing the
muting ratio to 2/8. Applying LP-ABS with 6 dB
power reduction in 4/8 subframes is another
variant configuration of eICIC. Here we use
ideal CRS IC and only 6 dB RE in coherence
with the power reduction at the macro layer.
Using 6 dB RE means, of course, that fewer
users are offloaded, but this is partly compensat-
ed by the fact that for LP-ABS, the macro is still
able to schedule users in every subframe. Fur-
thermore, the possibility of scheduling macro
users during LP-ABS leads to a higher optimal
muting ratio (4/8) even for such small RE offset.
The last set of results reported in Fig. 4 is for
the case where RSRQ is used for cell selection
(i.e., handover). For such cases, the UE devices
are configured to only measure on picocells dur-
ing subframes where the macros apply ABS.
This essentially means that only low values of
the RE are needed, as the RSRQ metric includes
implicit knowledge of the eICIC interference
reduction. Comparing the cases with RSRP and
RSRQ (both with ideal CRS IC) seems to indi-
cate that the picocell footprint is slightly better
controlled by using RSRQ.

UNIFORM VS. NON-UNIFORM TOPOLOGIES
All results in Fig. 4 assume uniform HetNet
cases, that is, with the same number of picos in
all macrocells. We next evaluate the effective-
ness of eICIC techniques in more realistic non-

Figure 4. FeICIC performance gain under different conditions.
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uniform HetNet scenarios. In particular, we con-
sider the scenario pictured in Fig. 5a, where
pico cells are only present in the three center
macrocells, while small cells are not present in
all other macrocells. Such deployment cases are
envisaged to be typical for initial LTE-A HetNet
rollouts. These topologies can also benefit from
efficient cooperation among macro eNBs, taking
into account that only some cells (center cells in
Fig. 5) can gain from eICIC. Particularly, the
joint use of LP-ABS and ABS can significantly
improve the performance of pico UE in the
extended area. Let us assume an RE of 12 dB
for the picos and center macrocells using ABS in
4/8 subframes. Due to the deployment of pico-
cells in the center macrocells, neighboring
macrocells may be configured with ABS or LP-
ABS in order to offer sufficient cumulative
macrocell interference reduction to the picos. By
applying LP-ABS in the first tier of interfering
cells, the interference suffered by victim pico UE
is mitigated, and at the same time, the perfor-
mance of macro UE in the neighboring cells will
not degrade much (the experienced signal-to-
interference-plus-ratio [SINR] will not be signifi-
cantly affected since the center macros are
assumed to use ABS). Figure 5b shows the
eICIC performance gain in this scenario. Notice
that the performance gain is computed account-
ing for the users in the three center cells and
those in the surrounding cells. Thus, this includes
both effects of gains from center macrocells
being able to offload more users to the picos and
the potential degradation in surrounding macros
from using LP-ABS. Two different values of the
LP-ABS power reduction in the neighbor cells
are simulated (3 dB and 6 dB), as well as the
cases with no muting and zero-power ABS. Here
the eICIC performance gain is on the order of
approximately 30–40 percent, illustrating a
promising use case for applying LP-ABS in
macrocells without picos.

The inter-macro coordination described here
can be dynamically configured through the X2
interface. As mentioned before, the addition of
power reduction to the existing exchanged mes-
sages between eNBs could facilitate the LP-ABS

operation. Thus, a macro with picos would get
the ABS information from all surrounding
macrocells, and on detection of one macro not
applying ABS it would report its own ABS con-
figuration and suggest reducing the power in
order to minimize the interference caused to
pico UE. 

COLLABORATIVE INTER-SITE CA
The second considered HetNet scenario is the
case where macro and small cells are deployed
at different carriers (Fig. 1, case (ii)). In this
case there is obviously no need for eICIC as
there is no interference between macro and
small cells. Here, we therefore recommend
exploiting collaborative inter-site CA in order to
fully utilize the fragmented radio resources. Par-
ticularly, we propose applying CA between the
macro and the most dominant small cell whenev-
er a UE  device is in a position where it can hear
that cell. To be able to apply such inter-site CA
techniques, we assume that the small cells are
implemented as RRHs. Thus, the macro and
RRHs are connected via a high-bandwidth low-
latency fiber with the majority of baseband pro-
cessing hosted in the macro sites. Referring to
the established LTE-Advanced CA terminology
[11, 12], we propose that UE devices always
have the macrocell configured as their primary
cell (PCell), whereas RRHs are configured as
secondary cells (SCells) whenever possible. UE
devices configured to operate with inter-site CA
naturally have access to higher transmission
bandwidth, and therefore the opportunity to be
served at higher data rates. The fact that UE
devices always have a macro as PCell results in
robust mobility performance as RLF monitoring
is only performed for PCell, which typically is
found to be good for macro-only carriers. RSRQ
measurement reports from terminals are used to
decide if UE is configured on both macro and
small cells, or whether it is only connected to
one layer. Compared to RSRP-based measures,
the RSRQ here has the advantage of implicit
load information as the interference on the two
considered carriers is likely to be significantly

Figure 5. Intercell coordination for non-uniform topologies: a) scenario; b) performance gain.
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different. Aggressive settings for configuring a
small cell as an SCell can be used, as the net-
work can choose to deactivate the SCell if it is
not being used for data transmission to reduce
UE power consumption [11]. As the packet
scheduler for the small cells (RRH) is physically
located in the macro eNB, joint multicell packet
scheduling for those UE devices configured with
inter-site CA is feasible. In order to illustrate the
application of such techniques, let us consider a
simple extension of standard PF scheduling to
such cases. Joint PF scheduling across multiple
cells basically refers to how the PF metric is
computed per cell. In a joint PF scheduler, the
denominator of the PF metric is updated as the
sum of the past average scheduled throughput
over all cells where the UE has been scheduled
in the past [13]. It simply requires information
exchange on the average scheduled throughput
between the scheduler for macro and small cells.
In that way, the joint scheduler essentially offers
fast and efficient inter-site load balancing
between macro and small cells, thereby allowing
for more equitable distribution of radio
resources among UE.

PERFORMANCE OF COLLABORATIVE INTER-SITE CA
In order to further illustrate the benefits of col-
laborative inter-site CA for the downlink, we
present performance results from extensive sys-
tem-level simulations. These simulations are
based on the same assumptions as in the previ-
ous section for eICIC evaluation (in line with
3GPP HetNet simulation assumptions in [10]).
However, here we assume that macro and small
cells are deployed at two different 10 MHz carri-
ers. The intra-site CA case with the two carriers
deployed at the macrocell can be found in [11].
In the simulations, we assume that all UE
devices are configured with inter-site CA
between the macro and the strongest RRH,
while load balancing is managed by the joint PF
scheduler. In order to illustrate how the inter-
site CA performance varies vs. the offered sys-
tem load, we apply a simple birth-death traffic
model with fixed payload size per call. The call
arrival follows a homogeneous Poisson process,
while the payload size per call is fixed at 10 Mb.
The average offered load per macrocell area is
calculated as the product of the equivalent user
arrival rate (per macrocell area) and the payload
size. Figure 6 shows the 5th percentile and 50th
percentile end-user throughput vs. the offered
load. These results are for the case with four
RRHs per macrocell area and with/without
inter-site CA. For the cases without inter-site
CA, the UE devices are only served by one cell
at a time, determined by the RSRQ measure-
ment report from the terminal. It is observed
that both the 5th and 50th percentile user
throughput with inter-site CA are significantly
higher than without inter-site CA. The end-user-
experienced gain of inter-site CA is up to 60
percent under low load conditions. However, the
gain brought by inter-site CA decreases as the
load increases. At high load, the performance
with inter-site CA is almost the same as without
inter-site CA. This behavior can be explained as
follows: At low offered load (small number of
UE devices), UE using inter-site CA benefits

from larger transmission bandwidth and
increased multi-user diversity. When the offered
load is high (large number of UE devices in each
cell), it does not really matter whether a UE
device is assigned on one cell only or assigned
on both cells using inter-site CA since the sys-
tem is saturated, and the scheduler tries to allo-
cate the available resources among all UE in a
fair manner. However, at high load, the use of
inter-site CA still offers advantages in terms of
enhanced HetNet mobility robustness and faster
inter-layer load balancing via the use of joint
packet scheduling for both macro and RRHs. It
is worth mentioning that the highest gain with
inter-site CA (at low load) is lower than the the-
oretical 100 percent gain achievable by doubling
the transmission bandwidth since the SINR
experienced at the macro and small cell layers is
typically quite different.

CONCLUSIONS

In this article we have demonstrated the bene-
fits of using tight collaboration between LTE-
Advanced macro and small cells, including the
importance of having explicit terminal involve-
ment and assistance. Two practical feasible
schemes have been studied. For co-channel
deployment cases, the advantages of using
eICIC were demonstrated. eICIC allows higher
off-load of users to the small cells, resulting in
overall improvements in end-user-experienced
throughput. One of the enablers for successful
application of eICIC is the use of distributed
inter-site muting pattern adjustment, mobility
load balancing, and robustness optimization.
For dedicated carrier deployment cases, the
benefit of inter-site CA between macro and
small cells has been shown. Using such tech-
niques obviously offers higher peak data rate
due to larger bandwidth accessibility for the ter-
minals, but also related benefits in terms of
faster load balancing and easier mobility man-

Figure 6. 5 percentile and 50 percentile UE throughput with/without inter-site
CA, bursty traffic model.
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agement as there is no interference between the
network layers. For both of the considered mul-
ticell RRM collaboration techniques, explicit
terminal support is needed to harvest the full
benefit. UE CRS IC and mechanisms for config-
uring measurement restrictions are required for
eICIC cases, as well as CA capability for the
multicarrier scenario. In conclusion, we have
essentially shown that the introduction of small
cells benefits from being tightly integrated with
the macro layer in order to unleash the full per-
formance potential. 
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Interference is a major impairment to success-
ful communication in commercial and military
wireless systems. In cellular systems, interfer-
ence is created when different base stations
share the same carrier frequency due to fre-
quency reuse. Intercell interference reduces
data rates throughout the cells and causes out-
ages at the cell edges. In local area networks,
interference is created when different access
points share the same channel. The medium
access control protocol attempts to deal with
interference by avoiding packet collisions (over-
lapping transmissions). This conservative
approach leads to underutilization of system
bandwidth. Similarly, neighboring nodes in a
dense mobile ad hoc network interfere if they
share the same time and frequency resources.
The medium access control protocol again lim-

its the number of simultaneous conversations
and consequently the system performance.
Interference is thus a critical impairment in
most wireless systems.

Communication in the presence of interfer-
ence is often analyzed using an abstraction
known as the interference channel.  In the
example interference channel of Fig. 1, three
different transmitters wish to communicate
with three receivers. Each transmitter has a
message only for its paired receiver. Assuming
the transmitters share the same time and fre-
quency resources, each transmission creates
interference at the unintended receivers. There
may be other sources of interference not illus-
trated, such as jamming in military networks
or self-interference created from nonlinearities
in the radio frequency components;  those
sources are not captured in the basic interfer-
ence channel.

Traditional methods for dealing with interfer-
ence often revolve around giving each user exclu-
sive access to a fraction of the communication
resources. In frequency-division multiple access
(FDMA), the system bandwidth is divided
among the transmitters; for example, in Fig. 1
each transmitter would be given a third of the
total bandwidth. In time-division multiple access
(TDMA), users take turns transmitting on a
periodic set of transmission intervals. In random
access systems (e.g., carrier sense multiple
access), transmitters listen to see if the channel
is available and then transmit if it is. Random
access protocols are typically much less efficient
than preassigned orthogonal access like FDMA
or TDMA since the spectrum may not be fully
utilized and collisions may occur. Regardless of
the access protocol, the unifying concept remains
avoiding interference by limiting the number of
overlapping transmissions. If simultaneous trans-
missions are allowed, the resulting interference
is often treated as noise, and a loss in data rate
ensues.

Recently, a new concept for communication
in interference channels, called interference
alignment (IA), was proposed in [1, 2]. IA is a
cooperative interference management strategy
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ABSTRACT
Interference alignment is a revolutionary

wireless transmission strategy that reduces the
impact of interference. The idea of interfer-
ence alignment is to coordinate multiple trans-
mitters so that their mutual interference aligns
at the receivers, facilitating simple interference
cancellation techniques. Since interference
alignment’s inception, researchers have investi-
gated its performance and proposed several
improvements. Research efforts have been pri-
marily focused on verifying interference align-
ment’s ability to achieve the maximum degrees
of freedom (an approximation of sum capaci-
ty), developing algorithms for determining
alignment solutions, and designing transmis-
sion strategies that relax the need for perfect
alignment but yield better performance. This
article provides an overview of the concept of
interference alignment as well as an assessment
of practical issues including performance in
realistic propagation environments, the role of
channel state information at the transmitter,
and the practicality of interference alignment
in large networks.

THE PRACTICAL CHALLENGES OF
INTERFERENCE ALIGNMENT
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that exploits the availability of multiple signaling
dimensions provided by multiple time slots, fre-
quency blocks, or antennas. The transmitters
jointly design their transmitted signals in the
multidimensional space such that the interfer-
ence observed at the receivers occupies only a
portion of the full signaling space. An amazing
result from [2] is that alignment may allow the
network’s sum data rate to grow linearly, and
without bound, with the network’s size. This is in
sharp contrast with orthogonal access strategies
like FDMA or TDMA, where sum rate is more
or less constant since, regardless of network size,
only one pair of users can communicate in a
given time/frequency block. Since the develop-
ment of IA, there has been work on a variety of
topics to understand its theory and potential
applications. A good summary of key results is
given in [3].

The objective of this article is to review IA
with a focus on making it practical. First, we
describe IA in more detail, summarizing rele-
vant practical issues that we believe are criti-
cal for its successful deployment. Then we
review different techniques for computing
alignment solutions and more general inter-
ference management solutions. Because com-
puting these solut ions rel ies  heavi ly  on
channel state information (CSI), we describe
the two competing CSI acquisition techniques,
reciprocity and feedback, and focus on their
respective benefits and limitations. We high-
light the fact that the dimensions needed for
alignment and the overhead of CSI acquisi-
tion both rapidly increase with network size.
This places a limit on the gains achievable via
IA in large networks. For this reason we sum-
marize work on partial connectivity and user
clustering, which leverages network topology
information to reduce the requirements of
alignment. We conclude with a discussion of
the research challenges that remain in realiz-
ing IA in practice. 

We note that the objective of this article is to
provide a high-level introduction to the linear
precoding type of IA, which exploits CSI for all
users. Deeper discussions of other forms of IA,
including blind alignment, are found in [3]. 

LINEAR INTERFERENCE ALIGNMENT:
CONCEPT

Interference alignment in its simplest form is a
precoding technique for the interference chan-
nel. It is a transmission strategy that linearly
encodes signals over multiple dimensions such as
time slots, frequency blocks, and antennas. By
coding over multiple dimensions, transmissions
are designed to consolidate (i.e., align) the inter-
fering signals observed at each receiver into a
low-dimensional subspace. By doing so, IA maxi-
mizes the number of non-interfering symbols
that can be simultaneously communicated over
the interference channel, otherwise known as the
multiplexing gain. Interestingly, achieving the
channel’s maximum multiplexing gain, also
known as degrees of freedom, implies that the
sum rates provided by IA can approach sum
capacity at high signal-to-noise ratio (SNR).

To illustrate the IA concept, consider the
four-user system of Fig. 2, where real valued sig-
nals are coded over three dimensions and com-
municated over real valued channels. In this
four-user system, a receiver observes a total of
three interference signals, each of which is repre-
sented as a vector in the real 3D space. Without
careful structure, the three interference signals
will occupy all three signal dimensions at the
receiver; the signals do not fortuitously align. IA
allows users to cooperatively precode their trans-
missions such that each three interference signals
are fully contained in a two-dimensional space.
Alignment thus leaves one dimension in which
users can decode their messages free from inter-
ference by projecting the received signal onto the
subspace orthogonal to the interference. 

The IA visualization in Fig. 2 translates into
an equally intuitive mathematical representation.
Consider a K-user interference channel in which
each user i transmits a set of Si information sym-
bols encoded in the Si ¥ 1 vector si. Symbols si
are precoded using a matrix Fi and observed at
each receiver l after propagating over the matrix
channel Hl,i; the dimensions of Fi and Hl,i will be
made clear shortly. For such a system, the
received signal at user i is

where the vector vi is the noise observed at receiv-
er i. When only the time or frequency dimension
is used for precoding (e.g., when coding over a
bandwidth of B subcarriers), Hl,i is a B ¥ B diago-
nal matrix; diagonal since subcarriers are orthogo-
nal. In a multiple-input multiple-output (MIMO)
system with NT transmit antennas and NR receive
antennas, Hl,i is NR ¥ NT with no special struc-
ture.

Regardless of the dimension used to align
interference, IA can be summarized as calculat-
ing a set of precoders F l such that any given
user, even using a simple linear receiver Wi, can
cancel the interference it observes from all other
users (i.e., Wi*Hi,lFl = 0 "l ≠ i) without nulling
or destroying its desired signal Wi*Hi,iFi. Early
work on IA showed that a system’s ability to find

y H F s H F s vi i i i i i
i

i= + +
≠
∑, , ,l
l

l l

Figure 1. Illustration of a three transmit/receive pair interference channel. Each
transmitter creates a signal that is interpreted as interference by its unintended
receiver.
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TX1 RX1

TX2 RX2
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such IA precoders is directly related to the num-
ber of signal dimensions over which it can code.
Intuitively, the more time slots, frequency blocks,
or antennas available for precoding, the more
flexibility a system has in aligning interference.
The problem of characterizing the number of
coding dimensions needed to ensure the feasibil-
ity of IA has been studied extensively [4]. 

LINEAR INTERFERENCE ALIGNMENT:
CHALLENGES

Interference alignment relies on some assump-
tions that must be relaxed before it is adopted in
practical wireless systems. In this section, we
briefly discuss some of the most pressing chal-
lenges facing the transition of IA from theory to
practice.

DIMENSIONALITY AND SCATTERING
IA is achieved by coding interference over multi-
ple dimensions. Intuitively, the more interfering
signals that need to be aligned, the larger the
number of dimensions needed to align them. 

When using the frequency domain for align-
ment, prior work has shown that the number of
signaling dimensions needed to achieve good IA
performance grows faster than exponentially with
the number of IA users. Properly aligning even
as few as four users requires a potentially unrea-
sonable number of subcarriers and a correspond-
ingly large bandwidth [3]. This dimensionality
requirement poses a major challenge for IA in
practical systems. The dimensionality require-
ment is relatively milder in the case of MIMO
IA where more users can be supported as long
as the number of antennas grows linearly with
network size [4]. For this reason, IA seems most
likely to be implemented in MIMO systems. We
thus place a special focus on MIMO IA.

SIGNAL-TO-NOISE RATIO
IA is often degrees of freedom optimal, meaning
that the sum rates it achieves approach the chan-
nel’s sum capacity at very high SNR. At moder-
ate SNR levels, however, the sum rates resulting
from IA may fall short of the theoretical maxi-
mum. As a result, IA may be of limited use to
systems with moderate SNR unless IA algo-
rithms are further improved. Examples of such
algorithms are discussed later. 

CHANNEL ESTIMATION AND FEEDBACK
Channel state information, be it at the transmit-
ter or receiver, is central to calculating IA pre-
coders. As a result, sufficient resources must be
allocated to pilot transmission, and in some
cases to CSI feedback, to ensure the availability
of accurate CSI. Since IA precoders must be
recalculated when the channel changes apprecia-
bly, the overhead of CSI acquisition in high-
mobility fast-fading systems can limit the gains
of IA. For this reason, low-overhead signaling
strategies must be devised to properly trade off
CSI quality with CSI acquisition overhead.

SYNCHRONIZATION
IA via linear precoding is a transmission strategy
for the coherent interference channel. Thus, IA

requires tight synchronization to remove any
timing and carrier frequency offsets between
cooperating nodes. In the absence of sufficient
synchronization, additional interference terms
are introduced to the signal model, rendering
the IA solution ineffective. Synchronization
strategies that leverage GPS satellite signals
could help fulfill this requirement.

NETWORK ORGANIZATION
Nodes cooperating via IA must not only syn-
chronize, but also negotiate physical layer
parameters, share CSI, and potentially self-orga-
nize into small alignment clusters if full network
alignment proves to be too costly. In the absence
of centralized control, distributed network proto-
cols must be redesigned around this more com-
plex and cooperative physical layer. 

FURTHER DESCRIPTION OF CHALLENGES
The following three sections are devoted to sur-
veying the research efforts invested in overcom-
ing some of the challenges discussed in this
section. We present algorithmic improvements
that primarily target IA’s low SNR performance,
we explore methods of obtaining the CSI
required by IA, and we address the challenge of
applying IA to larger networks.

COMPUTING INTERFERENCE
ALIGNMENT SOLUTIONS

There are some simple formulas for calculating
IA precoders in some special cases [2]. To enable
IA in general network settings, however,
researchers have relied on developing iterative
IA algorithms. Since then, the algorithmic focus
has largely been on MIMO IA.

The earliest method for finding MIMO IA
precoders was the distributed solution presented
in [5]. The idea for the algorithm is that at each
iteration, users try to minimize the extent to
which their signal leaks into the other users’
desired signal subspaces. After the algorithm
converges, the IA condition Wi*Hi,lFl = 0 should

Figure 2. A diagram illustrating interference alignment. At each receiver, three
interferers collapse to appear as two. This enables interference-free decoding
in a desired signal subspace.
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ideally be satisfied and the desired signal spaces
be free of interference. While the algorithm per-
forms well at high SNR, it can be far from opti-
mal in badly conditioned channels or at low
SNR. The reason is that while this algorithm
properly aligns interference, it is oblivious to
what happens to the desired signal power during
the process. 

The first attempt to improve low SNR perfor-
mance is the Max-SINR algorithm of [5]. Instead
of minimizing interference power at each itera-
tion, the improved algorithm accounts for the
desired channel by iteratively maximizing the
per-stream signal-to-interference-plus-noise ratio
(SINR). By relaxing the need for perfect align-
ment, Max-SINR outperforms IA at low SNR
and matches its performance at high SNR. Other
algorithms have also relaxed the perfect align-
ment requirement and adopted more direct
objectives such as maximizing network sum rate.
For example, [6] highlights the equivalence
between maximizing sum rate and minimizing
the signal’s sum mean square error and uses the
properties of the equivalent minimum mean
square error (MMSE) problem to give a simple
iterative algorithm in which precoders can be
updated in closed form or via traditional convex
optimization. 

Suboptimal low SNR performance is admit-
tedly not the only limitation of IA, and many
algorithms have been developed to address vari-
ous shortcomings. Most early work on IA, for
example, focused on the case where all interfer-
ing users are able to cooperate. The ability to
cooperate, however, is fundamentally limited by
constraints such as the number of antennas and
cooperation overhead. As a result, large net-
works will inevitably have uncoordinated inter-
ference, or colored noise, which motivates the
improved IA algorithms in [7]. Another limita-
tion of precoding for the MIMO interference
channel is that it often requires sharing entire
channel matrices, potentially incurring a large
overhead penalty, as we discuss later. The work
in [8] proposes a distributed transmission strate-
gy inspired by game theory in which both pre-
coders and transmit powers are iteratively
adjusted to maximize sum rate by sharing scalar
quantities known as “interference prices.” The
strategy in [8] thus replaces channel matrix feed-
back with several iterations of scalar feedback.
Such a strategy could potentially reduce IA’s
overhead.

While editorial constraints have limited the
discussion to the solutions of [2, 5–8], a large
number of noteworthy solutions have been devel-
oped to improve on IA performance. The inter-
ested reader is encouraged to see the extensive
list of IA-inspired algorithms and results in
http://www.profheath.org/research/interfer-
encealignment/.

OBTAINING CSI IN THE
INTERFERENCE CHANNEL

Calculating IA precoders requires accurate
knowledge of the interference generated by each
transmitter. The premise is that if a transmitter
knows the “geometry” of the interference it cre-

ates, it can conceivably shape it to mitigate its
effect. Two methods of obtaining this knowledge
are reciprocity and feedback.

INTERFERENCE ALIGNMENT VIA RECIPROCITY
In time-division duplexed systems where trans-
missions on the forward and reverse links over-
lap in frequency and are minimally separated in
time, propagation in both directions will be iden-
tical. In such systems, channels are said to be
reciprocal. Reciprocity enables IA by allowing
transmitters to infer the structure of the interfer-
ence they cause by observing the interference
they receive.

Consider, for example, the IA strategy pro-
posed in [5] in which the precoders Fi and the
combiners Wi are updated iteratively to reduce
the power of uncanceled interference Wi*Hi,lFl
to zero. To do so, transmitters begin by sending
pilot data using an initial set of precoders.
Receivers then estimate their interference
covariance matrix and construct combiners that
select the receive subspaces with least interfer-
ence. When the roles of transmitter and receiver
switch, thanks to reciprocity, that same receive
subspace that carried the least interference
becomes the transmit direction which causes the
least interference on the reverse link. Iterating
this subspace selection on the forward and
reverse links results in a set of precoders satisfy-
ing the IA conditions.

While [5] at each iteration chooses the sub-
space with least interference, a variety of more
sophisticated objectives may be considered. For
example, [9] considers an update rule that mini-
mizes the signal’s mean square error, resulting in
improved sum rate performance. Regardless of
the subspace selection rule, the general frame-
work for precoding with reciprocity is shown in
Fig. 3a and proceeds as follows:
• Forward link training: Transmitters send pre-

coded pilot symbols using a set of initial pre-
coders. Receivers estimate forward channel
parameters and compute combiners that opti-
mize a predefined objective. 

• Reverse link training: Receivers send precoded
pilot symbols using the combiners from the
above step as transmit precoders. Transmitters
in turn optimize their combiners/precoders
and initiate a second training phase with the
updated precoders.

• Iterations: Communicating pairs iterate the
previous steps until convergence.

• Data transmission: Payload data is then com-
municated.
Relying on reciprocity for precoding over

the interference channel has a number of
potential drawbacks. First, iterating over the air
incurs a non-negligible overhead due to the
recurring pilot transmissions. While the results
in [9] consider pilot overhead, more work is
needed to settle the viability of reciprocity. Sec-
ond, reciprocity may not suffice for all IA-
based algorithms. 

For example, one of the algorithms in [7]
attempts to improve IA by considering sources
of uncoordinated interference. Since the uncoor-
dinated interference observed by the transmit-
ters and receivers is not “reciprocal,” reciprocity
cannot be used. Third, reciprocity does not hold

Calculating IA pre-
coders requires accu-
rate knowledge of
the interference gen-
erated by each trans-
mitter. The premise
is that if a transmit-
ter knows the
“geometry” of the
interference it cre-
ates, it can conceiv-
ably shape it to
mitigate its effect.
Two methods of
obtaining this knowl-
edge are reciprocity
and feedback.
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in frequency duplexed systems, and ensuring
reciprocity with time duplexing requires tightly
calibrated radio frequency (RF) devices.

INTERFERENCE ALIGNMENT WITH FEEDBACK
Several IA results have also considered systems
with CSI feedback. A general feedback frame-
work is shown in Fig. 3b. In such a system, the
transmitters first send training sequences with
which receivers estimate the forward channels.
Receivers then feed back information about the
estimated forward channels, potentially after
training the reverse link. After feedback, the
transmitters have the information needed to cal-
culate IA precoders. Feedback, however, invari-
ably introduces distortion to the CSI at the
transmitters and incurs a non-negligible over-
head penalty. Therefore, the difficulty lies in
designing low-overhead low-distortion feedback
mechanisms for IA.

An established method to provide high-quali-
ty feedback with low overhead is limited feed-
back (i.e., channel state quantization). Limited
feedback was first considered in [10] for single-
antenna systems where alignment is achieved by
coding over orthogonal frequency-division mult-
plexed (OFDM) subcarriers. The feedback strat-
egy in [10] leverages the fact that IA solutions
remain unchanged if channels are scaled or
rotated, which allows efficient quantization via

what is known as Grassmannian codebooks.
Unfortunately, maintaining proper alignment
requires that the accuracy of quantized CSI
improve with SNR, which in turn implies that
the quantization codebook size must scale expo-
nentially with SNR. The complexity of quantized
feedback, however, increases with codebook size
and large Grassmannian codebooks are difficult
to design and encode. Furthermore, this strategy
relies on the CSI’s Grassmannian structure for
efficient quantization. As a result, it cannot be
applied to systems where the CSI exhibits no
special structure. This alienates a main case of
interest, namely IA in multiple antenna systems
where the CSI to be fed back is the set of chan-
nel matrices.

To support MIMO IA and overcome the
problem of scaling complexity, IA with analog
feedback was considered in [11]. Instead of
quantizing the CSI, analog feedback directly
transmits the channel coefficients as uncoded
quadrature and amplitude modulated symbols.
Since no quantization is performed, the only
source of distortion is the thermal noise intro-
duced during training and feedback. As a result,
the CSI quality naturally increases with the SNR
on the reverse link. This implies that IA’s multi-
plexing gain is preserved as long as the forward
and reverse link SNRs scale together. 

Feedback, however, poses a number of chal-

Figure 3. The two CSI acquisition paradigms considered in IA literature: a) reciprocity-based strategies that infer the forward channel
from reverse link pilots; b) feedback strategies that rely on explicitly communicating forward channel information to the transmitters.
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lenges. Not only does the required quality of CSI
scale with SNR, but the required quantity also
scales super-linearly with network size. If feed-
back is inefficient, IA’s overhead could dwarf its
promised theoretical gains. Second, IA relies on
sharing CSI with interfering transmitters: multi-
cell systems that share transmitter CSI over a
backhaul may suffer from queuing delays that
render CSI obsolete on arrival. While work on
addressing these issues is underway, most
research still considers systems with a limited
number of users. In large-scale networks, howev-
er, practical challenges are amplified manifold.

INTERFERENCE ALIGNMENT IN
LARGE SCALE NETWORKS

Consider applying IA, or any other interference
channel precoding strategy, to a large-scale net-
work, such as a regional cellular network. In this
setting, the need for signaling dimensions grows,
the overhead of CSI acquisition explodes, and
the task of synchronization becomes daunting.
This grim outlook, however, is a byproduct of a
naive overgeneralization of the basic interfer-
ence channel. In large-scale networks not all
interfering links are significant, and thus not all
of them should be treated equally. 

To examine the feasibility of IA in large net-
works, [12] considered a large network wherein
each user receives interference from a finite sub-
set of users, such as the first tier of interferers in
a grid-like cellular system. Using this model, [12]
showed that the number of antennas needed for
network-wide alignment is a linear function of the
size of the interfering subset rather than the size
of the entire network. This implies that perfect
alignment in an infinitely large network is theoret-
ically possible with a finite number of antennas.
This partially connected model, however, is ulti-

mately a simplification of network interference.
While some interferers may indeed be too weak
to merit alignment, that threshold remains
unclear. Moreover, neglecting interferers that fall
below that threshold, as is implicitly done in the
partially connected model, may not be optimal.
Exploring the optimal transmission strategy in this
gray area between full connectivity and true par-
tial connectivity is the focus of [13].

The work in [13] considers a wireless network
and assigns a finite channel coherence time and
different path loss constants to each link. This
setup allows [13] to gauge the gain from aligning
a set of users vs. the CSI acquistion overhead
involved. On one hand, it is noticed that the
large coherence time in static channels dilutes
the cost of CSI and enables alignment over the
whole network. On the other hand, fast fading
channels do not allow enough time to acquire
the CSI needed for IA. In this latter case, sys-
tems perform better with lower overhead strate-
gies such as TDMA. In between the two
extremes, it is noticed that systems benefit most
from a hybrid IA/TDMA strategy wherein small-
er subsets of users cooperate via alignment, and
TDMA is applied across groups. The objective
then becomes finding an optimal user grouping,
or network partitioning, for which [13] provides
various algorithms based on geographic parti-
tioning, approximate sum rate maximization, and
sum rate maximization with fairness constraints.
In all grouping solutions only long-term path
loss information is used, which further reduces
the overhead of IA by avoiding frequent
regrouping.

The IA research community has made suc-
cessful initial attempts at demonstrating that the
reach of IA can extend well beyond the informa-
tion theoretic interference channel through work
such as [7, 12] and many others. Perhaps the
most crucial next step toward realizing IA gains
is to rethink the upper layers above IA in the
communication stack (e.g., the medium access
layer). These protocols have traditionally been
built around point-to-point physical layers and
must be redesigned to enable more cooperative
multi-user physical layers instead. Preliminary
work on this front is already in progress through
the prototyping work in [14], which extends the
earlier prototyping efforts by the same authors. 

A PRACTICAL PERFORMANCE EVALUATION

In this section we provide numerical results on
the performance of IA with a special focus on
the concepts discussed throughout the article.
Figure 4 compares the performance of the algo-
rithms presented earlier in a three-user system
with two antennas per node. For this assessment
both simulated channels and measured MIMO-
OFDM channels from the testbed in [15] are
considered. Simulated channels are assumed to
be Rayleigh fading with equal average received
power on all links. Simulated channels are fur-
ther assumed independent across all users and
antennas. This constitutes a baseline of highly
scattered channels, considered ideal for IA. To
demonstrate the effect of limited scattering, we
report measurements from [15] corresponding to
a scenario in which antennas are spaced half a

Figure 4. A performance comparison for three precoding solutions for the inter-
ference channel over both measured and simulated channels.
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wavelength apart. 
The results in Fig. 4 verify that IA, in this

case, achieves a multiplexing gain of three as
predicted in theory. Multiplexing gain can be
calculated by examining the slope of the sum
rate curves. The same results, however, also
demonstrate IA’s suboptimality at low SNR,
where precoding algorithms such as the
WMMSE algorithm in [6] or the MAX-SINR
algorithm in [7] consistently outperform. Finally,
Fig. 4 shows that the correlation present in mea-
sured channels can have significant effects on
the performance of IA. Interestingly, in such
measured channels, the algorithms in [6, 7] pro-
vide large gains over IA even at a significant
SNR of 35dB.

In Fig. 5 we relax the assumption of perfect
channel knowledge and consider a five user sys-
tem that acquires CSI through training and ana-
log feedback, thus suffering from both CSI
distortion and CSI acquisition overhead. The
results indicate that, at pedestrian speeds, the
slow channel variation enables acquiring accurate
CSI at a low overhead cost, which translates into
substantial gains over non-cooperative transmis-
sion strategies such as TDMA. The same results
indicate that in very high mobility settings, where
CSI acquisition is costly, one may elect to either
coordinate a smaller user group or altogether
adopt a lower overhead strategy such as TDMA.
In a large wireless network, grouping users based
on overhead constitutes selecting from a continu-
um of network structures. For example, Fig. 6
demonstrates how even a simple six-user system
should be partitioned differently as the overhead
cost of full IA varies. The throughput maximizing
strategy transitions from full six-user IA in static
channels to basic TDMA for fast fading channels,
passing through a range of “hybrid” network
structures in which users cluster into small coop-
erating groups. 

FUTURE RESEARCH DIRECTIONS

In this section we present some active areas of
interest and general topics for further research
on interference alignment.

Algorithms: Algorithms remain a hot topic for
IA research as a number of “extra features” can
be incorporated or further improved such as com-
plexity, low SNR performance, distributed com-
putation, and robustness to CSI imperfections. 

Feedback: Temporal correlation can be
leveraged to both improve the accuracy of
CSI as well as reduce the overhead of feed-
back. Limited feedback strategies such as [10]
can be generalized to better support MIMO
IA. The development of  l imited feedback
strategies can benefit from the lessons learned
in the MIMO single-user and broadcast chan-
nels where feedback can be significantly com-
pressed by exploit ing the mathematical
properties of the quantized CSI. Finally, addi-
tional work is needed to better understand the
effects of feedback overhead and feedback
delay.

IA in multihop networks: Preliminary work
on multihop IA suggests that relays can greatly
reduce the coding dimensions needed to achieve
a network’s degrees of freedom, and otherwise

simplify the optimal transmission strategies [3].
The importance of practical precoding algo-
rithms for the relay-aided interference channel is
further amplified by the standards community’s
growing interest in deploying relays in future
wireless systems.

IA in modern cellular networks: To make IA
a viable multicell cooperation technique, IA
research must characterize the effect of cellular
system complexities such as scheduling, resource
allocation, and backhaul signaling delay. IA
must also be re-evaluated using models that
more accurately resemble modern cellular sys-
tems, which could include heterogeneous infra-
structure such as macrocells, picocells, small
cells, relays, and distributed antennas.

CONCLUSION

Interference alignment is a transmission strategy
that promises to improve throughput in wireless
networks. This article reviews the key concept of
linear interference alignment, surveys recent
results on the topic, and focuses on bringing the
concept closer to implementation by discussing
some of its main limitations. After the key hur-
dles in areas such as low SNR performance, CSI
acquisition overhead, synchronization, and dis-
tributed network organization can be overcome,
interference alignment will be ready for practical
implementation. 
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Figure 6. The effective sum rate achieved by full network IA, TDMA, or a parti-
tioned network in which smaller groups coordinate via IA. As overhead
increases, the plot indicates that it is often optimal to allow fewer users to
communicate simultaneously.
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Wireless communication has become essential to
our lives in many ways, through a variety of ser-
vices as well as devices ranging from pocket
phones to laptops, tablets, sensors, and con-
trollers. The advent of multimedia dominated
traffic poses extraordinary constraints on data
rates, latency, and, above all, spectral efficiency.
In order to deal with the expected saturation of
available resources in currently used bands, new
wireless systems are designed based on:
• Greater densification of infrastructure equip-

ment (small cells)
• Very aggressive spatial frequency reuse, which

in turn results in severe interference conditions
for cell-edge terminals
The role played by multiple antenna combin-

ing in mitigating interference by means of zero
forcing (ZF) (or related criteria) beamforming is
well established. Over the last few years, the
combination of multiple-antenna approaches
together with the concept of cooperation among
interfering wireless devices was explored, show-
ing strong promise (see [1] and references there-
in). In particular, transmitter (TX)-based

cooperation allows for avoidance of interference
before it even takes place (e.g., multicell multi-
ple-input multiple-output [MIMO] or “joint pro-
cessing coordinated multipoint [CoMP]”), or
helps to shape it in a way which makes it easier
for the receivers (RX) to suppress it (e.g., align-
ment). TX cooperation methods can be catego-
rized depending on whether the data messages
intended at the users must be known at several
TXs simultaneously or not. For systems not
allowing such an exchange (e.g., due to privacy
regulations or low backhaul capabilities), inter-
ference alignment (IA) has been shown to be
instrumental [2]. In contrast, when user data
message exchange is made possible by a specific
backhaul routing architecture, multicell, a.k.a.
“network” MIMO, methods offer the best theo-
retical benefits [3]. 

A distinct advantage of TX cooperation over
conventional approaches relying on egoistic
interference rejection lies in the reduced number
of antennas needed at each RX to ZF residual
interference. This gain is further amplified when
user data messages exchange among TXs is
made possible. For instance, in the case of three
interfering two-antenna TXs, relying on RX-
based interference rejection alone requires three
antennas to ZF the interference at each RX,
while just two are needed when coordination is
enabled via IA [4]. Furthermore, if the three
user messages are exchanged among the TXs,
thus enabling network MIMO precoding, just
one antenna per TX and RX is sufficient to pre-
serve interference-free transmission. 

However, the benefits of multiple antenna
transmit cooperation are gained at the expense
of requiring channel state information (CSI) at
the TXs. Indeed, whether one considers cooper-
ation with or without user data sharing, the TXs
should in principle acquire the complete CSI
pertaining to every TX and RX pair in the net-
work. This is also the case for distributed
schemes (e.g., [5]) where the computation of
precoders typically relies on iterative techniques
where each iteration involves the acquisition of
local feedback. However, as local feedback is
updated over the iterations, this approach implic-
itly allows each TX to collect information about
the precoders and channels of other TXs, hence
amounting to an iterative global CSI acquisition
at all TXs. 

PAUL DE KERRET AND DAVID GESBERT, EURECOM

ABSTRACT
Multiple-antenna “based” transmitter cooper-

ation has been established as a promising tool
toward avoiding, aligning, or shaping the inter-
ference resulting from aggressive spectral reuse.
The price paid in the form of feedback and
exchanging channel state information between
cooperating devices in most existing methods is
often underestimated, though. In reality, feed-
back and information overhead threatens the
practicality and scalability of TX cooperation
approaches in dense networks. Hereby we
addresses a “Who needs to know what?” prob-
lem when it comes to CSI at cooperating trans-
mitters. A comprehensive answer to this question
remains beyond our reach and the scope of this
article. Nevertheless, recent results in this area
suggest that CSI overhead can be contained for
even large networks provided the allocation of
feedback to TXs is made non-uniform and to
properly depend on the network’s topology. This
article provides a few hints toward solving the
problem.

CSI SHARING STRATEGIES FOR TRANSMITTER
COOPERATION IN WIRELESS NETWORKS
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At first glance, CSI feedback and sharing
requirements grow unbounded with network
size. Since over the air feedback and backhaul
exchange links are always rate and latency limit-
ed, the practical application of TX cooperation
in dense large networks is difficult.

In this article, we challenge the common view
that interfering TXs engaging in a cooperative
scheme can or should share global (network-
wide) CSI. Instead, we formulate the problem of
a suitable CSI dissemination (or allocation) poli-
cy across transmitting devices while maintaining
performance close to the full CSIT sharing sce-
nario. We report a couple of findings revealing
how the need for CSIT sharing can be alleviated
by exploiting specific antenna configurations or
decay property of signal strength vs. distance,
hence making TX cooperation distributed and
scalable. We use interference alignment and net-
work MIMO as our driving scenarios.

More specifically, for the cooperation sce-
nario without user data message sharing where
alignment of interference is sought, we show
how perfect alignment is possible in certain
antenna topologies without knowledge of all
the channel elements at some TXs. For the net-
work MIMO scenario, this is not the case, and
we illustrate instead how power decay vs. dis-
tance can be exploited to substantially reduce
the CSI sharing requirements while fulfilling
optimal asymptotic rate performance condi-
tions. A common trait behind the findings is
that different cooperating TXs can (and often
must) live with their own individual partial ver-
sion of the global CSIT. Hence, CSIT represen-
tation quality is bound to be non-uniform across
TXs. Consequently, we discuss briefly the prob-
lem of multiple-antenna precoding with TX-
dependent CSI.

BRIEF NOTIONS IN MULTIPLE-ANTENNA
TRANSMITTER COOPERATION

We consider fast fading multiple-antenna wire-
less networks where the transmission can be
mathematically represented by writing yi, the
received signal at RX i, as

(1)

where xi is the signal emitted by TX i and Hij is
a matrix containing the channel elements
between TX j and RX i. The transmitted sym-
bols x = [x1, …, xK]T are then obtained from
the user’s data symbols s = [s1, …, sK]T by
multiplication with a precoder T (i.e., x = Ts).
If  the user’s data symbols are not shared
between the TXs, the precoder T is restricted
to a particular block-diagonal structure, while
it can otherwise take any form. The received
filter gi

H is then applied to the received signal yi
to obtain an estimate of the transmitted data
symbol.

Here, we briefly discuss the leading tech-
niques for MIMO-based cooperation with or
without user data message exchange. We point
out commonly made assumptions in terms of
CSIT sharing and feedback design.

INTERFERENCE ALIGNMENT FOR
INTERFERENCE CHANNELS

When the user’s data symbols are not shared
between the TXs, the setting is referred to as an
interference channel (IC) in the communication
theoretic literature. In MIMO ICs, a method
called interference alignment (IA) has recently
been developed and shown to achieve the maxi-
mal number of degrees of freedom (DoF), or
pre-log factor, in many cases [2, 4]. As a conse-
quence, IA has attracted a lot of interest in the
community. In this work, we take the DoF as
our key performance metric, such that we focus
on IA schemes.

IA is said to be feasible if the antenna config-
uration (i.e., the distribution of antenna ele-
ments at the TXs and RXs) yields enough
optimization variables to allow for interference-
free transmission of all user data symbols, which
means fulfilling [4]

"i, "j ≠ i,   g i
HHij tj = 0. (2)

Intuitively, IA consists of letting the TXs coordi-
nate among themselves to beamform their sig-
nals such that the interferences received at each
of the RXs are confined in a subspace of reduced
dimensions, which can then be suppressed by lin-
ear filtering at the RXs with a smaller number of
antennas.

PRECODING IN THE NETWORK MIMO 
When the user’s data symbols are shared
between the TXs, the TXs form a distributed
antenna array, and a joint precoder can be
applied at the transmit side [3]. Consequently,
this setting becomes similar to the single TX
multi-user MIMO downlink channel, and the
interference between the TXs can be completely
canceled, for example, by applying a global ZF
precoder T µ H–1.

LIMITED FEEDBACK VS. LIMITED SHARING
The limited feedback capabilities have been rec-
ognized as a major obstacle for the practical use
of the precoding schemes described above. Con-
sequently, a large body of literature has focused
on this problem, and both efficient feedback
schemes and robust transmission schemes have
been derived for network MIMO [6, 7] and IA
[8, 9].

However, all these works assume that the
imperfect channel estimates obtained via limited
feedback are perfectly shared between all the TX
antennas. This is a meaningful assumption when
the TXs are collocated but less realistic other-
wise, as we shall now see. 

CSIT Sharing Issues — One obstacle to the sharing
of global CSIT follows from the fact that the
amount of CSI that has to be exchanged increas-
es very quickly with the number of TXs. In fact,
each TX needs to obtain the CSI relative to the
full multi-user channel, which consists of (NK)2

scalars in a K-user setting with N antennas at
each node.

In addition, acquiring the CSI at a particu-
lar TX can be realized by either direct broad-
cast  of  the CSI to al l  l istening TXs or an

∑= +
≠

y H x H xi ii i ij j
j i

A distinct advantage
of TX cooperation
over conventional
approaches relying
on egoistic interfer-
ence rejection lies in
the reduced number
of antennas needed
at each RX to ZF
residual interference.
This gain is further
amplified when user
data messages
exchange among
TXs is made 
possible.
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over-the-air feedback to the home base station
alone, followed by an exchange of the local
CSIs over the backhaul, as it is currently advo-
cated by Third Generation Partnership Project
(3GPP) Long Term Evolution — Advanced
(LTE-A) standards [10]. See the illustrations
for such scenarios in Fig.  2.  Note that
exchange over the backhaul can involve fur-
ther quantization loss and may lead to a dif-
ferent CSI aging at each TX due to protocol
latency. In either case, the channel estimates
available at the various TXs will not be exactly
the same. This leads to a form of CSI discrep-
ancy that is inherent in the cooperation among
non-collocated TXs. 

In order to capture multiple-antenna precod-
ing scenarios whereby different TXs obtain an
imperfect and imperfectly shared estimate of the
overall multi-user channel, we denote by H(j) the
network-wide channel matrix estimate available
at TX j. Consequently, the precoding schemes in
Fig. 1 have to be modified to take into account
that each TX will compute its precoder based on
its own channel estimate. Thus, TX j transmits xj
= ej

TT(j)s based on the knowledge of H(j) only. 
The fundamental questions that arise are:

• How complete and accurate should the esti-
mate H(j) be for each j while operating under
reasonable CSI overhead constraints?

• How should precoders be designed given the
likely discrepancies between various channel
estimates?
Although these questions prove to be difficult

and to a large extent remain open, we shed some
light on the problem for two key scenarios in the
following sections.

ALIGNING INTERFERENCE WITH
INCOMPLETE CSIT

Let us first consider an IC without a user’s
data sharing. Feasibility studies for IA are typi-
cally carried out under the assumption of full
CSIT. However, one can show that IA feasibili-
ty and the CSIT model are in fact tightly cou-

pled notions. Assume, for instance, that all the
RXs were given a generous number of anten-
nas equaling or exceeding the number of TXs;
it is well known that the interference could be
suppressed at the RXs alone, and no precod-
ing, and hence no CSIT, is necessary. This
example suggests the existence of a trade-off
between the number of antennas and the CSI
sharing requirements. Thus, it is possible to
design IA algorithms using less CSIT than con-
ventionally thought,  without performance
degradations by exploiting the availability of
extra antennas at a subset of devices. More
specifically, the problem of finding the minimal
CSIT allocation that preserves IA feasibility
can be formulated. The minimality refers to
the size of a CSIT allocation, defined as the
total number of scalars sent through the multi-
user feedback channel.

We differentiate between antenna configura-
tions where IA is feasible, and the number of
antennas at the TXs and the RXs provide just
enough optimization variables to satisfy align-
ment conditions, denoted as tightly feasible, and
the ones where extra antennas are available,
denoted as super feasible. Furthermore, we call a
CSIT allocation strictly incomplete if at least one
TX does not have the complete multi-user CSI.
With such concepts in place, the following lesson
can be drawn.

TIGHTLY FEASIBLE ICS
A strictly incomplete CSIT allocation implies
that some TXs compute their precoders in order
to fulfill IA inside a smaller IC formed by a sub-
set of RXs and a subset of TXs. Most of the
time, this creates additional constraints for the
optimization of the other precoders, which
makes IA infeasible. However, it can be shown
that IA feasibility can be preserved under the
following condition [11].

Lesson 1 — In a tightly feasible IC, there exists a
strictly incomplete CSIT allocation preserving IA
feasibility if there exists a tightly feasible sub-IC
strictly included in the full IC.

Figure 1. The description of a distributed IA algorithm is done in (a) while (b) represents the distributed precoding in a Network MIMO
with user's data sharing. The matrix Ei is a matrix which selects the rows of the multi-user precoder T corresponding to the antennas at
TX i. 
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Exploiting this result, a CSIT allocation algo-
rithm is derived in [11] along with an algorithm
that achieves IA based on this incomplete CSIT
allocation. In a few words, it consists of giving
to each TX the CSI relative to the smallest
tightly feasible sub-IC to which it belongs. The
precoders are then designed to align interfer-
ence inside this smaller sub-IC, thus requiring
only a part of the total CSIT, while IA feasibili-
ty is preserved. We will see in the simulations
results presented in the following that the reduc-
tion in CSIT size is significant. In fact, the
reduction of the CSIT allocation feeds on the
heterogeneity of the antenna configuration such
that the more heterogeneous the antenna con-
figuration is, the larger is the saving brought by
using the minimal CSIT allocation. This is par-
ticularly appealing in regard to future networks,
where mobile units and base stations from dif-
ferent generations with different numbers of
antennas are likely to coexist.

SUPER-FEASIBLE ICS
In super-feasible settings, the additional anten-
nas can be used to reduce the size of the mini-
mal CSIT allocation. But how to optimally
exploit these additional antennas to reduce the
feedback size is a very intricate problem. Still, a
low-complexity heuristic CSIT allocation can be
derived [11]. The main idea behind the algo-
rithm is to let some TXs or RXs ZF less inter-
ference dimensions such that small
tightly-feasible settings are formed inside the
original setting.

The effective CSIT reduction is illustrated
in Fig. 3 for a three-user IC. The results are
averaged over 1000 random distributions of
the antennas across the TXs and RXs. If 12
antennas are distributed between the TXs and

the RXs, the setting is tightly feasible, and the
previous CSIT allocation policy for tightly fea-
sible sett ings is  used.  With more than 12
antennas, the algorithm exploits every addi-
tional antenna to reduce the size of the CSIT
allocation.

When the setting is tightly feasible, the reduc-
tion in feedback size requires neither a DoF
reduction nor any additional antenna and comes
in fact “for free”: It simply results from exploit-
ing the heterogeneity in the antenna numbers at
the TXs and RXs.

A CSIT ALLOCATION POLICY FOR
NETWORK MIMO

When the user’s data symbols are jointly pre-
coded at the TXs, complete CSIT allocation, in
the sense defined above, is needed in all practi-
cally relevant scenarios. So in this case, a differ-
ent notion of reduced CSIT sharing must be
advocated. The essential ingredient of this
approach is the classical intuition that a TX
should have a more accurate estimate for chan-
nels creating the strongest interference (i.e.,
originating from devices in the close neighbor-
hood). This means the fact that interference
decays with path loss can be exploited in princi-
ple to reduce the CSIT sharing requirements.
This concept was recently introduced in [12]. A
mathematical tool known as generalized DoF
comes in handy to capture the effect of path
loss on the multiplexing gain of cooperating
networks with partially shared CSIT. Addition-
ally, a simplified model referred to as a Wyner
model is used in this context to aid analytical
tractability and provide first insights into this
problem. 

Figure 2. Possible scenarios for the feedback of the CSI.

Quant./delay

H(1)
H(1)

H(3)

H(3)

CSI broadcast
scenario

CSI sharing
scenario

H(2)

H(2)

h1
h1

h1
(1)

h1
(3)

h1
(3)

h1
(1)

h2
(1)

h2
(2)

h2
(2)

h2
(3)

h3
(1)

h3
(3)

h3
(2)

h3
(3)

h3

h3

h2
h2

hi
T

H=[h1,h2h3]T

Quant./delay

Quant./delay

DE KERRET LAYOUT_Layout 1  2/21/13  4:08 PM  Page 46



IEEE Wireless Communications • February 2013 47

GENERALIZED DEGREES OF FREEDOM

TX cooperation methods are often evaluated
through the prism of DoF performance. Unfortu-
nately, the DoF is essentially path-loss-indepen-
dent, such that a DoF analysis fails to properly
capture the behavior of a large (extended) net-
work MIMO. An extension of the notion of DoF,
introduced in [13] as the generalized DoF, offers a
much better grip on the problem as it can better
take path loss models into account. Upon defining
the interference level g as g = log(INR)/log(SNR)
with SNR denoting the signal-to-noise ratio and
INR the interference-to-noise ratio, it is possible
to define the generalized DoF as the DoF
obtained when the SNR and INR both tend to
infinity for a given interference level g. 

For ease of exposition, we consider scenarios
where all the TXs and RXs have single anten-
nas. The CSI is distributed, meaning that each
TX has its own channel estimate based on which
it computes its transmit coefficient without fur-
ther exchange of information with the other
TXs. We denote the estimate at TX j by H(j) and
its ith row, which corresponds to the channel
from all TXs to RX i, by hi

(j). We consider a digi-
tal quantization with a number of bits quantiza-
tion hi

(j) equal to Bi
(j). Therefore, TX j computes

its own version of the precoding matrix T(j)

based on its own estimate H(j). It then transmits
xj = ej

TT(j)s.

THE ONE-DIMENSIONAL WYNER MODEL
In the simple 1D Wyner model [14], the TXs are
regularly placed along a line, and only the
direct neighboring TXs emit non-zero interfer-
ence. The channel is thus represented by a
tridiagonal matrix. Furthermore, we assume
that the interference from the direct neighbors
is attenuated with a coefficient m = Pg –1,
according to the generalized DoF model. The
transmission in the Wyner model is schemati-
cally presented in Fig. 4.

Our objective is to evaluate how small Bi
(j)

can be while guaranteeing the same DoF as a
system with perfect CSIT. Obviously, sharing the
most accurate CSIT to all the TXs is a possible
solution, but the size of the CSI required at each
TX then grows unbounded with the number of
users K, making this solution both inefficient and
unpractical. In contrast, a much more efficient
CSI sharing policy achieving the maximal gener-
alized DoF, denoted as distance-based, is sum-
marized below [12].

DISTANCE-BASED CSIT ALLOCATION
We are interested in a CSIT allocation strategy,
referred to below as distance-based, whereby
each TX receives a number of CSI scalars that
remains bounded as the number of users K
increases.

The distance-based CSIT allocation is
obtained by setting for all i, j,

Bi
(j)Dist = �([1 + (g – 1)Ái – jÁ]+

+ 2[g+(g – 1)Ái – jÁ]+)log2(P)˘ (3)

where [•]+ is equal to zero if the argument is
negative and to the identity function otherwise,
and �•˘ is the ceiling operator. It can be shown

that the CSIT allocation {Bi
(j)Dist}i,j allows the

maximal generalized DoF to be achieved (i.e.,
those achieved in a system with perfect feed-
back) [12]. The proof is based on the off-diago-
nal exponential decay of the inverse of the
tridiagonal channel matrix.

Setting g = 1 (no significant path loss attenu-
ation) in the previous equation, a conventional
CSIT allocation is obtained where all channels
are described with the same number of bits at all
TXs (uniform allocation). For g < 1, however,
the number of bits allocated decreases with the
distance Ái – jÁ between the considered TX and
the index of the quantized channel until no bit at
all is used for quantizing the channel if the dis-
tance Ái – jÁ between the RX and the TX is larg-
er than �1/(1 – g)˘ . Crucially, this solution
allocates to each TX a total number of bits that
no longer grows with K as only the CSI relative
to a neighborhood is shared at each TX. 

The different CSIT allocations are compared
in Fig. 5 for K = 15 users and g = 0.5. The con-
ventional CSIT allocation consists in providing
the best quality to all the TXs, while the other
strategies have the same size as the distance-
based CSIT allocation, but the feedback bits are
shared uniformly and according to a convention-
al clustering of size 3. It can be seen from Eq. 3
that the ratio between the sizes of the distance-
based CSIT allocation and the conventional
CSIT allocation is independent of the SNR.
Here, the distance-based CSIT allocation repre-
sents only 10 percent of the size of the conven-
tional CSIT allocation. 

Hence, the distance-based CSIT allocation
achieves the maximal number of generalized
DoF with only a small share of the total CSIT,
and outperforms the other schemes of compari-
son. Additionally, the user’s data sharing can
also be reduced to a neighborhood without loss
of performance. Consequently, this scheme can
be seen as an alternative to clustering in which

Figure 3. Average CSIT allocation size in terms of the number of antennas
randomly distributed across the TXs and RXs for K = 3 users.
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the hard boundaries of the clusters are replaced
by a smooth decrease of the level of coopera-
tion.

PRECODING IN THE NETWORK MIMO
CHANNEL WITH DISTRIBUTED CSIT

As becomes clear from the previous section, an
efficient CSI dissemination policy naturally leads
to a significant reduction of the CSI sharing
requirements. As a consequence, the CSIT is
represented non-uniformly across the TXs. Since
non-uniform sharing is the best strategy in order
to maximize performance under a given feedback

overhead constraint, it is a natural consequence
that some users’ channels will be coarsely
described at certain TXs and more accurately at
others. Interestingly, the problem of designing
precoders that can accommodate such a peculiar
CSIT scenario is by and large open. In particular,
new robust precoding schemes should be devel-
oped, as conventional precoders are designed
under the assumption that the same imperfect
CSIT is shared perfectly among the TXs. 

Let us consider the model of distributed CSI
described earlier where TX j receives its own
channel estimate H(j) with the ith row, denoted
by h i

(j), obtained using Bi
(j) quantizing bits.

Assume a network where each TX has roughly
the same average path loss to each RX. The
DoF, which can be achieved with limited feed-
back, is studied in [7] for the single TX MIMO
downlink channel. We can extend this to the set-
ting of non-uniform CSI to gain insight into the
design of efficient precoders. In this case, CSI
scaling coefficients a i

(j) are introduced and
defined by the limit of Bi

(j)/((K – 1)log2(P)) when
P goes to infinity.

ZF is widely used and well known to achieve
the maximal DoF in the MIMO downlink chan-
nel with perfect CSIT [7]. One may wonder how
conventional ZF performs in the presence of
CSI discrepancies brought by imperfect sharing.
The answer is strikingly pessimistic: The sum
DoF achieved can be shown to be equal to just
K mini,j ai

(j) [15]. Intuitively, this can be restated
as follows.

Lesson 2 — In the network MIMO with distributed
CSI, the worst channel estimate across the TXs
and the users limits the DoF achieved by each user
using ZF precoding.

This is in strong contrast to the single TX case
studied in [7] where the quality of the feedback
of user i relative to hi only impacts the DoF of
user i. It shows clearly the disastrous impact of
CSI non-uniformity, since one inaccurate esti-
mate at one TX degrades the performance of all
the users. One may also wonder whether conven-
tional-type robust precoders [6] can offer a better
response. The answer is negative, unfortunately.
Instead, a novel precoder design is needed that is
tailored to the non-uniform CSIT sharing model.

Preliminary results to this end [15] suggest
that it is possible to dramatically improve the
DoF in certain scenarios. For instance, in the
two-TX network, a scheme referred to as active-
passive (AP) ZF, consisting of letting the TX
with degraded CSIT arbitrarily fix its transmit
coefficient while the other TX compensates to
zero-out the interference, can be shown to recov-
er the optimal DoF.

The average rate achieved with conventional
ZF, AP ZF, and ZF with perfect CSIT are com-
pared in Fig. 6. In that case, the sum rate of con-
ventional ZF saturates at high SNR, while AP
ZF is more robust and achieves a better DoF.

OPEN PROBLEMS

New concepts for CSIT sharing in wireless net-
works have been derived, and their potential
to reduce signaling overhead has been shown.

Figure 4. Schematic representation for the Wyner model considered.
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Figure 5. Average rate per user in terms of the SNR. The distance-based CSIT
allocation, the uniform allocation, and the clustering one have all a size equal
to 10 percent of the size of the conventional CSIT allocation.
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We have presented some insights into a new
problem that presents serious challenges, but
also opportunities for the future. This leads to
new intriguing open questions. First, IA algo-
rithms with incomplete CSIT are based on a
DoF-preserving criterion only (i.e., on the per-
formance at asymptotically high SNR). The
impact of the incomplete CSIT on the perfor-
mance at finite SNR should then be investigat-
ed to obtain practical solutions. Similarly,
robust precoding schemes for the MIMO net-
work with distributed CSI have so far consid-
ered DoF only as a metric.  By and large,
precoding over network MIMO with distribut-
ed CSI remains a challenging problem.
Regarding the optimization of the CSIT allo-
cation in a network MIMO channel, we believe
that the distance-based CSIT allocation has
the potential to impact the design of cellular
systems in practical settings. However, it has
been examined for simplified channel models
only and should be adapted to more realistic
scenarios.

CONCLUSION

The uniform allocation of CSI resources
toward all TXs does not lead to efficient use of
the feedback and backhaul resources: The
CSIT dissemination should be designed to allo-
cate to each TX the right CSI, in terms of
which elements to share and accuracy. For
both network MIMO and IA, the CSIT sharing
requirements have been significantly lowered
by designing appropriate CSIT dissemination
policies, thus making TX cooperation more
practical and thereby paving the way for large
performance improvement. Additionally, the
problem of robust precoding schemes taking
into account the inconsistency between the
CSIs at the TXs has been tackled and shown to
be a key element.
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
In wireless cellular systems, a geographical
region is partitioned into small cells. Within
each cell, a transmitter is dedicated to serving
receivers within that cell. Within this cell struc-
ture, all voice and data traffic that the receivers
request and generate will be transmitted from
and to the transmitter dedicated to serving them.
One of the key performance indicators that
decides the maximum rate at which the
transceivers communicate with each other is the
received signal-to-interference-plus-noise ratio
(SINR) — the higher the SINR, the higher the
maximum rate. Transmissions from neighboring
co-channel transmitters, however, result in out-
of-cell interference, degrading the SINR, espe-
cially to the receivers located at the cell edge. To
mitigate the effects of out-of-cell interference,
multicell cooperative processing between the
transmitters has been actively investigated [1–5].

Multicell cooperative processing may also be
an important technology for small cell networks.
To deal with the increasing data traffic due to

smart phones, wireless cellular systems such as
Long Term Evolution (LTE) networks will off-
load portions of their traffic onto smaller cells
such as picocells, femtocells, and relays, which
together with the currently existing macrocells
form a heterogeneous network. As these cells
get smaller, and more cells are packed into the
same amount of space, the receiver may see
more diverse and stronger out-of-cell interfer-
ence; thus, a novel way of handling out-of-cell
interference is required. Therefore, in emerging
wireless cellular standards such as Third Genera-
tion Partnership (3GPP) LTE-Advanced, coordi-
nated multipoint (CoMP) transmission and
reception techniques, which use the core concept
of multicell cooperative processing, are being
actively discussed [6].

In multicell cooperative processing, the trans-
mitters cooperate to jointly combat interference
from adjacent cells and fading to receivers. This
cooperation requires exchanging some informa-
tion such as downlink channel information and
may require multiple antennas. The barriers pre-
venting such cooperation have become less cost-
ly; the wired communication between
transmitters (e.g., X2 interface in the 3GPP
LTE-Advanced networks) enable the transmit-
ters to exchange information quite reliably with
only marginal delay. The decrease in the price of
radio frequency (RF) electronic components
enable the transmitters and receivers to use mul-
tiple-input multiple-output (MIMO) technolo-
gies. By combining beamforming/precoding
techniques enabled by MIMO with multicell
cooperative processing, the post-processing
SINR per receiver can be increased, thus further
improving the system throughput.

If the number of data streams designated to a
receiver is smaller than the number of receive
antennas, the receiver can utilize the receive
antennas to combat the other-cell interference.
Additional degrees of freedom at each receiver
enable such operation, even with the use of lin-
ear receive filters [2, 4, 5]. When the number of
receive antennas is not greater than the number
of streams to decode, or transceiver coordina-
tion is not feasible due to inaccurate feedback,
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ABSTRACT
Multicell cooperation may play an important

role in achieving high performance in cellular
systems. Multicell cooperation with a single
receive antenna at the mobile station has been
widely investigated. Applying cooperation with
multiple receive antennas, allowed in several
emerging wireless standards, has met with some
challenges. This is primarily because the transmit
precoding/beamforming vector and receive pro-
cessing have to be jointly optimized in multiple
cells to combat out-of-cell interference. In this
article, we first discuss the role of the receive
antennas in a multicell environment, and then
review recently proposed multicell cooperative
algorithms and receive antenna techniques for
different interference statistics. Finally, we high-
light recent work on the fundamental limits of
cooperation and the possibility of overcoming
such limits by using multiple receive antennas in
multicell cooperative networks.

MULTICELL COOPERATIVE SYSTEMS WITH
MULTIPLE RECEIVE ANTENNAS

CHAE LAYOUT_Layout 1  2/21/13  4:09 PM  Page 50



IEEE Wireless Communications • February 2013 51

more advanced receiver algorithms to suppress
the other-cell interference can also be used.
Advanced receiver algorithms such as the joint
maximum likelihood (ML) detector may give
better error rate performance through decoding
the desired signal and interference signal jointly
rather than treating the interference as noise [7].

Another potential benefit of using multiple
receive antennas in multicell cooperative net-
works is the measurement of network utility per-
formance. The capacity region of the MIMO
interference channel with multiple receive anten-
nas at each receiver—the system model of inter-
est in this article—is still unknown for most
cases. The degrees of freedom of the MIMO
interference channel has recently been well stud-
ied [8], and a better measure of the achievability
that takes interference signal strength into
account has been proposed in [9]. Despite its
importance, the role of the receive antenna in
multicell cooperative coordinated processing has
yet to be fully understood.

To achieve this diverse set of objectives, in
this article, we first introduce basic CBF systems,
each of which is mainly categorized by the type
of information sharing. Next, we investigate the
role of multiple receive antennas in CBF (CBF)
systems and introduce advanced receiver pro-
cessing techniques to efficiently mitigate the
other-cell interference. Then we introduce recent
theoretical findings on the fundamental limits of
cooperation and discuss their expansion to more
general multicell scenarios. Finally, we review
multicell CBF in emerging standards, mainly
focusing on 3GPP LTE-Advanced systems, and
then follow with some conclusions.

COORDINATED BEAMFORMING SYSTEMS
Prior work on multicell cooperative processing
can be categorized as either:
• Coordinated beamforming (CBF)
• Joint processing (JP)
• Spatial sensing (SS)
In this section, we present the key concepts of
the three different multicell cooperative process-
ing techniques.

CELLULAR NETWORKS: COORDINATED
BEAMFORMING WITH NO DATA SHARING

In CBF, the transmitters exchange only the
downlink channel information, and each receiver
receives a stream of data from only one trans-
mitter. The receiver in CBF is illustrated as MSk
in Fig. 1. In this case, the multicell MIMO chan-
nel is the MIMO interference channel, and the
goal of CBF is to jointly design optimized trans-
mit and receive beamformers to minimize the
effect of out-of-cell interference. A number of
CBF algorithms have been proposed in the liter-
ature [4, 8], with interference alignment being
one of the technical enablers.

In CBF, data for a receiver is only available
at and transmitted from one cooperating base
station for a time-frequency resource. User
scheduling and beamforming decisions, however,
are made with coordination among transmitters
corresponding to the cooperating set. The trans-
mit beamforming and receive combining vectors

are generated to reduce the unnecessary inter-
ference to other receivers scheduled within the
coordinated cell. The scheduler is targeted to
maximize the SINR or minimize the leakage
power to other receivers while maximizing the
signal power to the desired receiver. The latter is
often called Max-SLNR (signal-to-leakage-plus-
noise ratio) scheduler and often leads to better
sum rates than the Max-SINR scheduler.
Through scheduling, the desired set of receivers
is selected so that the transmit and/or receive
beamforming vectors are chosen to reduce the
interference to/from other neighboring users,
while increasing the serving cell’s signal strength.
The cell edge receiver’s SINR can be improved
by CBF, resulting in a cell-edge throughput
improvement.

When the receivers are equipped with multi-
ple receive antennas, transceiver algorithms at
the cooperating transmitters and receivers need
to be jointly optimized to improve the sum rate.
In a two-cell system with multiple receive anten-
nas, non-iterative CBF algorithms called inter-
ference-aware CBF (IA-CBF) were proposed in
[4]. It was proven that the proposed algorithms
are optimal in terms of the degrees of freedom
of the two-cell MIMO channel, where the mobile
stations have two receive antennas. An asymp-
totic expression of the achievable sum rate of
the proposed system with respect to the number
of receive antennas was also derived. Interesting-
ly, as the number of receive antennas increases,
the proposed algorithm achieves not only full
degrees of freedom but also the sum rate of the
point-to-point upper bound.

Figure 1. Coordinated multicell processing system model (a three-cell sce-
nario). Receiver MSk is in a coordinated beamforming scenario, receiver MSl
is under a joint processing scenario, and receiver MSm is in a spatial sensing
scenario.
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Generalization of IA-CBF algorithms to more
than two-cell scenarios is also presented in the
same paper [4]. The authors proposed a novel
(physical) beam-switching mechanism that inten-
tionally creates a beam conflict; a conflict that in
the conventional system was, as much as possi-
ble, avoided. A beam sequence optimization
problem is NP-hard; simple algorithms are dis-
cussed by prioritizing the transmitter to decide
the beam index first based on its own channel
information. Next the transmitter determines its
own beam index that creates a beam conflict
with the top priority transmitter. The philosophy
used here is that instead of mitigating other-cell
interference and treating them as background
noise, the transmitters can create a strong inter-
ference link and use it to further minimize the
background interference. This can be done by
additional receiver processing, so the importance
of multiple receive antennas in CoMP has
become more obvious. 

CELLULAR NETWORKS: JOINT PROCESSING WITH

PERFECT DATA SHARING

In joint processing, each user receives a data
stream from multiple transmitters. To enable it,
downlink data streams as well as downlink chan-
nel information must be exchanged via inter-
transmitter cooperation. The joint processing
transforms the MIMO interference channel (in
the coordinated case) into the MIMO broadcast
channel in a case of ideal cooperation because
multiple coordinated transmitters effectively
form a distributed super base station. The capac-
ity region of the MIMO broadcast channel has
been studied and analyzed [10]. The receiver in
joint processing is illustrated as MSl in Fig. 1.

Similar to spatial division multiple access
(SDMA) technologies in the MIMO broadcast
channel, in joint processing, transmit beamform-
ing is performed to eliminate the other-cell
interference at the transmitter while the
receivers with single receive antenna performs
simple decoding. Typically the transmitter com-
putes a transmit precoding vector using the
aggregated channel knowledge. Linear precoding
is one of the simplest solutions, although zero-
forcing channel inversion linear precoder suffers
from excessive power penalty. Regularized chan-
nel inversion precoder is hard to find the exact
regularization factor. Nonlinear pre-processing
such as vector perturbation (VP) or Tomlinson-
Harashima precoding (THP) can be applied on
top of the linear precoder, showing a better sum
rate performance. The role of multiple receive
antennas at the receiver side, however, has not
been well addressed.

The network CBF (N-CBF) algorithm pro-
posed in [11] approaches the joint processing
system in different ways. Instead of multiple
transmit antennas with a single receive antenna,
the paper focuses on the multicell downlink
channel where each transmitter is equipped with
one transmit antenna and each receiver is
equipped with multiple receive antennas. Linear
and nonlinear CBF algorithms are proposed for
both clustered broadcast channels and full broad-
cast channels that achieve near multicell capaci-

ty. The proposed algorithms minimize the largest
eigenvalue of the inverse of the effective
matched channel matrix to minimize the trans-
mit power consumption and simultaneously max-
imize the effective channel gain. This can be
achieved through the fact that the effective
channel, R = H*H where H is the channel
matrix, goes to the identity matrix as the number
of receive antennas grows large; the more receive
antennas the system uses, the better throughput
can be obtained even with a single transmit
antenna. The expansion of this problem with
multiple transmit antennas is nontrivial and may
give better sum rate performance.

It is known that joint processing provides
higher system throughput than CBF, but at the
cost of downlink data stream exchange between
transmitters. We note that the down side of joint
processing is the requirement that the transmit-
ters exchange downlink data streams. The price
to be paid for such additional cooperation, how-
ever, may be decreasing. For instance, in a 3GPP
LTE-Advanced network [6], the transmitters are
already connected over a wired backhaul line, so
data exchange between transmitters is becoming
easier. Recent demand for higher data rate sup-
port and the use of multiple receive antennas at
the receiver changes the aspect of joint process-
ing from classical soft handoff or macro diversity
to joint transmit and receive beamformer/pre-
coder design in CoMP. 

COGNITIVE NETWORKS
So far, we have focused on homogeneous cellu-
lar networks and addressed the role of the
receive antennas. In this section, we consider
cognitive networks and also investigate how
much gain can be achieved due to multiple
receive antennas. As the standardization of het-
erogeneous networks become more concrete,
cognitive multicell network is also drawing lots
of attention. The use of femtocells in a heteroge-
neous network may use the same licensed band
as the macro transmitter, but the femtocell may
not be allowed to create any noticeable interfer-
ence to the legacy receivers. When the primary
transmitters are active, the secondary receiver
which is attached to the secondary cell (e.g.,
femtocells) suffers interference from the primary
transmitters. This type of interference has moti-
vated new research into joint transceiver designs
in cognitive multicell cooperative networks. The
receiver MSm in Fig. 1 fits into this scenario.

In cognitive multicell cooperative networks,
most prior work has focused on the design of
precoding matrices to suppress interference to
the primary receivers. In conventional cognitive
multicell systems, the secondary receiver treats
interference from the primary transmitter as an
additive noise. It is thus mainly an interference
avoidance approach that minimizes the signal
leakage to the primary receivers. The interfer-
ence to the secondary receivers is considered a
secondary problem, although the secondary
receivers are also desired to communicate reli-
ably. Again, multiple receive antennas at the sec-
ondary receivers may help to achieve both
objectives simultaneously:
• To prevent interference to the primary

receivers

Recent demand for
higher data rate sup-
port and the use of
multiple receive
antennas at the
receiver changes the
aspect of joint pro-
cessing from classical
soft-handoff or
macro diversity to
joint transmit 
and receive beam-
former/precoder
design in multicell
cooperative 
processing.
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• To remove the interference, due to primary
transmissions, at the secondary receiver

This can be done with the help of multiple
receive antennas at the secondary receiver.

The spatial sensing CBF (SS-CBF) algo-
rithms proposed in [5] address this problem.
With single-antenna primary terminals and
two-antenna cognitive terminals,  a l inear
transceiver design has been introduced under a
global channel state information (CSI) assump-
tion. Depending on the required information
of the secondary transceiver, the approach and
the role of multiple receive antennas may be
different. If the secondary transceiver has only
the local CSI, which consists of the channel
knowledge of primary transmitter-secondary
receiver and secondary transceivers, the sec-
ondary transmitter constructs the projected-
channel singular value decomposition (P-SVD)
to enable error-free communication to the sec-
ondary receiver. If the channel between prima-
ry transceivers is  known to the secondary
transceiver in addition to the local CSI, the
secondary transceivers can adopt a joint trans-
mitter-receiver optimization, which has proved
to be optimal under the zero-interference con-
straint at both the secondary transmitter and
receiver. If the local CSI and side information
(precoding and postcoding information of the
primary transceivers) is  known to the sec-
ondary transceivers, iterative precoding and
decoding is proposed, outperforming the P-
SVD approach of the local CSI.

In all three of the proposed SS-CBF algo-
rithms, multiple antennas at the secondary
transceiver are used in two ways: to suppress
interference to the primary receivers and from
the primary transmitters, as well as to maxi-
mize the achievable rate of the secondary link.
The conventional approach in cognitive multi-
cell cooperative networks is focused solely on
constructing a transmitter by treating the inter-
ference from the primary transmissions to the
secondary receiver as additive noise. The pro-
posed SS-CBF jointly designs the secondary
transceivers, resulting in an achievable rate
similar to that of equivalent point-to-point
MIMO channels. As the number of antennas at
the second transceivers increase, the perfor-
mance of SS-CBF with global CSI converges to
that of the point-to-point MIMO channel,
while the other two SS-CBF algorithms also
show the achievable rates very close to that
bound.

ADVANCED RECEIVER ALGORITHMS
If the number of receive antennas is insufficient
or full coordination between transmitters and
receivers is not feasible, the receiver may utilize
its receive antennas in different ways. An
advanced receiver technique may also be
required when a small group of adjacent inter-
ferers are not fully synchronized. Thus, the
other-cell interference becomes non-Gaussian
[12]. Assuming the receiver can estimate both
the desired channel and interference channel,
advanced interference mitigation algorithms can
be used. Depending on the statistics of interfer-
ence, the appropriate receiver algorithms can
differ. Table 1 presents the three possible receiv-
er algorithms under three types of out-of-cell
interference, which are minimum mean square
error (MMSE), interference whitening with
MMSE (IW-MMSE) ,or MMSE with interfer-
ence rejection combining (MMSE-IRC), and
joint detection.

In this section, we introduce the advanced
receiver algorithms that can be used in multicell
cooperative CBF systems. Note that the use of
advanced receivers is also possible on top of the
CBF algorithms introduced earlier. Typically,
when the channel is slowly varying so that chan-
nel knowledge at the transmitter can be accu-
rate, CBF can be effectively utilized. In an agile
channel condition, the receiver may apply
advanced receiver techniques rather than relying
on full coordination. The advanced receive algo-
rithm can thus be a supplementary to CBF algo-
rithms, not a competitive one.

WHITE GAUSSIAN INTERFERENCE: MMSE FILTER
If the out-of-cell interference comes from many
non-dominant interferers, and the interference
from each of the interferers is uncorrelated, the
aggregated interference seen by the receiver can
be assumed to be white Gaussian. If the variance
of the interference is known or precisely mea-
sured by the receiver, the receiver can treat the
white Gaussian interference as noise. Since the
interference-plus-noise covariance matrix
becomes an identity matrix with the same diago-
nal entry sI2, it can be treated as additive white
Gaussian noise, and the MMSE receiver pro-
vides the best link quality to the receiver in mul-
ticell cooperative systems.

In a multicell coordinated system with white
Gaussian interference, the MMSE filter per-
forms differently in different SINR levels. If the

Table 1. Comparisons of receiver processing. Interference channel, interference plus noise variance, and
interference covariance matrix are respectively denoted by HI, sI

2, and RI.

Interference Scenario Possible Receiver Algorithm Required Parameters

White Gaussian Many interferers without
dominant one MMSE sI

2

Colored
Gaussian

A few interferers with
dominant one IW-MMSE or MMSE-IRC RI

Modulated
symbol

Single or a few strong
interferers Joint detection HI, modulation order

In all three of the
proposed SS-CBF

algorithms, multiple
antennas at the sec-

ondary transceiver
are used in two

ways: to suppress
interference to the

primary receivers
and from the prima-

ry transmitters, as
well as to maximize
the achievable rate

of the secondary
link.
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signal power is noticeably higher than the inter-
ference-plus-noise power, the receiver may
ignore the interference and perform as a zero-
forcing decorrelator. The detector simply divides
the received signal by the serving cell channel
gain and then slices it to the nearest signal con-
stellation point. If the interference-plus-noise
power is relatively higher than the signal power,
the MMSE receiver matches with the serving
cell channel. In the CBF system, the MMSE fil-
ter maximizes the post-processing SINR when
the interference is white Gaussian, regardless of
the SINR levels.

COLORED GAUSSIAN INTERFERENCE:
IW-MMSE OR MMSE-IRC

The noise-plus-interference term at the receiver
may contain either intercell interference or
intracell interference, or a mix of both plus addi-
tive Gaussian noise. In general, such interfer-
ence is not white, especially when the number of
interferers is small and there are a few dominant
interferers. The noise-plus-interference term is
then spatially colored with its covariance matrix
having non-zero off-diagonal terms. The colored
interference-plus-noise term can cause a serious
problem to the detector and decoder, which is
generally designed assuming interference and
spatially temporally white noise. Assuming the
interference-plus-noise covariance matrix is non-
singular, a spatial whitening filter matrix needs
to be applied on the receive signal such that the
transformed interference becomes white, with a
slight sacrifice to the desired signal strength.

The interference whitening filter W trans-
forms the interference-plus-noise term n into a
spatially white Gaussian vector. The transformed
noise after whitening, Wn, has the covariance of
an identity matrix, E{Wn(Wn)*} = WE{nn*}W*
= INr. This yields WRW* = INr, and after taking
the eigen-decomposition on the effective chan-
nel matrix R, R = USU*, the whitening matrix
can be obtained as W = S–1/2U*. After the
whitening filter is applied, an MMSE detector
can be used to eliminate the white Gaussian
noise.

An alternative way to detect the symbol with
colored interference is to use interference rejec-
tion combining (IRC). In the MMSE-IRC filter,
the non-diagonal interference covariance matrix
RI is added to the MMSE whitening matrix,
enabling the receiver to reject the interference.
Note that the MMSE-IRC receiver can be biased
or unbiased, depending on the use of a normal-
ization factor. The biased MMSE-IRC receiver
maximizes the received SINR, while the unbi-
ased MMSE-IRC filter minimizes the MSE.
With a proper scaling, however, the two MMSE
filters show identical coded block error rate per-
formance [13]. Thus, we may observe that the
two MMSE-IRC filters may result in similar
throughput performance.

The IW-MMSE/MMSE-IRC detector is one
of the simplest solutions to combat (slightly)
non-Gaussian interference. By sacrificing the
desired channel gain a bit, the interference plus
noise can be approximated as Gaussian, so a
conventional detector and decoder can be uti-
lized. The IW-MMSE/MMSE-IRC receiver,

however, can perform well only with high modu-
lation order, high code rate in a weak to medi-
um interference region. As the
signal-to-interference level increases, the packet
error rate performance becomes floored. If the
interference is highly non-Gaussian, which typi-
cally happens for out-of-cell interference with
low modulation order, IW-MMSE and MMSE-
IRC are not desirable approaches. 

INTERFERENCE WITH KNOWN MODULATION
ORDER: JOINT DETECTION

In practical multicell cooperative systems, the
transmit symbols are modulated, so the receiver
needs to detect the transmitted symbol using a
proper demodulator. The modulation order can be
changed over time to adapt the transmission rate
close to the instantaneous channel capacity. If the
modulation order of both the desired signal and
interference signal are known to the receiver, the
receiver can attempt to decode the desired symbols
by jointly decoding the desired symbol and inter-
ference symbol. In [7], a significant performance
gain is shown to be obtained if the detectors explic-
itly take into account the modulation formats of
the desired and interference signals.

Unlike the conventional interference canceler
and successive interference canceler, which work
well only in noise-limited and interference-limit-
ed regimes, respectively, the joint ML detector
can cover variety of interference range. Specifi-
cally, the joint ML detector incorporates knowl-
edge of the interfering channel and the finite
modulation of the interference, turning interfer-
ence-limited transmission system into a noise-
limited one. The joint ML detector detects the
desired and interfering signals jointly, then dis-
cards the detector output for the interference,
which aids the detection of the desired signal. As
the computational complexity can easily be dou-
ble that of the interference-ignorant ML detec-
tor, a less complex joint minimum distance (MD)
detector can also be used. In a multicell cooper-
ative network, however, the joint MD detector is
slightly worse than the joint ML detector in a
low SNR region.

The joint detection approach is beneficial
when the channels are fast fading. In such a con-
dition, channel knowledge at the transmitter is
easily outdated; hence, rigorous coordinated
processing is somewhat infeasible. The joint
detector, however, performs well in such an agile
channel condition as it turns an interference-lim-
ited channel into a noise-limited channel. It is
also shown that the full diversity gains can be
achieved with the joint detector even in the pres-
ence of interference, so the transmit diversity
scheme is advantageous. The joint detector is
thus quite complementary to multicell coopera-
tive CBF systems with multiple receive antennas.

MULTICELL COOPERATIVE PROCESSING IN
EMERGING STANDARDS

The next generation wireless cellular systems will
use coordinated multicell joint processing. In the
3GPP LTE-Advanced systems, CoMP is consid-
ered one of the strongest and best proven tools

As the signal-to-inter-
ference level increas-
es, the packet error
rate performance
becomes floored. If
the interference is
highly non-Gaussian,
which typically hap-
pens for the out-of-
cell interference with
low modulation
order, the IW-MMSE
and MMSE-IRC is not
a desirable approach.
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to improve cell edge throughput. It is also proven
that CoMP gives a higher gain than the tradi-
tional approaches of cellular network planning
such as frequency reuse, sectoring, and spread
spectrum. Despite the fact that the standardiza-
tion of CoMP is still in progress and scheduled
to be finalized in the first half of 2013, it is
meaningful to review the practical scenarios and
limitations. It is noteworthy that, based on the
proposals submitted to the Release 12 (Rel-12)
LTE-Advanced workshop, CoMP will be further
evolved and enhanced to meet the requirements
for so-called fifth generation (5G) systems. In
this section, we briefly introduce the scenarios of
interest and key challenges when implemented
in real-world multicell cellular systems. 

COMP ALGORITHMS AND SCENARIOS
The scenarios and supported CoMP algorithms
in Rel-11 3GPP LTE-Advanced are introduced
in [6]. In the standard, both CBF and JP are
considered as the main CoMP algorithms, and
JP is further decomposed into joint transmission
and dynamic point selection.

In coordinated scheduling/CBF (CS/CB),
which contains both coordinated scheduling and
CBF, the desired data stream is transmitted only
from a transmitter in the CoMP cooperating set.
The resource block is assigned to the receiver
with CBF by scheduling of the serving cell after
coordination among multiple coordinated cells.
The transmit beamforming and receive combin-
ing vectors are generated to reduce the unneces-
sary interference to or from other receiver(s)
scheduled within the coordinated cell. The best
serving set of users will be selected so that the
transceiver beamforming vectors are chosen to
reduce the interference to/from other neighbor-
ing receivers, while increasing the serving cell
signal strength. The other-cell interference can
be mitigated, and the cell edge receiver through-
put can be improved.

In joint transmission (JT), a data stream is
simultaneously transmitted from multiple trans-
mitters to a receiver in a given time-frequency
resource. Unlike the CBF receiver, the receiver
in joint processing tries to coherently combine
the symbols from multiple transmitters; if the
data streams from multiple transmitters are syn-
chronized, the receiver can have a (coherent)
combining gain, which additionally gives both
SNR and diversity gains. To enable coherent
combining at the receiver, a strict time-frequen-
cy synchronization should be enforced, and the
phase difference from different transmitters
needs to be fed back to the transmitter. In this
sense, joint transmission may be more demand-
ing and fragile than CS/CBF.

In dynamic point selection (DPS), data is
transmitted from one transmitter within the
cooperating transmitters in a time-frequency
resource, and the designated transmitter is
dynamically selected. The other transmitter(s)
may mute so the receiver(s) do not see out-of-
cell interference. The transmitting point may
change in time depending on the feedback indi-
cating the most desirable transmitting point by
the receiver. Dynamic point selection also
includes dynamic cell selection, which is a CoMP
transmission scheme that can be seen as a natu-

ral extension of existing scheduler implementa-
tions. Unlike joint transmission, dynamic point
selection does not need the interpoint informa-
tion. Dynamic point selection supports CoMP
scenarios 3 and 4 (explained later), where low-
power remote radio heads (RRHs) are deployed
as a heterogeneous network. In situations where
the mobile station penetrates across the RRH
transmission boundaries, dynamic point selection
shows similar gain to joint transmission.

In Table 2, the differences of the three CoMP
algorithms are presented. It is expected that
joint transmission may give the highest through-
put gain at the cost of additional feedback and
higher use of inter-base-station communication.
Dynamic point selection is simpler to implement
but preferable only for the heterogeneous net-
work scenarios in which the mobile station sees
more cell edges so that received SINRs are simi-
lar to each other. Coordinated scheduling/CBF
is probably the simplest and one of the most
robust schemes with decent performance gain.

The four CoMP scenarios considered in the
LTE-Advanced specifications and supported
CoMP algorithms are presented in Table 3. Sce-
narios 1 and 2 are designed for classical homo-
geneous deployments, while scenarios 3 and 4
are for the heterogeneous deployment. Scenario
3 targets typical picocell heterogeneous deploy-
ments, and scenario 4 represents a distributed
antenna system (DAS) where the points dis-
tributed within the macrocell can be thought of
as RRHs. Scenario 4 differs from scenario 3 in
the fact that all points belong to the same cell.
The DAS approach using RRHs (scenario makes
it easier to handle the out-of-cell interference
and to apply joint processing than the picocell
(scenario 3), although the orthogonal cell-specif-
ic pilot sequence design issue ought to be
resolved. Note that in all scenarios, two receive
antennas are the default receive antenna config-
uration; hence, aforementioned CoMP algo-
rithms can be exploited. 

PRACTICAL ISSUES IN RECEIVER PROCESSING
The main practical issues of CoMP include feed-
back channel design and downlink reference sig-
nal design as they determine the accuracy of the
channel information at the transmitter and
receiver, respectively. This receiver processing is
also practically important because the receiver
needs to learn about the channel with limited
reference signals. Although the discussions are
still in the consensus building stage, it is mean-
ingful to learn about the working agreements
made so far in the 3GPP LTE-Advanced stan-
dard.

Feedback Channel Design — To enable CoMP opera-
tion, each receiver feeds back the necessary
information to the transmitter via reliable feed-
back channel. The channel quality indicator
(CQI) is the main feedback information. With
CQI, along with other feedback information
such as precoding matrix index and rank indica-
tor, the transmitter may be able to learn about
the necessary downlink and interference chan-
nel, and to schedule a transmission with an
appropriately selected modulation and coding
index. As the transmitter solely relies on the

The main practical
issues of CoMP

include feedback
channel design and
downlink reference

signal design as they
determine the 

accuracy of the 
channel information

at the transmitter
and receiver, 
respectively.
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information fed back from the receiver, the
design of feedback channel is important in
CoMP operation.

One of the main issues of the CoMP feed-
back design is CQI generation because the defi-
nitions of CQI vary in different CoMP
algorithms. A CQI without considering interfer-
ence is the maximum eigenvalue of the effective
downlink channel, while a CQI with interference
is the maximum eigenvalue of the effective chan-
nel multiplied by the MMSE-IRC whitening
matrix. With the use of an ML detector, CQI
computation can become more complicated. The
CQI thus depends on the receiver algorithm as
well as CoMP algorithms.

Increased hypotheses for CQI generation per
CoMP scenarios and ambiguity on the CQI met-
ric with a certain receiver algorithm may cause a
serious problem to both the transmitter and the
receiver. One typical issue is what interference
should be taken into account in CQI computa-
tion; the interference from cooperating transmit-
ters may be eliminated after proper coordination,
so it may not be considered while computing the
CQI. Interference from non-interfering transmit-
ters should be considered as interference in the
CQI computation metric. However, as the coop-
erating sets may change in time, the reported
CQI may not represent the true link quality, and
the transmitter may not detect this problem since
the CQI computation metric is not transparent to
the transmitter. This makes the feedback design at
the receiver harder.

Downlink Reference Signal Design — The downlink
reference signal is used for the receiver to esti-
mate the multicell channel. The reference signal

needs to be carefully designed to meet the per-
formance requirement. If the density of the ref-
erence signal in the time-frequency grid is too
high, significant spectral efficiency loss occurs. If
the reference signals are too sparse, the multicell
channel measurement can become very coarse.
In 3GPP LTE-Advanced systems, a cell-specific
reference signal with adequate reference signal
density is considered for CoMP operation. In
such a cell-specific reference signal, the scram-
bling pattern and cyclic shifting depends on the
cell identification (ID) number.

In some CoMP scenarios, especially CoMP
scenario 4 where the RRHs use the same cell
IDs, the reference signal from multiple transmis-
sion points can easily collide. Even for the CoMP
scenarios with different cell IDs, as the number
of transmitting nodes gets higher, the reference
signal collision probability gets higher. To pro-
vide additional orthogonality between reference
signals from different transmitters, the 3GPP
LTE-Advanced systems introduce virtual cell
IDs. The reference signal sequence is initiated
and scrambled, not in the cell-specific manner
using the cell ID, but by the node-specific virtual
ID. By doing this, additional orthogonality
among reference signals can be obtained.

The second issue is the possibility of different
granularity of channel estimation intervals in the
serving and interfering cells. In general, CoMP
operation can be done when the receiver does
not move or moves very slowly, so the channel
coherence time is strictly longer than the round-
trip delay. The issue is that the interference
channel does not change significantly in time,
and its estimation need not be as accurate as
that of the serving cell channel. In most cases,

Table 2. A summary of the characteristics for each CoMP algorithm.

CS/CB JT DPS

Performance gain Medium High Medium to high

Feedback overhead Medium High High

Requirements on frequency/time sync Low High High

Backhaul requirement Medium High High

Relative phase information at the transmitter Not required Required Not required

Relative amplitude information Required Required Not required

Table 3. CoMP scenarios and supported algorithms in 3GPP LTE-Advanced.

Scenarios and descriptions Equivalent system CoMP algorithms

1. Homogeneous network with intrasite coordination Single-cell coordination CS/CB, JT 

2. Homogeneous network with high-power RRHs Multicell coordination CS/CB, JT 

3. Heterogeneous with low-power RRHs (different cell IDs) Macro-pico voordination CS/CB, JT, DPS 

4. Heterogeneous with low-power RRHs (same cell ID) Distributed sntenna
dystem (DAS) CS/CB, JT, DPS 

Increased hypotheses
for CQI generation
per CoMP scenarios
and ambiguity on
the CQI metric with
certain receiver 
algorithm may cause
a serious problem
both to the 
transmitter and 
the receiver.
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only the covariance of the interference can be
utilized. The interference channel estimation
period can be longer, so the receiver can save its
power and devote more resources to serving cell
channel estimation.

Receiver Architecture — In 3GPP LTE-Advanced
CoMP, the default receive antenna number is set
to two or four. This enables the receiver to apply
an interference mitigation process. Specifically,
the receiver algorithms considered in [6] are
MMSE (mandatory) or MMSE-IRC (recom-
mended). For the MMSE-IRC receivers, both
biased and unbiased receivers are considered
even though the throughput performance differ-
ence may be marginal regardless of the biased-
ness. The performance of the receiver depends
on the accuracy of the covariance matrix estima-
tion and frequency selectivity of the covariance
matrix. Joint detection has yet to be considered
in CoMP literature, but it can also be utilized if
the modulation order of the interference signal
is precisely known to the receiver.

SYSTEM PERFORMANCE EVALUATION RESULTS
To consider the practical issues discussed in

the previous sections, we present the system per-
formance evaluation results. We mostly use the
simulation parameters presented in [6]. We use
a 2 ¥ 2 antenna configuration with dual polar-
ized antennas and 6 ms feedback delay under
full buffer traffic. For intercell interference mod-
eling, we explicitly consider seven configurable
intercell interference links to the mobile station,
and the remaining links are modeled with
Rayleigh distribution. Among the scenarios in
Table 3, we simulate a homogeneous network
(scenario 1) and a heterogeneous network with
low power RRHs with difference cell IDs (sce-
nario 3).

We first present a simulation result for rank
statistics with different transmit modulation
orders. The rank statistic is an indicator that a
mobile station is capable of receiving more than
one stream using multiple receive antennas. The
benefit of using additional antennas at the
receiver can be interpreted as the probability to
choose rank 2 under a good channel condition.
The simulation results with the use of the IW
receiver is presented in Table 4. As shown in the
table, the mobile station tends to choose more
than one stream in a homogeneous scenario with
high probability. The receiver processing with
multiple receive antennas can benefit in such a
good channel. For a heterogeneous network,
however, the UE sees more diverse sources of
interference. It tends to reject the interference
using part of the receive antennas; hence, the
chances that the mobile station is scheduled with
more than one stream are limited. The simula-
tion results show the benefit of using multiple
receive antennas in both cases.

Simulation results with different transmitter
and receiver techniques discussed in this article
are also presented in Table 5. We compare the
cell average throughput and cell edge through-
put (5 percent user throughput) using the base-
line IW receiver with JD and CoMP. By doing
so, we show how to handle the way interference
affects the system performance. In Table 5, we

observe that the use of an advanced receive
antenna and coordination technique improves
the cell edge throughput the most. In a homoge-
neous scenario, the cell edge throughput is
improved by 52 percent when CoMP with joint
detection is applied. In a heterogeneous sce-
nario, CoMP is the best technique to improve
cell edge user throughput, while CoMP with JD
is best for average cell throughput. This demon-
strates that both multicell cooperative processing
and the advanced receive technique are good
methods to overcome other-cell interference in
practical systems.

FUNDAMENTAL LIMITS OF COOPERATION

Multicell cooperation is promising as it promises
to convert the multicell network from interfer-
ence-limited to noise-limited. Coordination
between transmitters and receivers or the use of
an advanced receive algorithm enables the trans-
formation. The use of multiple receive antennas
is helpful to alleviate other-cell interference. The
natural question is whether such benefits are still
fruitful in a large multicell network. When the
cooperating transmitters form a cluster, a recent
article [14] derives fundamental limits of cooper-
ation in a general uplink setting. Based on their
analysis, the spectral efficiency gets saturated as
the transmit power increases in clustered large-
scale multicell networks. 

Surprisingly, in [14], it is shown that satura-
tion of the spectral efficiency at sufficiently high
transmit powers is unavoidable in large net-
works. A key insight used in that paper is that
not all channels can be estimated due to time
variation; thus, there is residual interference that
limits the performance. Since the interference
power is proportional to the transmit power,
increasing the transmit power will not solve the
problem. This results in the collapse of the mul-
tiplexing gain in the higher SNR region. The
paper also claims that the fundamental limita-
tions cannot be overcome through any other
technological advances. Based on the insights
from [14], the discrepancy in terms of through-
put gains between theory [4, 5, 11] and practice
[6] in multicell cooperative processing comes
from this fundamental limit, mainly from the
latency of the backhaul link or limited feedback
of the practical cellular systems.

Reference [14] provides intuition on how
large multicell networks are likely to perform. It
would be interesting to study how multiple
receive antennas impact the theory derived in
[14], for example, to show if they can extend the
region of multicell cooperation where capacity
scales with SNR. The results in small-scale mul-

Table 4. Rank statistics: homogeneous (left column) and heterogeneous (right
two columns) scenarios.

Macro UE
(homogeneous)

Macro UE
(heterogeneous)

Pico UE
(heterogeneous)

Rank 1 54.90% 92.4% 84.2%

Rank 2 45.10% 7.6% 15.8%
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ticell cooperative systems [4, 5, 11] show that
additional receive antennas help achieve a better
spectral efficiency. An investigation of the trade-
offs between numbers of antennas at a single
transmitter and coordination of many transmit-
ters is an interesting topic for the purpose of any
fundamental preference for centralized (e.g.,
massive MIMO) or distributed (e.g., distributed
antenna systems) architectures. This may give
some insights on the evolution of the multicell
cooperative network for the next generation cel-
lular standards and the role of multiple receive
antennas therein.

CONCLUSIONS

This article introduces multicell cooperative sys-
tems with multiple receive antennas and
advanced receiver techniques. In particular,
coordinated beamforming, joint processing, and
spatial sensing techniques are introduced,
explaining their potential use of multiple receive
antennas. Advanced receiver algorithms, which
include MMSE, interference rejection combining
(IRC), interference whitening, and joint detec-
tion in different interference statistics were also
introduced. CoMP, as envisioned by emerging
wireless standards, is reviewed. Finally, the fun-
damental limits of cooperation are discussed,
and the potential role multiple receive antennas
may play is reviewed. Multiple receive antennas
and receiver processing have become more
important in multicell cooperative networks,
both theoretically and practically.
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Table 5. Cell throughput: homogeneous (left two columns) and heterogeneous
(right two columns) scenarios.

Cell avg.
throughput

Cell edge
throughput

Cell avg.
throughput

Cell edge
throughput

IW 1.13 (Mb/s) 0.016 9.62 0.054

JD 1.27 0.023 9.89 0.062

CoMP 1.14 0.017 9.58 0.067

CoMP with JD 1.34 0.024 10.09 0.066
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
During the standardization process of Third
Generation Partnership Project (3GPP) Long
Term Evolution (LTE)-Advanced [1], a number
of techniques have been proposed to boost the
peak data rates, such as carrier aggregation and
downlink multiple-input multiple-output
(MIMO) up to eight layers. By taking advan-
tages of these techniques, peak rates up to 100
Mb/s for high mobility and 1 Gb/s for low mobil-
ity are envisaged. However, intercell interference
is preventing ubiquitous user experience of such
high data rate (i.e., the data rate achieved by cell
edge users is a small fraction of the peak data
rate). Nonuniform signal-to-interference-plus-
noise ratio (SINR) distribution of a typical
homogeneous network with 500 m inter-site dis-
tance is depicted in Fig. 1a. Over 20 dB SINR is
achieved in the cell center; however, it can only
reach 5 dB or below in most areas due to inter-
cell interference.

The heterogeneous network is an emerging
network deployment. In a heterogeneous net-

work the layer of a planned homogeneous
macro network is overlaid by layers of low-
power nodes (LPNs), such as picocells and
remote radio heads (RRHs). The macrocell
provides wide-area coverage, and LPNs pro-
vide coverage for hotspots and offload traffic
from the macrocell. The gain of offloading
traffic is limited due to imbalanced transmis-
sion power (i.e., LPN coverage is shrunk by the
high-power macrocell). To extend the LPN
coverage, an offset to the received power mea-
surement is introduced in cell selection, allow-
ing more user equipment (UE) to be attached
to the LPN. The problem of this approach is
that it dramatically increases the interference
the macrocell imposes on UE attached to the
LPN by coverage expansion. Figures 1b and 1c
show SINR distribution of a heterogeneous
network deployment without and with coverage
expansion, respectively. Two LPNs are placed
randomly in the coverage of each macrocell. It
can be seen that the expanded region suffers
very low SINR, which is depicted by deep color
in the figure. 

From information theory i t  i s  a lready
known that intercell interference can be seen
as an opportunity if cells process signals coop-
eratively.  Coordination techniques can be
classif ied as semi-static  coordination and
dynamic coordination according to the
requirement of information sharing across
cells. Semi-static coordination techniques,
including fractional frequency reuse (FFR)
[2] ,  soft  frequency reuse (SFR) [3] ,  and
enhanced intercell interference coordination
(eICIC) [4], require little time-insensitive
information exchange across cells. The basic
idea of FFR is to create partitions between
cell edge and cell center UE based on SINR.
Resources of cell center UE in every cell are
reused, , thus removing adjacent cell interfer-
ence to cel l  edge UE. In the case of  SFR,
edge UE devices are restricted to those allo-
cated orthogonal resources by coordination of
neighboring cells as in FFR. Higher per-cell
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ABSTRACT
Intercell interference management has

become a critical issue for future cellular mobile
systems. Coordinated multipoint transmission/
reception, or CoMP, is an effective way of man-
aging intercell interference, and has been regard-
ed as a key technology of LTE-Advanced. This
article first provides an overview of downlink
CoMP techniques specified in 3GPP LTE Rel-
11, which mainly focuses on transmission
schemes, channel state information reporting,
interference measurement, and reference signal
design. Then uplink CoMP is discussed in brief
as most of the coordination gain can be achieved
by implementation with little standardization
support. Evaluation results are provided to show
the efficiency of CoMP. The challenges as well
as possible solutions for future CoMP standard-
ization are also discussed.

INTERFERENCE MANAGEMENT THROUGH COMP IN
3GPP LTE-ADVANCED NETWORKS
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resource utilization is achieved by reusing all
resources in every cell but with a lower trans-
mit power given to center UE to mitigate the
increased interference. Both FFR and SFR
are supported since LTE Release 8 (Rel-8).

In LTE Rel-10, the time-division multiplexing
(TDM) eICIC principle was exploited to miti-
gate interference from macrocell to picocells in
heterogeneous network. The macrocell transmits
an almost blank subframe (ABS) or multimedia
broadcast over single-frequency network
(MBSFN) subframe with a certain periodicity,
but the picocells transmit normal subframes all
the time. The macrocell is not allowed to sched-
ule any UE in an ABS or MBSFN subframe.
The UE connected to picocells in the expanded
region can be scheduled during transmission of
an ABS or MBSFN from the macrocell, while
UE close to picocells may be scheduled in any
subframe.

Semi-static coordination techniques devel-
oped in LTE Rel-8/9/10 can provide benefits in
managing intercell interference with relatively
little backhaul overhead and low implementation
complexity. However, the achievable benefit is
limited as it is not able to follow the dynamic
interference condition caused by dynamic
scheduling and beamforming. Moreover, semi-
statically preserved resources result in low effi-
ciency of resource utilization. 

Dynamically coordinating the transmission
and reception of signals at multiple cells could
lead to further performance improvement.
Exist ing dynamic multi-cel l  coordinating
schemes include network MIMO [5], distribut-
ed MIMO [6], multicell MIMO [7], and so on.
These schemes are conceptually the same, pro-
viding promising improvements of spectral
efficiency and more uniform throughput distri-
bution. They are unified into coordinated mul-
tipoint (CoMP) transmission/reception in
3GPP discussion as a key technology of LTE-
Advanced. CoMP was initially brought forward
in the study item of LTE-Advanced [1]  to
meet the requirements of IMT-Advanced [8]
in 2008. However, there was no consensus on
the gain of CoMP under realistic conditions,
and it  was not included in LTE Rel-10.
Instead, a study item on CoMP was proposed
to continue to study the performance benefits
and specification impacts. After further study,
performance gain was identified, and a work
item was approved to specify CoMP in LTE
Rel-11. 

In the following sections, standardized CoMP
in 3GPP LTE-Advanced is described. Downlink
and uplink CoMP are introduced. Evaluation
results are presented to show performance gains
of CoMP. Conclusions are drawn, and future
challenges are also discussed. 

COMP IN 3GPP LTE-ADVANCED

Both downlink and uplink CoMP are standard-
ized to support four identified CoMP scenar-
ios. Downlink CoMP involves channel state
information (CSI) reporting from UE, interfer-
ence measurement, and reference signal design,
which require much standardization work.
Uplink CoMP, on the other hand, can be
implemented with little standardization sup-
port.  To optimize performance of uplink
CoMP, uplink reference signal and uplink
power control are enhanced in a CoMP-favor-
able manner.

Figure 1. SINR distribution: a) homogeneous macro network; b) heteroge-
neous network without coverage expansion; c) heterogeneous network with
coverage expansion.
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SCENARIOS

Four scenarios were defined in the 3GPP LTE-
Advanced CoMP study [9]. The defined scenar-
ios are deployed in numerical evaluations, and
standardization is aimed at providing support for
all four scenarios. It is worth noting that 3GPP
standardization focuses on scenarios that are
with backhaul of low latency and sufficient
capacity in LTE Rel-11. The four defined sce-
narios are illustrated in Fig. 2.

Scenario 1: Homogeneous network with intra -
site CoMP. The coordination takes place
between three sectors of the same site in a
homogeneous macro network. This is the most
prevalent deployment scenario at the current
stage, and CoMP can be applied in this scenario
without any additional investment in network
infrastructure. 

Scenario 2: Homogeneous network with high-
transmission-power RRHs. RRHs with equal
transmission power to that of the eNodeB are
employed to construct a homogeneous network.
The coordination area consists of RRHs con-
trolled by the same eNodeB. More CoMP gain
could be achieved than with scenario 1 due to a
possibly larger coordination area. 

Scenario 3: Heterogeneous network with low-
power RRHs within macrocell coverage. A num-
ber of low-power RRHs connected to an
eNodeB are deployed in macrocell coverage.
Each RRH forms a small cell with physical cell
identity (PCI) independent from the macrocell.
As explained in the introduction, interference
imposed by a macrocell on UE associated with
RRH severely degrades system performance.
The interference problem could be resolved by
applying CoMP in this scenario.

Scenario 4: Heterogeneous network with low-
power RRHs within macrocell coverage where
the transmission/reception points created by the
RRHs have the same PCI as the macrocell. The
main difference from scenario 3 is that no new
cell is formed by RRH in this scenario, which
results in distinct control channel design and
mobility management. However, from aspect of
data transmission, there is no difference between
the two scenarios since the network topology is
the same. 

In scenario 1, the coordinated cells are collo-
cated, and it does not suffer from the restrictions
of underlying backhaul. In scenarios 2–4 the
RRHs are connected to the eNodeB via optical
fiber, and it is assumed that information is
exchanged without latency and capacity con-
straints. For the sake of simplicity, a macrocell
or an RRH is called a transmission point (TP) in
downlink and receiving point (RP) in uplink.

DOWNLINK COMP
For downlink CoMP techniques, specification
efforts mainly focus on transmission schemes,
CSI reporting, interference measurement, refer-
ence signal design, and control signaling [9].
Transmission schemes are not mentioned explic-
itly in the specification; however, all the specifi-
cation items are to support CoMP transmission
schemes. CSI reporting facilitates link adapta-
tion in the network, while interference measure-
ment and reference signal are essential in
deriving a CSI report. Besides common stan-
dardization support for frequency-division duplex
(FDD) and time-division duplex (TDD) systems,
special attention was paid to TDD to exploit
channel reciprocity.

General Specification Support for FDD and TDD
Transmission Schemes — In the framework of 3GPP,
downlink CoMP transmission is categorized as
dynamic point selection (DPS), dynamic point
blanking (DPB), joint transmission (JT), and
coordinated scheduling/beamforming (CS/CB).
The four categories of transmission schemes are
shown in Fig. 3.

With DPS, a TP is dynamically selected
according to the instantaneous channel condition
on per-subframe basis. The TP with the best link
quality is selected to exploit channel variations
opportunistically (i.e., selection diversity gain is
achieved). In general, the gain of selection diver-
sity in addition to the already achieved frequen-
cy and spatial diversity is marginal. To get
further gain, DPB can be used in conjunction
with DPS. By DPB, the dominant interferer(s) to
UE in the coordination area is identified and
muted dynamically (i.e., no signal is transmitted
from the identified TP). By muting the dominant
interferer, SINR of the UE may be enhanced

Figure 2. CoMP scenarios in 3GPP LTE-Advanced.
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significantly as a few dominant interferers may
contribute an absolute majority of the total
interference. A TP is muted only when there is
gain on the utility of the whole coordination
area. Muting the dominant interferer causes per-
formance loss of the particular TP. If perfor-
mance improvements of those beneficiaries
outweigh the loss, the TP can be muted; other-
wise, it should remain active to transmit data. It
seems unfair to UE connected to the muted TP;
however, since scheduling is dynamically per-
formed, those UE devices may also benefit from
muting other TPs in subsequent subframes. On
the whole, it is beneficial to all UE if the
scheduling algorithm is designed carefully.
DPS/DPB is especially useful in CoMP scenarios
3 and 4 as a muted macrocell benefits when mul-
tiple RRHs reside in the macrocell. It is very
likely that the boosted RRH performance could
outweigh the loss of the macrocell. 

JT represents the case where two or more
TPs are transmitting signal to a single UE
device on the same time-frequency resource.
JT is categorized into coherent and non-coher-
ent JT, depending on whether coherent com-
bining of signals from multiple TPs is targeted.
Coherent JT offers the best performance
among all considered CoMP schemes, since it
allows multiple TPs to completely nullify inter-
ference toward co-scheduled UE. As evidenced
in [10], coherent JT is especially sensitive to
imperfections of CSI, so it would be premature
to include it in the standard considering the
current state of the art. Therefore, there is no
explicit support for coherent JT in LTE Rel-
11; nevertheless, it  can be implemented in
TDD by channel reciprocity. Non-coherent JT
is not able to nullify interference across multi-
ple TPs due to the lack of relative phase infor-
mation across TPs. The SINR at UE could be
boosted by non-coherent JT, but with area-
splitt ing-gain loss,  as multiple TPs could
instead schedule multiple separate UE devices.
Only UE devices located on the coverage edge
of two TPs are able to get benefit from non-
coherent JT, for the area-splitting-gain loss
could be compensated by the boosted through-
put in low SINR regions. The gain of non-
coherent JT is more prominent in a network
with low traffic load, as vacant resources of
neighboring TPs could be borrowed to perform
non-coherent JT.

With CS/CB, the scheduling and beamform-
ing across different TPs are aligned to reduce
interference. Coordinating scheduling decisions
(i.e., which specific UE is selected for transmis-
sion) can help alleviate strong interference con-
ditions. In addition, a wise selection of
beamforming weights may further contribute to
reduce interference. Ideally, scheduling and
beam selection should be carried out jointly to
optimize performance. However, it is impractical
to make joint decisions on UE and beams across
multiple TPs. A simple and prevalent way to
implement CS/CB is an iterative scheduling pro-
cedure. Each cell revisits the choice of UE and
underlying transmit beam(s) based on scheduling
decisions and beams decided by other cells in
the previous iteration. An updated scheduling
decision not only accounts for the utility of the
scheduled UE but also for the utility of the vic-
tim UE that has been tentatively scheduled by
other cells in the previous iteration. The goal of
each updating is to maximize a global utility
(e.g., the total weighted throughput with the
coordination area). Only a few numbers of itera-
tions are needed to reach a near-optimal solu-
tion.

In practice, there is no clear boundary
between transmission schemes; that is, combina-
tion of transmission schemes is possible. For
example, an RRH is selected for data transmis-
sion for UE, and the scheduling and beams deci-
sions are coordinated across multiple RRHs
while the macrocell is muted. In LTE Rel-11, all
of the above transmission schemes can be sup-
ported in a transparent manner from the specifi-
cation perspective. 

CSI Reporting — Channel state information at the
transmitter is necessary to take advantage of
multiple antenna techniques. LTE Rel-8 employs
implicit feedback; that is, the reported CSI is a
set of transmission parameters recommended by
UE corresponding to a transmission hypothesis.
The parameters are derived under the transmis-
sion hypothesis. CSI includes the precoding
matrix indicator (PMI), rank indicator (RI), and
channel quality indicator (CQI). The RI is the
transmission rank or number of independent
data streams that can be supported by the chan-
nel in spatial multiplexing transmission. The
PMI is an index to a codeword in a predefined
codebook comprising precoding matrices. The

Figure 3. Illustration of CoMP transmission schemes: a) dynamic point selection; b) dynamic point blank-
ing; c) joint transmission; d) CS/CB.
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indexed codeword can be used as transmit beam-
forming weight for UE directly or used in deriv-
ing transmit beamforming weight. The CQI
reflects the quality of the target link, which is a
reference for modulation and coding scheme
(MCS) selection.

A transmission hypothesis in CoMP compris-
es two parts: signal hypothesis and interference
hypothesis. The signal hypothesis specifies TP(s)
from which the packet data is assumed to be
transmitted, and the interference hypothesis
stands for interference suffered during the
assumed data transmission. For DPS, CSI of
transmission hypotheses with signal hypothesis
from each candidate TP is needed at the net-
work to facilitate dynamic selection of TPs. In
addition, for DPB, CSI of transmission hypothe-
ses with the same signal hypothesis but different
interference hypotheses (e.g., whether an inter-
fering TP is muted or not) are necessary for the
network to make a decision on whether or not to
mute the interfering TP.

To maximize flexibility in scheduling in the
network, CSI of all possible transmission
hypotheses should be reported by UE. However,
the feedback overhead and UE implementation
complexity is proportional to the number of
hypotheses. To limit feedback overhead while
retaining flexibility, Rel-11 UE can be config-
ured to report CSI corresponding to one or
more transmission hypotheses. CSI correspond-
ing to one transmission hypothesis is defined as
a CSI process. A CSI process is determined by
the association of a signal hypothesis and an
interference hypothesis, where the signal hypoth-
esis and interference hypothesis are measured
through CSI-RS and interference measurement
resource (IMR), respectively. Note that there is
no transmission hypothesis corresponding to JT
and CS/CB in Rel-11 feedback, since that CSI
can be calculated from the CSI of the DPS/DPB
transmission hypothesis in the network without
significant performance loss. 

Assuming there are two TPs involved in CSI
reporting, the possible CSI processes are illus-
trated in Table 1. In each transmission hypoth-
esis, the signal can be transmitted from either
TP1 (TP1 on, TP2 off) or TP2 (TP2 on, TP1
off), and the interference from the interfering
TP can be either muted (off) or not (on). There
are four possible CSI processes in the consid-
ered example. For CSI1 in Table 1, the signal
from TP1 is “on” and the signal from TP2 is
“off,” which means that the signal is transmit-
ted from TP1 only. Regarding the interference
hypothesis, the interference from TP1 is “off”
and that from TP2 is “on,” which means that
the assumed transmission experiences interfer-
ence from TP2. The corresponding transmission
hypothesis is DPS from TP1. Unlike CSI1, inter-
ference from TP2 is “off” for CSI2, and thus
CSI2 can be used directly for DPB transmission
from TP1 while muting TP2. CSI with JT and
CS/CB transmission hypotheses are not sup-
ported in LTE Rel-11, and the required CSI
could be inferred from CSI2 and CSI4. It is
worth noting that by the association of signal
hypothesis and interference hypothesis, CSI
processes besides the listed ones could also be
configured.

Interference Measurement — To derive the CSI of
each CSI process, appropriate interference cor-
responding to the interference hypothesis should
be measured by UE. In addition, accuracy is
another requirement since CoMP performance
is sensitive to accuracy of interference measure-
ment. To facilitate CSI reporting, LTE Rel-11
introduces a UE-specific interference measure-
ment resource (IMR) for UE to measure inter-
ference. Each CSI process is linked with a
configured IMR, and the interference hypothesis
of the CSI process is derived on the IMR.

Each IMR occupies a subset of resource ele-
ments (REs) that are muted intentionally on cer-
tain TPs. No signal is transmitted from those
TPs on IMR occupied REs. UE simply receives
the signal on those REs to get interference esti-
mation. The network should coordinate the sig-
nal transmission on configured IMR for TPs in
the coordination area to ensure that the signal
on the IMR matches the interference hypothesis.
To elaborate more clearly, Fig. 4 depicts several
IMR configurations. On IMR1, both TP1 and
TP2 are muted; the received signal on those REs
represents interference from TPs other than TP1
and TP2. Similarly, UE could estimate interfer-
ence out of {TP1} and {TP2} on IMR2 and
IMR3, respectively.

Reference Signal Design — The design philosophy
of LTE-Advanced reference signal (RS) is to
separate RS for CSI reporting (CSI-RS) and
RS for demodulation (DM-RS). For CSI
reporting, RS sparse in time and frequency
domain is sufficient. The sparsity significantly
reduces system overhead. For demodulation,
higher RS density is necessary to meet demodu-
lation requirements. DM-RS only needs to be
transmitted in the resources scheduled for data
transmission. It is transmitted in the same way
as data, and thus the transmitted data can be
demodulated by referring to DM-RS without
knowing the actual CoMP transmission scheme.
This gives the network sufficient flexibility in
choosing a CoMP transmission scheme to opti-
mize performance.

A CSI-RS-resource refers to some predefined
time/frequency/code resources used for transmis-
sion of CSI-RS from a certain TP. To support
CoMP transmission, multiple CSI-RS-resources
need to be configured for UE. The configured
set of CSI-RS-resources is defined as a CoMP

Table 1. Example CSI process configuration for two TPs.

CSI process

Transmission hypothesis

Signal hypothesis Interference hypothesis

TP1 TP2 TP1 TP2

CSI1 on off off on

CSI2 on off off off

CSI3 off on on off

CSI4 off on off off
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measurement set. Each CSI-RS-resource in a
CoMP measurement set is used to track the
channel of one TP. A CSI process is associated
with a CSI-RS-resource in the CoMP measure-
ment set to derive the signal hypothesis of the
CSI process.

Special Considerations for TDD — In a TDD system,
channel reciprocity can be exploited to reduce
feedback overhead and improve CSI reporting
accuracy. CSI obtained by channel reciprocity is
free of quantization and feedback compression
errors, and thus more accurate than that report-
ed by UE. CQI reporting from UE is still need-
ed to deliver information about downlink
interference, which is different from interference
measured on an uplink channel. In principle,
reported CQI along with CSI by channel
reciprocity enables all kinds of transmission
schemes. Even with CQI reporting, the feedback
overhead is still greatly reduced by the absence
of PMI/RI reporting.

Although coherent JT is not supported explic-
itly in Rel-11, it can be implemented in a TDD
system to achieve significant performance gain.
A prerequisite of coherent JT is that channel
reciprocity holds over multiple TPs. Antenna
calibration across multiple TPs should be carried
out to ensure overall channel reciprocity. 

Channel-reciprocity-based schemes rely heav-
ily on the accurate reception of an uplink sound-
ing reference signal (SRS). Coordination of SRS
transmission among multiple TPs is beneficial in
improving channel estimation accuracy. By such
coordination, the SRS transmission in one cell

(TP) is orthogonal to other cells in the coordina-
tion area, reducing interference imposed on SRS
transmission. 

The targets of SRS transmission may be locat-
ed at separate positions, and the distances from
UE to those targets are different. The transmis-
sion power should be set to guarantee that the
furthest TP can receive the SRS correctly.
Enhanced transmission power is also beneficial
to uplink CoMP in deriving uplink CSI at multi-
ple RPs.

UPLINK COMP
For uplink CoMP, uplink CSI is available in the
network without resource-consuming transmis-
sion on uplink for CSI reporting. Terminals need
almost no modification to support uplink CoMP
transmission. It is easier to implement CoMP in
uplink than in downlink from the UE perspec-
tive. Cooperation schemes are implementation-
specific in the network, except that possible
backhaul transmission needs to be standardized
in future. To optimize uplink CoMP, uplink ref-
erence signal and uplink power control are
enhanced in a CoMP-favorable manner.

Uplink CoMP includes joint reception (JR)
of the received signal at multiple RPs and/or
coordinated scheduling (CS) decisions among
RPs to control interference and improve cover-
age.

Joint reception (JR): The basic concept
behind JR is to utilize antennas at different sites.
The signals received by the RPs are jointly pro-
cessed to produce the final output. Received
data needs to be transferred between the RPs

Figure 4. Interference measurement resource (IMR) configuration examples.

IMR1 IMR2 IMR3

PDSCH transmission

l =  6l =  0l =  0 l =  6l=  6l=  0l =  0 l=  6

Even-numbered slots Odd-numbered slots

A. TP1

Even-numbered slots Odd-numbered slots

B. TP2

Muted for interference measurement

Su
bc

ar
ri

er
s

GAO LAYOUT_Layout 1  2/21/13  4:10 PM  Page 64



IEEE Wireless Communications • February 2013 65

for them to operate. The amount of exchanged
information between cooperating RPs depends
on to what extent the received signals are pre-
processed before information exchange. Quan-
tized baseband samples convey the most
complete information for joint processing. It
achieves the best performance, while the load on
backhaul is also the highest. Further processing
at RPs can lower the load of backhaul, but with
less CoMP gain. There is clearly a trade-off
between CoMP gain and backhaul overhead.

Coordinated scheduling (CS): UE scheduling
and precoding selection decisions are aligned
among RPs in a coordination area to minimize
interference. A much reduced load is achieved
in the backhaul network because only CSI and
resource allocation information needs to be
shared among cooperating RPs. 

In a heterogeneous network, the transmis-
sion power of various nodes may differ dramati-
cally. For example, transmission power of a
macro node may be 10~20 dB higher than that
of a lower-power RRH. As a result, the cell
boundary between a macro node and an RRH
node (similar received signal level between
nodes) is actually very close to the RRH node.
It is very likely that cell edge UE connected to a
macro node is closer to an RRH. In this case,
the RRH received signal strength of the UE
uplink transmission is stronger than that of the
macro node. That is, the uplink transmission of
such UE can target the RRH instead of the
macro node. The transmission power can thus
be lowered to reduce interference and extend
battery life. The transmission of uplink and
downlink are decoupled in this scenario. Note
that this can be viewed as a special type of joint
reception.

It is worth noting that uplink CoMP coopera-
tion schemes are not limited to those mentioned
in this article. Network is free to choose any
schemes that benefit uplink transmission.

EVALUATIONS

Extensive evaluation work has been carried out
during the study phase of CoMP in 3GPP [9]. By
the collected results in [9], performance benefits
of both downlink and uplink CoMP are identi-
fied. In this section, evaluation results are given
to verify the performance of downlink CoMP
according to the latest progress in 3GPP. The
simulation is implemented via Microsoft Visual
C++ 2008.

EVALUATION RESULTS FOR SCENARIOS 1 AND 2
Coherent JT is evaluated in scenarios 1 and 2.
CSI is obtained by channel reciprocity in the
network. CQI for each cell is reported by UE.
Each cell first performs single cell scheduling to
select at most two UE devices without consider-
ing intercell coordination. The transmit beam-
forming of each selected UE is then jointly
calculated to suppress interference to co-sched-
uled UE in the coordination area. Figure 5a
shows that coherent JT provides gain for cell
center UE as well as cell edge UE because spa-
tial reuse is allowed by multiple-user transmis-
sion. If scheduling decisions are made jointly
over the coordination area, further gain could be

expected. Other detailed evaluation assumptions
can be found in [9].

EVALUATION RESULTS FOR SCENARIOS 3 AND 4
The combined scheme of DPS/DPB and non-
coherent JT is evaluated in scenarios 3 and 4.
TPs within a CoMP coordination area are joint-
ly scheduled, and each CoMP coordination
area is scheduled independently. Within each
coordination area, exhaustive search is utilized
to schedule the UE group and the correspond-
ing transmission schemes (DPS, DPB, and non-
coherent JT) that achieve the highest total
weighted estimated throughput. UE reports all
of the four CSI processes (CSI1–CSI4) to the
network as shown in Table 1. For DPS and
DPB, the reported CSI is used directly, while
for non-coherent JT, the network figures out
required CSI from reported CSI. Both intra-
sector and intra-eNodeB cooperation are eval-
uated. The coordination area includes one
macrocell and four RRHs within the macrocell
(sector) in intra-sector cooperation. For intra-
eNodeB cooperation, coordination is carried
out between three collocated macrocells (sec-
tors) and 12 RRHs connected to those macro-
cells (sectors).  From a data transmission
perspective, scenarios 3 and 4 are identical;
thus, only one set of results is given. As seen in
Fig. 5b, DPS/DPB and non-coherent JT pro-
vide throughput gain mainly for UE with medi-
an to low rates.  Furthermore, the larger
coordination area provides additional gain.
Other detailed evaluation assumptions are
aligned with [9].

Figure 5. Evaluation results of CoMP schemes: a) scenarios 1 and 2; b) sce-
narios 3 and 4.
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CONCLUSIONS AND FUTURE WORK
This article has presented an overview of the
standardization work on CoMP in 3GPP LTE-
Advanced. Due to the limited timeframe of LTE
Rel-11 standardization, only basic functions of
CoMP are supported. The CoMP technique is
far from mature, and many problems remain to
be solved. 

1) Backhaul-efficient CoMP. Standardized
CoMP in 3GPP assumes that an ideal backhaul
connection exists. However, the available back-
haul types are diverse in practice, such as T1/E1
and microwave. On these practical backhaul
types, assumption of infinite capacity and zero
latency are no longer valid. Smart and backhaul-
efficient cooperation techniques are needed. 

2) Efficient CSI feedback. CoMP perfor-
mance gain, especially coherent JT, relies heavily
on the accuracy of CSI in the network. In practi-
cal systems, the accuracy of CSI in the network
is limited by the capacity of uplink transmission.
How to design efficient feedback over the limit-
ed uplink to support aggressive CoMP schemes
such as coherent JT poses big challenges on
research and standardization.

3) Multiple-site antenna calibration for TDD.
As seen from evaluation results, coherent JT
exploiting channel reciprocity provides signifi-
cant gain for TDD. However, channel reciprocity
does not hold strictly. To ensure channel
reciprocity and hence maximize the capability of
coherent JT in TDD, antennas across multiple
TPs need to be jointly calibrated. Self-calibration
is difficult to implement, especially for scenarios
2–4. Over-the-air (OTA) calibration seems nec-
essary in these scenarios. With the constraint of
feedback overhead, the content of information
reported by UE to network and the calibration
algorithm need further study.
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Multiple-input multiple-output (MIMO) trans-
mission can greatly increase capacity when the
signal-to-interference-plus-noise ratio (SINR) is
high. In many practical systems (e.g., full fre-
quency reuse cellular systems), however, SINR is
low, especially near the cell edge. In these sce-
narios, increasing the number of antenna ele-
ments might not yield significant performance
improvement. For this reason, spectral efficiency
of cellular systems with MIMO is far below the
promised value.

Consider as a starting point a single-cell
MIMO system. For ease of exposition, from here
on we assume that each mobile station (MS) has
a single antenna, while the base station (BS) has
multiple antenna elements. In the downlink, the
BS can now form a beam, such that the desired
signal is concentrated at the location of an MS,
while minimizing (interfering) energy to the MSs
that do not want this signal. We note that beam-
forming is usually done based on the instanta-
neous channel realizations, not just on the
average directional characteristics of the chan-
nel. The BS can form multiple beams simultane-
ously, and thus provide multiple data streams to

the MSs at the same time. This is the principle
of multi-user MIMO (MU-MIMO). However,
MU-MIMO does not, by itself, alleviate the
problem of intercell interference (ICI). Without
coordination among different cells, the beams
formed by one BS might “point” toward an MS
in a neighboring cell, and thus provide concen-
trated interference energy to an MS of interest
(Fig. 1a).

To avoid the ICI, multiple BSs can be con-
nected via backhaul links so that they can collab-
orate and thus act as a single huge MIMO
system. This effectively eliminates ICI and fur-
thermore enhances the desired signal (similar to
macro diversity in soft handover), thus ensuring
high SINR even at the cell edge. This concept
was (to our knowledge) first elaborated in [1]
and has since then attracted broad interest in the
cellular industry, because it can improve both cell
average and cell edge throughput. Currently, it is
mostly known as coordinated multipoint (CoMP)
transmission, although BS cooperation and net-
work MIMO [2] are often used synonymously. In
2008, a study item was started for CoMP in Third
Generation Partnership Project (3GPP) Long
Term Evolution (LTE)-Advanced; it is also a
part of Advanced WiMAX.We only consider
inter-BS CoMP, where multiple geographically
separated BSs cooperate. While intra-BS CoMP
(which exploits coordination between sectors cov-
ered by the same BS) has many aspects in com-
mon, its particular features are beyond the scope
of this article.

CoMP is generally divided into two cate-
gories: CoMP joint processing (CoMP-JP) and
CoMP coordinated beamforming (CoMP-CB),
depending on what kinds of information are
shared among BSs. An illustration of CoMP-JP
and CoMP-CB is shown in Figs. 1b and 1c.

For CoMP-JP, both data and channel state
information (CSI) need to be shared via back-
haul links between each BS and a central unit
(CU). The CU could be a separate entity, possi-
bly collocated with one of the BSs. Alternative-
ly, each BS can serve as a CU — a concept
called decentralized cooperation in the litera-
ture. This approach allows the cooperating BSs
to behave like a single large multi-antenna BS
with distributed antenna elements. The dis-
tributed array forms beams toward all the users

CHENYANG YANG, SHENGQIAN HAN, XUEYING HOU, BEIHANG UNIVERSITY
ANDREAS F. MOLISCH, UNIVERSITY OF SOUTHERN CALIFORNIA

ABSTRACT
Coordinated multipoint, or CoMP, transmis-

sion has been recognized as a spectrally efficient
technique for full frequency reuse cellular sys-
tems, in which base stations cooperate to reduce
or eliminate intercell interference. However,
there are still many obstacles before it can be
put into practical use. In this article, we first dis-
cuss the features of CoMP systems and  channels
that are distinct from single-cell multi-antenna
systems. We then give an overview of state-of-
the-art approaches for coping with the factors
that limit the potential of CoMP. A major issue
is the acquisition of channel state information,
which creates different challenges for TDD and
FDD systems. Another set of challenges arises
from the limited capacity available on the back-
haul connections between the cooperating base
stations. Both the fundamentals of possible solu-
tions and their relations to cellular standards are
discussed.

HOW DO WE DESIGN COMP TO ACHIEVE ITS
PROMISED POTENTIAL?
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in its coverage area (i.e., the cells covered by all
the cooperating BSs) simultaneously, employing
all available BS antennas for each beam. Conse-
quently, ICI is turned into desired signals. On
the downside, this approach places high
demands on the backhaul links and requires sig-
nal-level synchronization as well as data-level
synchronization among BSs.

In contrast, CoMP-CB only needs the coordi-
nated BSs to share CSI and the scheduling infor-
mation. CoMP-CB, also called spatial ICI
coordination (ICIC), retains the concept of cells:

in each cell, the BS forms beams toward the
users in such a way that it not only increases the
desired signal strength towards the desired user
in its own cell, but also reduces interference
towards the users in the adjacent cells. In this
approach, each BS needs only the data for the
users in its own cell, as well as the CSI and
scheduling information of the adjacent cells.
This significantly reduces (compared to CoMP-
JP) the demands for backhaul links because
sharing CSI among BSs needs much lower capac-
ity than sharing data [3]. However, CoMP-CB
only passively avoids ICI rather than proactively
exploiting it.

While CoMP is useful — and challenging —
both for the uplink and downlink of cellular sys-
tems, we focus in this article on the downlink,
due to the fact that limitations of downlink trans-
mission speed are currently considered the more
important bottleneck of cellular communications.
Since the number of antennas available at the
(coordinated) large BS is much larger than that
on the (individual) MSs, CoMP-JP should be
used in conjunction with MU-MIMO transmis-
sion to fully exploit the abundant spatial
resources provided by the BS cooperative system.

Since the above description pointed out great
similarities of downlink CoMP-JP to single-cell
MU-MIMO, one might wonder why the mani-
fold and well explored techniques for imple-
menting MU-MIMO cannot be applied in a
straightforward manner. As a matter of fact,
there are three important obstacles to such a
simplistic approach:
• Single-cell MIMO differs in some subtle but

important aspects from a true CoMP-JP setup,
thus requiring changes in the transmission
strategies.

• The acquisition of CSI is more difficult in
CoMP systems.

• There are restrictions on the sharing of infor-
mation between the cooperating BSs due to
the limitations of the backhaul network.

In the following three sections, we deal with
those issues one by one.

SINGLE-CELL MIMO VS. COMP-JP
CoMP-JP differs from single-cell MIMO even if
the BSs are synchronized and connected with
perfect backhaul, which comes from the dis-
tributed BSs and practical limitations.

PBPC
It has been widely recognized that CoMP is
subject to a per-BS power constraint (PBPC),
while most of the optimization of beamform-
ing, scheduling, and power allocation for sin-
gle-cell  MIMO is subject  to a sum power
constraint (SPC).  Since power cannot be
shared among BSs, directly applying the trans-
mit strategies optimized under SPC will lead
to optimistic results, especially for heteroge-
neous networks including macro, micro, and
pico BSs with very different transmit powers.
In homogeneous networks where multiple BSs
have the same transmit power, the transmis-
sion schemes designed for maximizing the sum
rate under PBPC perform close to those under
the SPC. 

Figure 1. Illustration of non-CoMP, CoMP-JP and CoMP-CB. For the CoMP
systems, BS1 is the master BS of MS1, from which the average channel gain is
stronger: a) non-CoMP: no coordination between BSs, and strong interfer-
ence might be caused to adjacent cell edge users; b) CoMP-JP: BSs cooperate
by jointly serving multiple users in their covered area; c) CoMP-CB: BSs
cooperate by avoiding interference to adjacent cell edge users.

• Local channel of MS1: α11h11
• Cross channel of MS1: α12h12
• Global channel of MS1: g1 = [α11h11 α12h12]
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ASYNCHRONOUS INTERFERENCE

Since BSs are not collocated, interference from dif-
ferent BSs received at each MS are asynchronous [4].
This cannot be compensated by the timing-advance
technique conventionally applied in cellular systems,
because the degree of freedom of the timing advance
is used up by ensuring that the signals from the BSs
arrive synchronously at a desired MS. For orthogonal
frequency-division multiple access (OFDMA) sys-
tems, this problem can simply be solved by prolong-
ing the cyclic prefix. Considering that cell size is
continually reduced and CoMP is more desirable for
high-density networks, even such a prolonged cyclic
prefix does not need to be very long.

DYNAMIC CLUSTERING
Due to the prohibitive complexity and overhead,
it is not possible to allow all BSs (which might
span a whole city) to cooperate. Moreover, a

CoMP system with many BSs in a network
exhibits negligible performance gain compared
to one where only a few BSs are cooperating [5,
Chapt. 7]. As a pragmatic trade-off, cooperative
clusters can be formed, within which several
adjacent BSs jointly transmit. Dynamic clustering
outperforms fixed clustering, but it leads to a
dynamic overall number of transmit antennas.
Considering the flexibility and scalability, chan-
nel training and feedback mechanisms need to
be redesigned for such a cooperative network.

NON-I.I.D. GLOBAL CHANNELS
The global channel for each MS in a CoMP-JP
system is a stacking of multiple single-cell chan-
nel vectors, as shown in Fig. 1b. The distributed
antennas yield a special non-independent and
identically distributed (i.i.d.) global channel,
where the average channel energies of the links
between multiple BSs and each MS differ. As a

Figure 2. CSI acquisition procedures in a) TDD and b) FDD CoMP systems, where the specific steps from S1 to S5 are respectively
shown in each procedure.
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result, the statistics of the global channel depend
on the MS location (i.e., path loss and shadow-
ing). An ongoing research goal is to investigate
how such non-i.i.d. channel statistics and the
stacked channel structure can be exploited to
reduce the overhead to gather CSI for downlink
multiuser precoding and scheduling.

CHALLENGES RELATED TO
CHANNEL INFORMATION ACQUISITION

CSI at the transmitter (CSIT) is essential for all
kinds of CoMP transmission to obtain their full
benefits. It is well known that the performance
gain of MU-MIMO is largely dependent on the
CSIT quality, and the same holds true for CoMP.
To facilitate downlink spatial precoding and
scheduling, the CU needs to gather CSIT from
all coordinated BSs to all MSs in their serving
cells. In time-division duplexing (TDD) systems,

the CSI is estimated at each BS by uplink train-
ing via exploiting channel reciprocity. In fre-
quency-division duplexing (FDD) systems, since
uplink and downlink operate in different fre-
quency bands, the CSI is estimated at each MS
by downlink training, and then is fed back to the
MS’s master BS via uplink channels. The chan-
nel acquisition procedures in TDD and FDD
systems are illustrated in Fig. 2.

In this section, we assume perfect backhaul,
that is, the backhaul links connecting the CU
and multiple BSs within each cluster have unlim-
ited capacity and zero latency. With such an
assumption, CoMP-JP could realize the full
potential of BS cooperation transmission if the
global channels of multiple MSs were perfectly
available at the CU. We focus on various issues
associated with obtaining the global CSI in TDD
and FDD systems.

TDD SYSTEMS
Imperfect Channel Reciprocity — TDD was expected
to be more desirable for CoMP because it can
obtain CSIT by exploiting the reciprocity
between uplink and downlink channels. Unfortu-
nately, only uplink and downlink propagation
channels are reciprocal. The baseband equivalent
channel is no longer reciprocal due to the differ-
ent characteristics of radio frequency (RF)
chains used in reception and transmission in
practical systems.

Self-calibration is a popular antenna calibra-
tion method in single cell systems. It adjusts all
antennas at one BS to achieve the same RF ana-
log gain as that of a reference antenna, and
hence ensures a constant scalar ambiguity
between the uplink and downlink channels for
all antennas. As shown in Fig. 2a, the equivalent
downlink and uplink channels between BS1 and
MS1 are related by h11 = a11h11,U, where a11 is a
complex ambiguity factor. Such a scalar ambigui-
ty does not affect the performance of single-cell
single-user systems. However, when self-calibra-
tion is employed at each BS in CoMP systems, it
will lead to Nb ambiguity factors between the
uplink and downlink channels at different coor-
dinated BSs (i.e., a11 and a12 for the two BSs
CoMP illustrated in Fig. 2a). Then the global
equivalent uplink channel g1,U and downlink
channel g1 of MS1 is related by g1 = g1,UA1,
where A1 is the diagonal ambiguity matrix as
shown in Fig. 2a.

The multiple ambiguity factors in the global
equivalent channels lead to imperfect downlink
global CSIT even if the uplink channel estima-
tion is perfect. Such an ambiguity is more detri-
mental than channel estimation errors. Because
it is a kind of multiplicative noise rather than
additive noise, it will hinder co-phasing of coher-
ent CoMP transmission. Under some circum-
stances, sharing all data among BSs might not be
advantageous anymore, given such undesirable
multiplicative noise [6].

One possible way to avoid this dilemma is
over-the-air calibration. It has been applied in
single-cell systems to achieve the same goal as
self-calibration for one BS. In CoMP it can be
employed to calibrate the antennas among the
BSs, where the channel is estimated simultane-
ously through two different approaches:

Figure 3. The probability density function (PDF) of cos2 q; q is the angle
between the channels of two MSs located in different places d1 and d2. The
global channels between two MSs in different cells (e.g., d1 = –100 m and d2
= 100 m) are orthogonal in high probability since cos2 q Æ 0. By contrast,
the channels between two MSs in the same cells (e.g., d1 = 100 m and d2 =
100 m) have the same direction in high probability since cos2 q Æ 1. When
both MSs are located at the cell edge (d1 = d2 = 0), their channel directions
are distributed uniformly within (0, 2p).
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reciprocity of propagation channels, and mea-
surement on the downlink and feedback; knowl-
edge of those two channel estimates allows
multiple ambiguity factors to be estimated. The
performance of this method depends on the
accuracy of the channel estimation. To improve
the performance, the calibration needs to be
obtained from the measurements of multiple
uplink and downlink frames or multiple users.

In practice, the interference experienced at
the BSs and MSs are also not reciprocal. As a
result, the actual SINR to assist downlink modu-
lation and coding selection (MCS) should be
estimated at the MS, then fed back to the BSs.

Training Overhead — To estimate the global chan-
nel for downlink cooperative transmission, the
uplink training overhead is proportional to the
number of MSs and transmit antennas at each
MS, which is roughly Nb times the overhead of
single-cell systems, where Nb is the number of
the coordinated BSs. To ensure that the down-
link spectral efficiency gain over non-CoMP is
not “eaten up” by the uplink training overhead,
it is paramount to reduce the training overhead,
especially for relatively fast fading channels.

The trade-off between the performance gain
of CoMP-JP and the required overhead for
channel estimation is nontrivial. For a given
coherence time, the training length as well as the
number of cooperative BSs can be optimized
such that they maximize the net throughput
(excluding the uplink overhead). This trade-off
depends on the MS location and SNR as ana-
lyzed in [7]. Under which circumstances the ulti-
mate performance of CoMP-JP — with
optimized training overhead — will outperform
non-CoMP systems is still an open problem.

A simplified form of this parameter optimiza-
tion is a switching between CoMP and non-
CoMP transmission modes. For users that
require asymptotically zero training overhead
(e.g., static users), CoMP-JP always outperforms
non-CoMP transmission. For users requiring
high training overhead, the net data rate of
some cell-center MSs under CoMP transmission
may be even lower than non-CoMP. This sug-
gests developing transmission mode selection
either from a system perspective or independent-
ly from each MS’s perspective.

We can also reduce the required CSI by dif-
ferentiating what we use it for. For instance,
channel direction information (CDI) is essential
for MU-MIMO precoding, and the channel
norms and channel angles among MSs are essen-
tial for multi-user scheduling. If using full CSIT
(i.e., perfect instantaneous CSIT), the spatial
scheduling needs enormous training overhead
even in single-cell systems. Fortunately, in CoMP
systems, the channel orthogonality between MSs
is largely dependent on their locations, as shown
in a numerical result in Fig. 3. Intuitively, the
global channels of two cell-center users are more
orthogonal, since they are separated geographi-
cally. This indicates that for MSs in different
cells their average channel gains can be exploit-
ed for scheduling [8] and possibly even for pre-
coding. Since average channel gains vary slowly,
they can be obtained at longer intervals, so train-
ing overhead can be reduced accordingly.

Non-Orthogonal Training — In CoMP systems, train-
ing signals for all MSs in multiple cells should be
mutually orthogonal to obtain optimal channel
estimation. However, in systems complying with
the LTE standard, the training sequences of
MSs in the same cell are orthogonal, but those
for the MSs in different cells are not orthogonal
(and are not identical). Orthogonal training for
the MSs in different cells demands intercell sig-
naling and protocols to coordinate the training
sequences among cells. From the viewpoint of
system compatibility and complexity, the training
sequences of MSs in different cells are preferred
to be non-orthogonal.

In fact, due to the non-i.i.d. feature of CoMP
channels, orthogonal training for intercell global
CSI may not be necessary. When the global
channel is estimated under a minimum mean
square error (MMSE) criterion, non-orthogonal
training for the MSs in different cells leads to
acceptable performance degradation for down-
link precoding [9].

FDD SYSTEMS
In order to save uplink resources for channel
feedback, the feedback is done using a quantiza-
tion codebook known at both the BS and MS.
Such limited feedback techniques have been
investigated extensively in the context of single-
cell MIMO.

In the following we consider the feedback of
CDI, which is essential for precoding. We do not
address the feedback of channel quality indica-

Figure 4. Average quantization accuracy of the global CDI, E {cos2(–
_
h, ĥ)},

v.s the overall number of bits for each user, Bsum, which is reproduced from
Fig. 6 in [10]. The number of coordinated cells Nb = 2 or 3, each BS has
four antennas. An optimal bit allocation among the per-cell CDIs and the
phase ambiguity (PA) with independent codeword selection (ICS) proposed
in [10] is compared with other two feedback schemes: (i) optimal bit alloca-
tion with a low complexity joint codeword selection (JCS) method, where only
per-cell CDIs are quantized and no bits are allocated for quantizing the PA;
(ii) the overall bits are equally allocated for the per-cell CDI quantization and
no bits are allocated for PA quantization, where ICS is used. “Without PA” in
the legend means without PA feedback.
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tion (CQI) facilitating user scheduling and MCS,
which largely depends on the employed beam-
forming.

The CDI quantization is chosen from a code-
book with unit norm vectors of size 2B, where B
is the number of feedback bits. Each MS quan-
tizes its CDI, 

_
h, for example, by choosing the

closest codeword to the CDI as measured by the
inner product (which reflects the quantization
accuracy), Ô

_
hH ĥÔ = cos(–

_
h, ĥ), where ĥ is the

quantized CDI. Then each MS feeds back B bits
to indicate the index of this codeword in the
codebook. It has been shown that for MU-
MIMO, quantization errors lead to severe
throughput limits at high SNR levels. The feed-
back overhead increases with SNR to ensure a
constant rate loss compared to the ideal case.

In CoMP systems, the dimension of the glob-
al CDI may vary dynamically, and the statistics
of the CDI depends on each MS’s location. This
implies that every MS needs a unique codebook.
This is unrealistic due to the prohibitive com-
plexity of generating codebooks as well as select-
ing the codewords. Considering network
scalability and compatibility, it is highly desirable
to design a per-cell codebook-based feedback
strategy, where the existing codebooks can be
reused to quantize each single-cell channel as
shown in Fig. 2b. Although such a structured

codebook is suboptimal, its performance can be
enhanced by representing the global CDI in an
optimal manner.

Feedback Overhead — To increase the network
spectral efficiency, a fundamental question is:
how much uplink overhead is required to achieve
the downlink performance gain of CoMP-JP
over single-cell MU-MIMO?

To reduce the feedback overhead, the non-
i.i.d. feature of CoMP channels should be
exploited. This can be realized by optimizing the
sizes of the per-cell codebooks. In [10], a scaling
law of the feedback overhead for each user in
CoMP-JP systems was provided. The analysis
showed that the feedback overhead of CoMP-JP
is about Nb times of that of single-cell MIMO,
which depends on user location. When a user
has equal average per-cell channel gains, its
overhead is largest. When a user is in the cell
center, its overhead is less because only the
channels to one of the BSs is strong enough to
need a fine quantization (large size codebook).

Alternatively, we can switch the transmission
modes between CoMP-JP and non-CoMP, or
design spatial scheduling exploiting the channel
statistics, as in the TDD case. We can also
employ selective feedback [11], where the CSI of
weak links of each user are not fed back.

How to Represent the Global CDI
Codeword selection: Considering that a global

channel is a stacking of multiple per-cell chan-
nels, each MS can select codewords either jointly
to minimize the quantization error of global CDI
or independently to minimize the quantization
error of each per-cell CDI.

Independent codeword selection leads to
severe performance degradation for global CDI
quantization due to phase ambiguities among
per-cell CDIs, especially for cell edge MSs [12].
Such a phase ambiguity does not affect the per-
formance of a single-cell limited feedback
MIMO system. However, it introduces multi-
plicative noise to the downlink global CDI anal-
ogous to the imperfect channel reciprocity in a
TDD CoMP system. The phase ambiguities can
be either compensated by feedback or mitigated
by joint codeword selection.

On the other hand, simply selecting multiple
codewords jointly does not necessarily lead to
minimal quantization error of the global CDI. In
order to achieve this, the joint codeword selec-
tion should consider the structure of the global
CDI reconstruction, which affects the overall
quantization accuracy [12]. In addition, to enjoy
the optimality of the judiciously developed joint
codeword selection, its prohibitive complexity
needs to be reduced.

Codebook bit allocation: When we quantize
the global CDI with per-cell codebooks, the fea-
tures of the CoMP channel give rise to new
parameters that can be optimized. Since differ-
ent per-cell CDIs have different contributions to
the global CDI, we can allocate bits to different
per-cell codebooks. The optimal bit allocation
that minimizes the average global CDI quantiza-
tion error (i.e., 1 – E {cos2(–

_
h, ĥ)}) under an

overall constraint on the number of feedback
bits turns out to be similar to water filling: more

Figure 5. Cumulative distributed function (CDF) of the net throughput of users
averaged over small-scale fading channels. We consider the urban macrocell
scenario of 3GPP. The path loss factor is 3.76, and the cell radius R = 250
m. The cell edge SNR (i.e., the received SNR of the user located at distance R
from the BS) is set as 5 dB, where the inter-cluster interference is regarded as
white noise. Nb = 3, each BS has four antennas, and 10 users are randomly
placed in each cell. The downlink training overhead includes both the com-
mon and dedicated pilots. The overhead of CoMP-JP and non-CoMP sys-
tems occupy 28.1% and 12.6% of the overall downlink resources,
respectively, which are typical values in 3GPP. The systems where all users are
served by CoMP-JP or non-CoMP are also simulated, either with or without
considering the overhead. The performance of a mode switching method with
a distance threshold is shown. As addressed earlier, when the training over-
head is considered, it is shown that with CoMP-JP the net throughputs of the
cell center users become inferior to those with non-CoMP.
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bits will be allocated to stronger channels [10].
Moreover, since different users have very differ-
ent SINRs, we can also allocate the total number
of bits among the users to maximize the weight-
ed sum rate under an overall uplink feedback
constraints in the cluster.

In Fig. 4, we provide simulation results for
the average global CDI quantization accuracy of
several feedback schemes. It shows the impact of
the bit allocation among the per-cell CDIs and
the phase ambiguity as well as the impact of the
codeword selection.

Common Pilot Optimization — To facilitate channel
feedback and data detection at the MS, training
signals are transmitted for channel estimation,
which consume downlink resources for data
transmission. We can further distinguish
between:
• “Common pilots” for channel feedback, which

are transmitted from a particular transmit
antenna and allow the MS to estimate the
channel to this particular antenna

• “Dedicated pilots” for data detection, which
are transmitted for each data stream with the
same precoding settings as the actual user
data

For common pilots, the induced overhead grows
in proportion to the overall number of cooperat-
ing BSs, while for dedicated pilots, the overhead
is in proportion to the overall number of data
streams intended for all MSs, and thus does not
necessarily increase when CoMP is used.

Analogous to the uplink pilot optimization in
a TDD system, downlink pilot optimization that
maximizes net throughput is also a nontrivial
trade-off between the performance gain achieved
by CoMP and the reduced downlink spectral
efficiency resulting from spending additional
time-frequency resources on non-payload trans-
missions.

IMPERFECT BACKHAUL

In existing cellular systems, the backhaul links
among BSs are not perfect as assumed. On one
hand, a limited-capacity backhaul does not allow
BSs to share a large amount of data. On the
other hand, the CSI shared among BSs may have
quantization error and severe latency if the exist-
ing X2 interface (interface for communication
between BSs) in LTE systems is used. The back-
haul imperfection is even more severe in parts of
heterogeneous networks, such as femto-cells,
which hinders the application of CoMP. While
backhaul links can be upgraded by high-speed
optical fiber without technical challenges, this
creates very high costs to the operators and
therefore may not be realized in the near future.

The impact of limited-rate backhaul is largest
for uplink CoMP, since in that case (quantized)
analog signals need to be conveyed on the back-
haul. Although not as stringent as in the uplink
case, downlink CoMP-JP might also have to
reduce its throughput to accommodate the
capacity limitation of the backhaul links [5, Ch.
12.2]. In that case, it cannot achieve its full per-
formance potential.

For both TDD and FDD systems, outdated
channel information can considerably decrease

the effectiveness of CoMP. The latency of the
X2 interface (which arises from the IP-based
protocols in the backhaul networks), which cre-
ates delays in the distribution of the CSI to dif-
ferent cooperating BSs, may reach 10 ms and
more. This is more significant than the
turnaround time of a TDD system (or the feed-
back latency of CSI in an FDD system), which
creates delays between the measurement of CSI
and its availability at one particular BS. Recent
investigations have shown that CoMP-JP can
benefit more from channel prediction than non-
CoMP due to the non-i.i.d. channel feature [13].
If predicted channels instead of estimated chan-
nels are used for precoding, the performance
degradation of CoMP-JP will be largely alleviat-
ed.

In the following, we discuss several possible
approaches to mitigate the effect.

SWITCHING BETWEEN
DIFFERENT TRANSMISSION MODES

CoMP-CB needs much less backhaul capacity
than CoMP-JP, since it only shares the CSIT,
not the user data [3]. Considering that both of
these schemes are able to eliminate interference,
CoMP-CB may outperform CoMP-JP under
stringent backhaul capacity constraints [14].
Consequently, mode switching between these
two CoMP transmission modes — adaptive to
location and number of MSs — will provide bet-
ter overall throughput.

Another natural way is to switch between
CoMP-JP and non-CoMP. Since cell center users
experience lower ICI, they will not benefit as
much from CoMP as cell edge users. Intuitively,
we can simply divide the users in each cell with a
threshold based on their average channel gains.
Since only the users to be served by CoMP need
to share their data among the BSs, the backhaul
load can be controlled by judiciously selecting the
threshold. In Fig. 5, we provide simulation results
of mode switching, where the results for pure
CoMP-JP and pure non-CoMP schemes are
shown as a baseline, either with or without con-
sidering the training overhead. In the considered
simulation setting (as shown in the caption of the
figure), the distance threshold to divide the users
into the CoMP-JP and non-CoMP users is 90 m,
and 62 percent of the users prefer to be served
by CoMP. After mode switching, the backhaul
load is reduced by 27 percent.

Except for these “hard” mode switching
methods where all data of some cell edge users
are shared among the backhaul, partial coopera-
tion among BSs is possible where partial data of
all users are shared. For example, “soft” trans-
mit mode switching can be operated with rate
splitting, where the downlink data of each user is
split into common and private parts, and only
the common data is shared among the cooperat-
ing BSs [15].

INTERFERENCE COORDINATION
If the backhaul capacity is too limited, such that
no data are able to be shared among BSs, we are
faced with an interference channel problem in
information theoretic terminology. When only
CSIT is shared, each BS serves multiple MSs in

For the common
pilots, the induced
overhead grows in

proportion to the
overall number of
cooperating BSs,

while for dedicated
pilots, the overhead

is in proportion to
the overall number

of data streams
intended for all MSs,

and thus does not
necessarily increase

when CoMP is used.
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its own cell and coordinates with other BSs. In
such a scenario, PBPC is no longer a perfor-
mance limiting factor, and inter-BS calibration
in TDD systems is unnecessary.

CoMP-CB is one of the popular ways to coor-
dinate ICI. When full CSIT for MSs, both within
the cell and in adjacent cells, is available at each
BS, various criteria can be used to design the
precoding, such as zero forcing (ZF), MMSE,
and maximal signal-to-leakage-plus-noise ratio
(SLNR). To implement centralized beamform-
ing, scheduling, or power allocation, these chan-
nels need to be forwarded to a CU via backhaul
links. The disadvantage of CoMP-CB is its limit-
ed performance gain. When MU-MIMO precod-
ing is applied, the maximal multiplexing gain of
CoMP-CB equals the number of transmit anten-
nas at each BS, which is the same as single-cell
MU-MIMO systems.

To reduce the impact of outdated CSIT
caused by the X2 interface latency, statistical
CSIT (long-term averaged CSIT), such as the
angular power spectrum of the MSs in other
cells, or scheduling results can be shared among
BSs. It can also be combined with instantaneous
local CSIT for ICI avoidance. However, this only
performs well when each per-cell channel is
highly spatially correlated. Other CoMP-CB
schemes that take latency on the X2 interface
into account are described in [5, Sec. 5.3.2].

CONCLUSION

We have addressed fundamental limiting factors
that prevent CoMP from achieving its full poten-
tial, in particular the training or feedback over-
head to gather channel information, and the
backhaul constraints. We have briefly summa-
rized critical issues in channel acquisition and
typical ways to tackle the technical challenges in
TDD as well as FDD systems. Considering the
scenarios with imperfect backhaul, we have dis-
cussed possible ways to coordinate interference.
Although various innovative approaches have
been devised in the literature, the downlink
spectral efficiency gain of CoMP is still obtained
at the price of high uplink and downlink over-
head. To provide high spectral efficiency from
the network viewpoint, many challenging issues
remain to be solved, especially for large-scale
systems, including cooperative clustering selec-
tion, various ways of overhead reduction, trans-
mit strategy optimization with imperfect
backhaul links, and decentralized and distributed
realization.

REFERENCES
[1] A. F. Molisch, Internal Memo, AT&T Labs-Research,

2001; see also A. F. Molisch et al., “Method and Appa-
ratus for Reducing Interference in Multiple-Input-Multi-
ple-Output (MIMO) Systems,” U.S. Patent 7,912,014
(filed 2002, granted 2011). 

[2] M. K. Karakayali, G. J. Foschini, and R. A. Valenzuela,
“Network Coordination for Spectrally Efficient Commu-
nications in Cellular Systems,” IEEE Wireless Commun.,
vol. 13, no. 4, Aug. 2006, pp. 56–61. 

[3] D. Samardzija and H. Huang, “Determining Backhaul
Bandwidth Requirements for Network MIMO,” EUSIP-
CO, 2009. 

[4] H. Zhang et al., “Asynchronous Interference Mitigation
in Cooperative Base Station Systems,” IEEE Trans. Wire-
less Commun., vol. 7, no. 1, Jan. 2008, pp. 155–65. 

[5] P. Marsch and G. P. Fettweis, Coordinated Multi-Point
in Wireless Communications: From Theory to Practice,
Cambridge Univ. Press. 

[6] S. Han et al., “Coordinated Multi-Point Transmission with
Non-Ideal Channel Reciprocity,” Proc. IEEE WCNC, 2011. 

[7] J. Hoydis, M. Kobayashi, and M. Debbah, “Optimal Channel
Training in Uplink Network MIMO Systems,” IEEE Trans.
Signal Proc., vol. 59, no. 6, June 2011, pp. 2824–33. 

[8] S. Han et al., “Channel Norm-based User Scheduling in
Multicell Cooperative Transmission Systems,” Proc. IEEE
GLOBECOM, 2009. 

[9] X. Hou, C. Yang, and B. K. Lau, “Impact of Non-Orthog-
onal Training on Terformance of Downlink Base Station
Cooperative Transmission,” IEEE Trans. Vehic. Tech.,
vol. 60, no. 9, Nov. 2011, pp. 4633–39. 

[10] F. Yuan and C. Yang, “Bit Allocation Between Per-Cell
Codebook and Phase Ambiguity Quantization for Limit-
ed Feedback Coordinated Multipoint Transmission Sys-
tems,” IEEE Trans. Commun., vol. 60, no. 9, Sep. 2012,
pp. 2546–59. 

[11] A. Papadogiannis et al., “Efficient Selective Feedback
Design for Multicell Cooperative Networks,” IEEE Trans.
Vehic. Tech., vol. 60, no. 1, Jan. 2011, pp. 196–205. 

[12] D. Su, X. Hou and C. Yang, “Quantization based on
Per-Cell Codebook in Cooperative Multi-Cell Systems,”
Proc. IEEE WCNC, 2011. 

[13] L. Su, C. Yang, and S. Han, “The Value of Channel Pre-
diction in CoMP Systems with Large Backhaul Latency,”
Proc. IEEE WCNC, 2012. 

[14] N. Seifi et al., “Coordinated Single-Cell vs. Multi-Cell
Transmission with Limited-Capacity Backhaul,” Proc.
IEEE ACSSC, Nov. 2010. 

[15] R. Zakhour and D. Gesbert, “Optimized Data Sharing in
Multicell MIMO with Finite Backhaul Capacity,” IEEE Trans.
Signal Proc., vol. 59, no. 12, Dec. 2011, pp. 6102–11.

BIOGRAPHIES
CHENYANG YANG [SM’08] is a full professor at Beihang Univer-
sity, China. She was supported by the 1st Teaching and
Research Award Program for Outstanding Young Teachers of
Higher Education Institutions of the Chinese Ministry of Edu-
cation during 1999–2004. She is an Associate Editor for IEEE
Transactions on Wireless Communications and was Chair of
the Beijing chapter of IEEE Communications Society. Her
recent research interests include network MIMO, energy-effi-
cient transmission, and interference management.

SHENGQIAN HAN [S’05, M’12] received his B.S. degree in
communication engineering and Ph.D. degree in signal
and information processing from Beihang University in
2004 and 2010, respectively. From 2010 to 2012 he
held a postdoctoral research position with the School of
Electronics and Information Engineering, Beihang Uni-
versity. He is currently a lecturer ay the same school. His
research interests are multiple antenna techniques,
cooperative communication, and energy-efficient trans-
mission in the areas of wireless communications and
signal processing.

XUEYING HOU received her B.S. degree from Beihang Univer-
sity in 2007. She is currently working toward her Ph.D.
degree in signal and information processing in the School
of Electronics and Information Engineering, Beihang Uni-
versity. From September 2009 to June 2010 she was a vis-
iting student with the School of Electrical Engineering,
Royal Institute of Technology (KTH), Stockholm, Sweden.
Her research interests include cooperative communication,
channel estimation, and limited feedback techniques in
wireless systems.

ANDREAS F. MOLISCH [S’89, M’95, SM’00, F’05] (molisch@usc.
edu) is a professor of electrical engineering at the Universi-
ty of Southern California. His research interests include the
measurement and modeling of mobile radio channels,
ultra-wideband communications and localization, coopera-
tive communications, multiple-input multiple-output sys-
tems, and wireless systems for health care. He is a Fellow
of the AAAS and IET, an IEEE Distinguished Lecturer, a
member of the Austrian Academy of Sciences, as well as
the recipient of numerous awards. 

Although various
innovative approach-
es have been
devised in the litera-
ture, the downlink
spectral efficiency
gain of CoMP is still
obtained at the price
of a high uplink and
downlink overhead.
To provide high spec-
tral efficiency from
the network view-
point, many chal-
lenging issues
remain.

MOLISCH LAYOUT_Layout 1  2/21/13  4:11 PM  Page 74

mailto:molisch@usc.edu


IEEE Wireless Communications • February 2013 751536-1284/13/$25.00 © 2013 IEEE

MU LT I C E L L CO O P E R AT I O N

THE STRUCTURE OF A MULTICELL
COOPERATIVE NETWORK

The requirement for increased high-data-rate cov-
erage has led to intensive research activities in
academia and industry aiming to extend limits of
current communication networks with the con-
straint of scarce bandwidth resource. Departing
from the conventional cellular network operation
paradigm, where interaction between cells was lim-
ited mainly to handover procedures, multicell coop-
eration (MCC) resembles a more proactive
approach by utilizing and rethinking the opportuni-
ties for networks with multiple user terminals
(UTs) and base stations (BSs). The key idea in
MCC is to exploit the resources of multiple dis-
tributed BSs and UTs in order to more efficiently
combat fading and interference, which are the main
limiting factors for current communication systems.

BS COOPERATION
Base station cooperation has been one of the
active research topics in the area of MCC for
the past decade and is currently being consid-

ered for inclusion in future releases of Long
Term Evolution — Advanced (LTE-A) in the
form of cooperative multipoint (CoMP) technol-
ogy [1]. In BS cooperation, the resources of dis-
tributed BSs are utilized to mitigate or even
exploit intercell interference (ICI) through coor-
dinated beamforming/coordinated scheduling
(CB/CS) or joint processing and transmission
(JPT), respectively. By tuning the transmitting
BS’s radiation pattern and signaling, CB/CS aims
to strike a balance between maintaining optimal
performance of UTs and minimizing the level of
unintended interference caused to other mobiles.
While CB/CS is primarily a downlink technique
with a single BS performing the coordinated
transmission, JPT involves multiple BSs sharing,
cooperatively processing, transmitting, and
receiving uplink and downlink streams. 

Promising performance gains from state-of-
the-art BS cooperation techniques do not come
for free: there are certain requirements to enable
any cooperative communication scheme, which
result in increased coordination and processing
complexity. In general, to enable cooperation it
may be necessary to:
• Collect system information (e.g., channel state

information [CSI] or even raw signal samples)
[2] from other nodes

• Process this information to make a decision on
how to act cooperatively

• Deliver this decision with individual instruc-
tions to all involved parties
Clearly, it is desirable to completely eliminate

some of the above steps, or at least minimize
associated overhead. Relaxation of these require-
ments in BS cooperation typically involves the
selection of a subset of collaborating BSs [1],
which in turn can be based on intelligent selec-
tion of cooperating nodes (e.g., incentive-based
recruitment) [3].

Given such a nontrivial task — to efficiently
coordinate multiple distributed transceivers — it
becomes crucially important to adequately model
the environment where this communication
takes place to ensure that the way we account
for the key influencing parameters (e.g., interfer-
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ABSTRACT
Recognized as an efficient technology allowing

enhanced high-data-rate coverage, multicell coop-
eration builds on collaborative operation of dis-
tributed network elements aiming to reduce the
impact of intercell interference, or even to exploit
it as a source of additional information. However,
performance gains arising from this collaboration
come at a price of increased complexity and coor-
dination among involved network elements. An
immediate question is how to adequately model a
multicell cooperative network, while striking the
balance between analytic complexity and preci-
sion of design decisions. In this article we high-
light two categories of multicell network models,
Wyner models and random network models, and
their impact on the design and analysis of MCC
systems. Recent examples of realistic yet tractable
multicell network models are discussed.

ON THE IMPACT OF
NETWORK GEOMETRIC MODELS ON

MULTICELL COOPERATIVE COMMUNICATION SYSTEMS
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ence and fading) allows us to predict the actual
system performance.

MULTICELL SYSTEM MODELS
In developing MCC techniques, researchers take
different approaches to modeling multicell net-
works. Current multicell cooperative network
models generally are variations of the Wyner
model, where network elements have determin-
istic locations, while the cellular network itself
has a simple regular macroscopic structure [2].
While it is well understood that this is a simplis-
tic model, the insights obtained through this
approach still provide valuable guidance for the
practical design of current MCC communication
systems. However, the main drawback of the
Wyner model is that obtained performance met-
rics, conclusions, and design guidelines are usu-
ally applicable only to the specific studied system
setup. In other words, the extent to which such
results are valid for different setups is not
known. The impact of this issue is that large-
scale simulations are required for hypothesis
testing in systems designed using the Wyner
model.

This was the key motivating factor for intro-
ducing an alternative approach to system model-
ing, which would capture the random nature of
communication networks and the impact of net-
work topologies on various performance metrics.
The first efforts to capture such macroscopic
properties for both wired and wireless communi-
cation networks appeared in the late 1990s [4].
Specifically, in [4] the point process theory and

stochastic geometry were used to obtain network
performance metrics that to a greater extent
accounted for the natural randomness of wire-
less networks. Recently these methods found
applications in the area of MCC [5–7], where
network topology has been shown to have partic-
ular importance (e.g., due to introduced propa-
gation delay and propagation path loss).

The main contribution of this article is in
comparing existing and emerging approaches to
modeling of MCC systems, and highlighting
associated advantages and limitations. Our aim
is to attract attention to more recent advances
that, in conjunction with expertise in traditional
methods, may ultimately support the design of
future communication systems. We first review
the Wyner model, which is used in the majority
of published works on MCC, is described. Fol-
lowing that, heoretical tools that allow a depar-
ture from such a deterministic approach are
briefly introduced to facilitate the discussion on
random network topologies for MCC. Remarks
then conclude the article.

WYNER-TYPE NETWORK TOPOLOGIES

Introduced in the early 1990s, a general Wyner
model (WM) consists of M identical, regularly
placed cells with K fixed users per cell. All net-
work nodes are asumed to be equipped with a
single antenna. In a linear or one-dimensional
(1D) WM, the BSs are aligned along a line such
that a cell i has two adjacent cells with BSs
indexed i – 1 and i + 1, respectively. In a more
advanced 2D setup, a planar WM is represented
by a regular hexagonal structure, where the cen-
tral cell is surrounded by six adjacent cells.
While the latter seems to be the more realistic
of these two setups, the majority of research
results on achievable rates and outage probabili-
ties of MCC techniques exist primarily for the
linear WM, mainly due to its analytic tractability
[2]. Figure 1a depicts three BSs for the 1D setup,
where each cell spans over a segment of length
2R, and each BS is located at the center of its
corresponding cell. The position of the reference
user terminal (UT) k is not explicitly used in
performance evaluation.

Recall that the reason for introduction of
multicell models is to study coexistence of multi-
ple BSs in terms of, for example, ICI. In the
original WM, the contribution of each cell to ICI
at the UT k in downlink is assumed to be limited
to L = 2 adjacent cells, where parameter L is
called interference span. In particular, the aver-
age channel gain between cells i and j is charac-
terized by a single, globally available, and
deterministic parameter ai,j Œ [0,1], which is the
same for all UTs in cell i. For the serving BS
such homogeneous channel gain ai,i = 1. If these
channel gains a are also symmetric, such a setup
with no randomness is referred to as Gaussian
WM, and allows system performance to be stud-
ied through a single design parameter a. In con-
trast, a fading WM in addition to the static
parameter a includes a random coefficient hi,k to
account for the fading channel between BS i and
UT k. In this way, while the network topology
remains static, channel uncertainty is introduced
through the fading coefficient hi,k, which is inde-

Figure 1. Multicell network topologies in 1D: a) linear Wyner network model
with fading; b) linear network model with fixed BSs and random UT location
and account for fading and path loss; c) linear network model with random
BSs and UT locations with fading and path loss.
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pendent for each communicating/interfering pair
of network elements. Introduction of fading into
the model allows the multipath effects on top of
the static interference picture to be accounted
for. Other extensions and variations of the linear
WM include non-symmetric channel gains,
extended interference span L > 2, for perfor-
mance results; the interested reader is referred
to [2].

In the following, outage probability will be
used as a performance metric, which corre-
sponds to the probability of the event that the
signal-to-interference-plus-noise ratio (SINR) at
the receiver falls below some predefined thresh-
old. Note that for the Gaussian WM with static
parameter a, SINR is a constant parameter and
admits no notion of outage probability; whereas
for versions of WM with randomness, and of
course for random models to be discussed fur-
ther, outage probability is a tool to capture the
effect of randomness of SINR.

The key advantage of WM is its simplicity,
which allows tractable models for various signal
processing methods and communication proto-
cols for MCC. Currently, with the aid of this
model, capacity results are available for CB/CS,
JPT, including the account for limited inter-BS
backhaul, limited feedback, relaying, and various
optimization methods for MCC. However, there
remains a question on the extent to which WM
captures performance characteristics for realistic
network geometries. This issue was first system-
atically addressed in [8], where it was found that
a WM can adequately represent systems with
large amounts of averaging (e.g., when the num-
ber of users is large). However, such results are
only valid for uplink, whereas if downlink com-
munication is considered, the 1D WM was
reported to fail in capturing the impact of ran-
dom user locations in terms of outage probabili-
ty and average throughput. In order to better
describe the random nature of wireless networks,
researchers have developed alternative
approaches for modeling networks, which are
discussed in the following section.

A STOCHASTIC GEOMETRY APPROACH TO
RANDOM WIRELESS NETWORKS

To elaborate on the impact of random network
modeling on the design of MCC systems, in this
section, we first provide an overview of instru-
ments used to describe random multicell net-
work topologies and to account for randomness
in node locations in wireless networks in general.

MOTIVATION
Real-world patterns of deployed BSs may have
little in common with regular structures used in
WMs due to, for example, inhomogeneous signal
propagation conditions, availability of BS deploy-
ment sites, or regulatory requirements. To illus-
trate the impact of different assumptions on
network performance, let us consider a simple
illustrative example where assumptions based on
the linear WM will be gradually relaxed toward
random placement of both the BSs and UTs.

We are interested in the outage probability P
of a user in cell i due to interference from adja-

cent BSs i – 1 and i + 1. Consider the linear
WM with fading in Fig. 1a as a baseline sce-
nario. Specifically, fixed BSs are located in cen-
ters of cells covering segments of 2R each, while
interference from adjacent cells is characterized
by a symmetric design parameter a for both
cells. Recall from earlier that the design parame-
ters a are homogeneous for all users in a given
cell; therefore, the specific location of the stud-
ied user in this scenario plays no role in perfor-
mance analysis. Channels between UT k and BSs
undergo independent Rayleigh-distributed fad-
ing, and additive white Gaussian noise (AWGN)
power is assumed to be equal and normalized at
1.

In the second scenario in Fig. 1b, a grid
model with randomly located reference UTs and
static BSs is considered: the reference user loca-
tion is now a uniformly distributed random vari-
able, characterized by the distance ri ~ U(0,R) to
the serving BS. In addition to fading, channel
gains between BSs and UTs now include bound-
ed path loss function l(ri) = (1+ri

b)–1, where b is
the path loss exponent for the propagation envi-
ronment.1 Distances and values of associated
path loss functions between UT k and adjacent
BSs can be explicitly found once ri is known,
since BSs are located in cell centers. 

In the third scenario random BSs and UT
locations are assumed: BSs are now uniformly
distributed on the same total coverage segment
of length 6R, such that cell dimensions become
(dependent) random variables, and BSs are not
necessarily located in cell centers (Fig. 1c).
Specifically, coverage segments for BSs i – 1, i,
and i + 1 are now segments of random lengths
Xi–1, Xi, and Xi+1, respectively, subject to the
condition Xi – 1 + Xi + Xi+1 = 6R. The distance
from the reference UT k to its home BS i is uni-
formly distributed conditioned on the size of the
home cell, that is, ri ~ U(0, XiÔbi), where bi is the
location of BS i.

Outage performance for the above three sce-
narios is illustrated in Fig. 2. Specifically, 106

network realizations were simulated to capture
the impact of network topologies on outage. The
power of interfering BSs was set to 1, and the
design parameter a for the WM has been chosen
as an average of the channel gains from either of
the adjacent BSs to a uniformly placed UT as in
[5]. Simulation results show that although the
slopes for outage probability curves match for all
three scenarios, there is a significant difference
in performance of all three models caused by the
assumptions and factors involved in network
modeling. Specifically, the WM provides a 10 dB
optimistic picture compared to the case when
the UT’s location becomes random and path loss
is accounted for explicitly. In addition, outage
performance for the scenario with random BSs is
approximately 1.5 dB worse compared to the
random UTs and fixed BSs scenario.

While a more realistic system model is desir-
able, in simulation or analysis of large-scale sys-
tems it can be impractical to explicitly account
for individual effects of multiple factors; but one
can attempt to capture significant properties and
the impact of network topology via certain prob-
abilistic law. Clearly, such a probabilistic model
would also address only a limited number of

1 Different path loss mod-
els can be used depending
on the application. For
example, the mentioned
bounded model is one
method to avoid ambigui-
ties of a less complicated
unbounded model l(ri) =
ri

–b, which are associated
with the increase in the
received power for ri < 1
and with a singularity at ri
= 0. Another model l(ri)
= C(ri/rref)–b is used in
applications, where an
estimate C of the signal
power is available for cer-
tain reference distance rref
< ri in the antenna far-
field.

While a more realis-
tic system model is
desirable, in simula-

tion or analysis of
large-scale systems it
can be impractical to
explicitly account for
individual effects of
multiple factors; but
one can attempt to
capture significant
properties and the
impact of network

topology via certain
probabilistic law.
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aspects of the real-world process; however, net-
work topology and space are factors that are
believed to be key for the design of future gen-
eration networks. Fortunately, these types of
interactions can be described using point process
theory and stochastic geometry, where network
elements can be modeled as point patterns [4,
9].

BASICS OF POINT PROCESSES
The core element in moving from the static WM
to a more general setup is the point process. A
point process (PP) F in d-dimensional space Rd

is a pattern of points distributed in R d with
respect to some probabilistic law, where point x
Œ F can represent a location of a BS or a user.
Here d is the number of space dimensions, so d
= 1 corresponds to a PP on line and d = 2 cor-
responds to a PP on a Euclidean plane. Such
probabilistic law for any PP can be mathemati-
cally described using finite-dimensional (fi-di)
distributions of the form

Pr(F(B1) = n1, …, F(Bk) = nk), (1)

where the notation F(Bi) = ni states that there
are exactly n points of some PP F in a subset B
of space Rd. These fi-di distributions, in turn,
allow distributions of random distances between
points of the PP to be obtained, which are of
particular importance for MCC processing, since
they are associated with variable signal arrival
times and statistical internode channel character-
ization.

Different types of PPs exist, capturing various
levels of interactions between member points.
Examples of such interactions could be minimal
internode distance, node clustering, and repelling
or attraction conditions, which in practice could
translate into minimal inter-BS distance or
grouping of users around business and shopping
centers. The ultimate desired result of applying

PP theory to modeling MCC topologies is the
same as for Wyner-type models: obtaining an
accurate prediction of the performance of some
communication technique for a typical user.2

And, as with a WM, PP-based models require
certain assumptions to be made for analytical
tractability.

POINT PROCESS MODELS FOR MCC AND THEIR
LIMITATIONS

The simplest and most commonly used PPs for
modeling nodes in wireless networks are the
Poisson point process (PPP) and the binomial
PPs (BPP). The reason for such common appli-
cation of PPPs is that they allow for analytically
tractable description of statistical properties of
networks, where nodes are independently dis-
tributed (e.g., ad hoc networks) [4]. Specifically,
the counts of points of the PPP in any number
of disjoint subsets Bi are independent Poisson
distributed random variables (see [10] for distri-
bution expressions). In general, the level of cap-
tured correlation between points is the main
limiting factor for any PP-based model because
of associated analytical complexity. In the case
of relatively simple PPPs, points are assumed to
be absolutely uncorrelated (i.e., the number n1
of points of a PPP in a subset B1 conveys no
information about the number n2 of points in
another disjoint subset B2. While this is a clearly
unrealistic assumption for MCC due to depen-
dence in BS placements, it works well for ad hoc
networks [9], and even such simple PPs can still
be used to obtain performance bounds (rather
than precise results) for such metrics as mutual
information, outage probability, coverage and
level of interference in MCC systems.

Point process theory is gradually moving
toward capturing general types of interactions
between points of a PP [10]. One useful example
is the BPP, where the numbers of points in dis-
joint subsets Bi become correlated through the
total number of points

so that any ni is now binomial-distributed.
Accounting for this type of correlation adds pre-
cision to the network model; however, this also
increases the complexity of performance analysis
[11]. High-precision results for stronger point
correlations (e.g., minimal internode distance
and clustering) are possible through more
sophisticated PPs, which still use PPPs and BPPs
as building blocks.

For instance, hard-core PP (HCPP) models
point patterns where elements lie no closer than
a certain distance h [10, p. 162]. HCPP has been
recently applied to modeling of spatial correla-
tion among active transmitters in networks with
carrier-sense multiple access [12], and can be of
particular importance for modeling MCC net-
works. The presence of a BS at a certain loca-
tion in practice implies that neighboring BSs
must be geographically separated by some dis-
tance. This real-world inter-BS distance depends
on such factors as the type of terrain and popu-
lation density; hence, the HCPP provides a sim-

N ni
i

= ∑

Figure 2. Outage probability as a function of transmit SNR in the presence of
interference from adjacent cells for WM and random UT, and random BS
models.
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2 In the literature on
stochastic geometry and
random networks, the
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tion, consider, for exam-
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plified version of BS placement correlation that
allows avoiding highly unlikely BS locations.
Recall that pure PPP-based models lack any
mechanism to capture such dependence, or to pre-
vent impractical placement of BS masts in the net-
work model. Consider models of cellular networks
in Fig. 3 and Fig. 4 for example. In the PPP-based
model in Fig. 3 some BSs are placed very closely,
such as three BSs at approximately (4, –6). In con-
trast, Fig. 4 illustrates the case when BSs are
restricted to lie closer than h = 1, which leads to a
more realistic network realization. It is important
to stress that the fixed minimal distance h is still a
simplification of the real-world correlation, and in
actual deployed networks h may depend on vari-
ous parameters. To extend the flexibility in model-
ing of BS placement correlations further, soft-core
PP (SCPP) [10, p. 164] can be used to account for
inhomogeneous terrain properties through vari-
able distance h.

In overall, PP-based models naturally pro-
duce results for a typical user’s performance,
which is one of the benchmarks for practical
communication system designs [4]. The key tasks
involved with PP-based network modeling are to:
• Build a PP model to capture interactions or

correlations between network elements
• Calculate desired metrics based on this model

Therefore, the main limitation for PP-based
approaches is in analytical complexity stemming
from accounting for correlations between net-
work elements, such as inter-BS distance. This is
in contrast to Wyner-type models, where an
inherent drawback is in large-scale simulations,
necessary to generalize and verify results
obtained for a static setup. Table 1 compares
key features of PP-based random models and
Wyner-type models.

RANDOM NETWORK TOPOLOGIES FOR
MULTICELL COOPERATION

Different to the case with a WM for fixed setups,
there is no generally accepted network model
accounting for random network topology for
MCC. Rather, there is a common set of tools
that can be applied to modeling certain network
properties. In the following, we discuss recent
examples of application of such instruments to
multicell scenarios.

FIXED BSS AND RANDOM USER LOCATIONS
Joint processing of uplink transmission from uni-
formly distributed users by two fixed BSs was
considered in [7] for 1D topology. Specifically,
two BSs were fixed at certain positions on a line
to form two identical cells with the same radius
R. Each BS was equipped with N antennas, and
could share both CSI and signal data through
unlimited backhaul links in order to jointly
decode user signals with another BS. There were
K uniformly distributed users in each cell.
Although this setup resembles the WM (Fig. 1a),
the key difference is that the performance results
are averaged over random user locations using
the density function of user distribution.

The main advantage of such an approach
over WMs with static locations is that it has
been demonstrated to provide insights into the

performance of a typical user, avoiding computa-
tionally intensive simulations. Specifically, with
the results for such typical user performance,
one can obtain optimal placement of the BSs in
terms of maximizing mutual information through
varying system parameters in asymptotic expres-
sions for the mutual information.

DISTRIBUTED ANTENNA SYSTEM
WITH RANDOMNESS

Although the account for random user distribu-
tion has allowed for efficient design and opti-
mization in the linear setup with two cooperating
cells in [7], more advanced models are required
to describe planar scenarios. One of the first
attempts to address the performance of a ran-
dom multicell planar network was presented in
[5], where the impact of placement of multiple
distributed antenna systems (DAS) on the inter-
ference experienced by a user was addressed.

A cluster with multiple single antenna ele-
ments distributed randomly around a BS was
considered in [5] as a building block, so the mul-
ticell network consisted of multiple such DAS
clusters. Antenna elements (AEs) in each cluster
were modeled as a BPP with N AEs per cell,
while users were represented as points of a
homogeneous PPP with density l. For such a
setup, outage probability performance of a typi-
cal user in a single cell was reported to be close
to the case with fixed placement of the AEs,
which indicates that even random placement of
AEs can deliver the same performance gains.
The multicell scenario, however, was studied in
[5] with the assumption that AEs and user posi-

Figure 3. Completely randomly distributed BSs and UTs on a plane. Each UT
is associated with the nearest BS, forming Voronoi tessellations. Blue lines
represent cell borders, red points are randomly placed BSs, and small black
points are the UTs. Illustration is zoomed from 20 ¥ 20 scale.
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tions are fixed, for which case it has been demon-
strated that selecting a single AE for transmis-
sion is preferable for a multicell environment
over blanket transmission, due to reduced ICI of
the former approach. It is important to stress
that in [5] network topology exhibits randomness
only for derivation of outage performance for a
single cell.

RANDOM BS AND USER LOCATIONS
Greater flexibility in multicell topology was con-
sidered recently in [6]. Specifically, interference
coordination between multiple randomly dis-
tributed BSs serving multiple randomly distribut-

ed users on a plane was studied. Locations of
BSs and UTs were modeled as independent
homogeneous PPPs, and BSs were clustered into
cooperating groups with respect to an overlaid
regular hexagonal lattice. Each user was associ-
ated with the nearest BS, such that each cell in
the network has irregular shape and size,
depending on proximity of other BSs. Figure 3
illustrates the setup.

The presented cellular network topology is dif-
ferent from regular hexagonal structures not only
visually, but also through distribution of distances
to interfering BSs. For example, the distance to
the nth nearest BSs in the setup in Fig. 1c is a
random variable, the probability distribution func-
tion (PDF) of which can be found for PPPs in
closed form [10]. Although placement of BSs can
be only approximately described using PPPs, by
using such a PDF we can get a rough estimate of
the distance to the nearest (and probably the
strongest) interfering BS. Note that this interfer-
ing BS will have index n = 2, because the BS with
n = 1 would be the serving BS. Therefore, such
statistics can play an important role in MCC mod-
els by providing estimates for the distances.

In the network in Fig. 3, BSs share CSI to
direct their radiation patterns toward the intend-
ed users, avoiding transmission toward unintend-
ed stations. Clearly, the decisions made by a BS
will depend on the realization of node locations,
which is visibly different from regular placement.
For such a setup, shapes of outage probabilities
for a typical mobile station and for the one locat-
ed close to the center of cooperating cluster
were compared analytically in [11]. Intuitively,
the chance of outage for the nodes located clos-
er to the cell center should be lower than that
for a typical user; however, the analysis in [6]
based on PP theory allowed quantification of the
approximate rate of outage probability decay.

CONCLUSION AND FUTURE DIRECTIONS

The aim of this article was to highlight current
approaches to network modeling with applica-
tions to multicell cooperation, motivated by the

Figure 4. BSs modeled as a realization of a hard-core point process with h = 1,
so the minimal inter-BS distance is h = 1.
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Table 1. Comparison of key features of Wyner models and random models based on point processes.

Feature Wyner models Random models

BS locations Deterministic Points of a point process

UT locations Not used Points of a point process

Cell shape Line segment (1D); Generally hexagon or circle (2D) Irregular, typically Voronoi tesselations

Path loss Implicitly included in design parameter a Explicit path loss model l(ri)

Fading Explicit (except Gaussian WM) Explicit

Advantages Simplicity; analytical tractability; account for essential
channel characteristics

Model real processes (e.g. interference); account for ran-
domness, direct results for typical user

Disadvantages

Replace real processes (e.g. interference); static topol-
ogy; hypothesis testing and generalization by simula-
tions required, hence computational complexity to
implement/verify/generalize results

Analytical complexity to create accurate point process
model for systems with correlated nodes; analytical com-
plexity to obtain performance metrics; model
revision/new model required for different communication
strategies
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fact that associated assumptions drive such per-
formance-determining parameters as signal
propagation delay, attenuation, and interference
picture. These approaches can generally be clas-
sified into:
• Regular models, represented by the Wyner

model family, where network topology is static
and channel gains are typically described using
a single parameter to capture channel attenu-
ation and interference

• Random network models, which use point pro-
cesses to model placements and interactions
between network elements
To understand future research directions in

MCC network modeling, it is important to once
again recall the ultimate aim of such modeling.
A network model is required to provide a ver-
sion of the environment or a setup where devel-
oped communication techniques will operate.
Ideally, one would want such a version to repli-
cate all important features of the real environ-
ment; however, usually detailed modeling is
associated with high complexity. Given the grow-
ing number of mobile terminals and evolution of
communication techniques, it is a question
whether the growth in computational power will
be sufficient to continue delivering acceptable
results for techniques developed based on
Wyner-type constructions. More important, not
taking network topology into account may limit
our understanding of the operation of modern
communication systems. On the other hand, the
limitations of PP-based models originate mainly
from analytical complexity, although surprisingly
simple closed form expressions are already avail-
able for systems with little dependence between
network elements.

Therefore, further research into analytically
feasible yet accurate PP-based models is neces-
sary to capture or approximate the dependencies
in BS placement and mobile user clustering. Ide-
ally, such models could not only reduce or elimi-
nate the need for large-scale simulations, but
also deliver more accurate results and advance
our understanding of MCC systems. If closed
form solutions are intractable, asymptotic results
could still provide valuable insights into opera-
tion and design of modern MCC networks. 
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To understand future
research directions in
MCC network model-
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the ultimate aim of
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version of the envi-
ronment or a setup

where developed
communication tech-
niques will operate.
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1 The static power con-
sumption of a BS refers to
the power consumption of
the BS when there are no
active users in the cover-
age of the BS.

MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Greening is not merely a trendy concept, but is
becoming a necessity to bolster social, environ-
mental, and economic sustainability. Naturally,
green communications has received much atten-
tion recently. As cellular network infrastructures
and mobile devices proliferate, an increasing
number of users rely on cellular networks in
their daily lives. As a result, the energy con-
sumption of cellular networks keeps increasing.
Therefore, greening cellular networks is attract-
ing tremendous research efforts in both
academia and industry [1]. Meanwhile, it has
been shown that, with the aid of multicell coop-
eration, the performance of a cellular network in
terms of throughput and coverage can be
enhanced significantly. However, the potential of
multicell cooperation on improving the energy
efficiency of cellular networks remains to be
unlocked. This article overviews the multicell
cooperation solutions for improving the energy
efficiency of cellular networks.

The energy consumption of a cellular net-
work is mainly drawn from base stations (BSs),
which account for more than 50 percent of the
energy consumption of the network. Thus,
improving the energy efficiency of BSs is crucial
to green cellular networks. Taking advantage of
multicell cooperation, the energy efficiency of
cellular networks can be improved from three
aspects. The first one is to reduce the number of
active BSs required to serve users in an area [2].
The solutions are to adapt the network layout
according to traffic demands. The idea is to
switch off BSs when their traffic loads are below
a certain threshold for a certain period of time.
When some BSs are switched off, radio coverage
and service provisioning are taken care of by
their neighboring cells. The second aspect is to
associate users with green BSs powered by
renewable energy. Through multicell coopera-
tion, off-grid BSs enlarge their service area while
on-grid BSs shrink their service area. Zhou et al.
[3] proposed the handover parameter tuning
algorithm and power control algorithm to guide
mobile users to associate with BSs powered by
renewable energy, thus reducing on-grid power
expenses. Han and Ansari [4] proposed an ener-
gy-aware cell size adaptation algorithm named
ICE. This algorithm balances the energy con-
sumption among BSs, enables more users to be
served with green energy, and therefore reduces
the on-grid energy consumption. Envisioning
future BSs to be powered by multiple types of
energy sources (e.g., the grid, solar energy, and
wind energy), Han and Ansari [5] proposed to
optimize the utilization of green energy for cel-
lular networks by cell size optimization. The pro-
posed algorithm achieves significant main grid
energy savings by scheduling the green energy
consumption along the time domain for individ-
ual BSs, and balancing the green energy con-
sumption among BSs for the cellular network. 

The third aspect is to exploit coordinated
multipoint (CoMP) transmissions to improve the
energy efficiency of cellular networks [6]. On
one hand, with the aid of multicell cooperation,
the energy efficiency of BSs on serving cell edge
users is increased. On the other hand, the cover-
age area of BSs can be expanded by adopting
multicell cooperation, thus further reducing the
number of active BSs required to cover a certain
area. In addition to discussing the multicell
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ABSTRACT
Recently, green communications has received

much attention. Cellular networks are among
the major energy hoggers of communication net-
works, and their contributions to the global
energy consumption increase fast. Therefore,
greening cellular networks is crucial to reducing
the carbon footprint of information and commu-
nications technology. In this article, we overview
the multicell cooperation solutions for improving
the energy efficiency of cellular networks. First,
we introduce traffic-intensity-aware multicell
cooperation, which adapts the network layout of
cellular networks according to user traffic
demands in order to reduce the number of active
base stations. Then we discuss energy-aware
multicell cooperation, which offloads traffic from
on-grid base stations to off-grid base stations
powered by renewable energy, thereby reducing
the on-grid power consumption. In addition, we
investigate improving the energy efficiency of
cellular networks by exploiting coordinated mul-
tipoint transmissions. Finally, we discuss the
characteristics of future cellular networks, and
the challenges in achieving energy-efficient mul-
ticell cooperation in future cellular networks.

ON GREENING CELLULAR NETWORKS VIA
MULTICELL COOPERATION
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cooperation solutions, we investigate the chal-
lenges for multicell cooperation in future cellu-
lar networks.

TRAFFIC INTENSITY AWARE
MULTICELL COOPERATION

There are two reasons traffic demands of cellu-
lar networks experience fluctuations. The first
one is the typical day-night behavior of users.
Mobile users are usually more active in terms of
cell phone usage during the day than during the
night, and therefore, traffic demands during the
day are higher than those at night. The second
reason is the mobility of users. Users tend to
move to their office districts during working
hours and come back to their residential areas
after work. This results in the need for large
capacity in both areas at peak usage hours, but
reduced requirements during off-peak hours.
However, cellular networks are usually dimen-
sioned for peak hour traffic, and thus, most of
the BSs work at low work load during off-peak
hours. Due to the high static power consump-
tion,1 BSs usually experience poor energy effi-
ciency when they are operating under a low
work load. In addition, cellular networks are typ-
ically optimized for the purpose of providing
coverage rather than operating at full load.
Therefore, even during peak hours, the utiliza-
tion of BSs may be inefficient regarding energy
usage. Adapting the network layout of cellular
networks according to traffic demands has been
proposed to improve the energy efficiency of cel-
lular networks. The network layout adaptation is
achieved by dynamically switching BSs on/off.
Figure 1 shows several scenarios of network lay-
out adaptations. Figure 1a shows the original
network layout, in which each BS has three sec-
tors. For the green cell, if most of the traffic
demands on it are coming from sector three, and
the traffic demands in sectors one and two are
lower than a predefined threshold, the green cell
could switch off sectors one and two to save
energy, and the users in the sectors that are
switched off will be served by the neighboring
cells. In this case, the network layout after the
adaptation is shown in Fig. 1b. If traffic demands
from sector three of the green cell also decrease
below the threshold, the entire green cell is
switched off, and the network layout is adapted,
as shown in Fig. 1c. Under this scenario, the
radio coverage and service provisioning in the
green cell are taken care of by its active neigh-
boring cells. When a BS is switched off, the
energy consumed by its radio transceivers, pro-
cessing circuits, and air conditioners can be
saved. Therefore, adapting the network layout of
cellular networks according to traffic demands
can save a significant amount of energy con-
sumed by cellular networks. 

While network layout adaptation can poten-
tially reduce the energy consumption of cellular
networks, it must meet two service requirements: 
• The minimum coverage requirement
• The minimum quality of service (QoS) require-

ments of all mobile users
Therefore, in carrying out network layout adap-
tation, multicell cooperation is needed to guar-

Figure 1. Illustrations of network layout adaptations for macro cellular sites: a)
original network layout; b) BS partially switched off; c) BS entirely switched
off.
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antee service requirements. Otherwise, it will
result in a high call blocking probability and
severe QoS degradation. For example, two adja-
cent BSs both experience low traffic demands.
However, only one BS can be switched off to
save energy, and the other BS should be active
to sustain the service provisioning in both cover-
age areas. In this case, if both BSs are switched
off according to their own traffic demands, their
subscribers will lose connections. Therefore,
cooperation among BSs is essential to enable
traffic-intensity-aware network layout adapta-
tion. 

COOPERATION TO ESTIMATE TRAFFIC DEMANDS
Network layout adaptation is based on the esti-
mated traffic demands at individual cells. The
traffic demand estimation at individual cells
requires the cooperation of their neighboring
cells. To avoid frequently switching BSs on/off,
they are switched off only when their traffic
demands are less than a predefined threshold for
a minimum period, T. Therefore, the estimated
traffic demands should represent the traffic
demands at individual cells for at least a time
period of length T. Hence, traffic demands at a
BS consist of three parts: traffic demands from
users who are currently attached to the BS, traf-
fic demands from users who will hand over to
other BSs, and traffic demands from users who
will hand over to the BS from its neighboring
BSs. While the first two components can be
measured and estimated by individual BSs, the
estimation of the third component requires
cooperation from neighboring cells. Two factors
contribute to the handover traffic from the
neighboring cells. The first one is the user mobil-
ity. A user’s motion, including the direction and
velocity, can be measured by various signal pro-
cessing methods. Therefore, individual BSs can
predict:

• How many users will hand over to other cells
in the near future

• To which cells these users are highly likely to
hand over

Such information is important for their neigh-
boring BSs to estimate their traffic demands.
The second reason for handover traffic is the
switching off of neighboring BSs. If one of the
neighboring cells is switched off, the users under
its coverage will be handed over to its neighbor-
ing cells, thus increasing traffic demands of the
neighboring cells. Therefore, cooperation among
radio cells is important for the traffic demand
estimation at individual cells. 

COOPERATION TO OPTIMIZE THE
SWITCHING OFF STRATEGY

With the traffic demand estimation, cellular
networks optimize the switching on/off strate-
gies to maximize the energy saving while guar-
anteeing users’ minimal service requirements.
Currently, most existing switching on/off strate-
gies are centralized algorithms, which assume
that there is a central controller that collects
the operation information of all BSs and opti-
mizes network layout adaptations. Three meth-
ods have been proposed to determine which
BSs are to be switched off. The first one is ran-
domly switching off BSs with low traffic loads.
This method mainly applies to BSs in the night
zone, where few users are active. The method
randomly switches off some BSs to save energy,
and the remaining BSs provide coverage for
the area. The second method is a greedy algo-
rithm, which enforces BSs with higher traffic
loads to serve more users and switches off BSs
with no traffic load. The third method is based
on the user–BS distance. The required trans-
mission power of BSs for serving users depends
on the distance between users and BSs. The

Figure 2. Energy utilization of the cellular network: a) on-grid energy consumption; b) renewable energy consumption.

The renewable energy generation rate (kWh/h)

(a)

0

1

0

Th
e 

on
-g

ri
d 

en
er

gy
 c

on
su

m
pt

io
n 

(k
W

h)

2

3

4

0.5

x102

x102

1.0 1.5 2.0

The renewable energy generation rate (kWh/h)

(b)

0

3

2

Th
e 

re
ne

w
ab

le
 e

ne
rg

y 
co

ns
um

pt
io

n 
(k

W
h)

4

5

6

7

0.5 1 1.5 2

SSF
CSO without sleep
CSO

SSF
CSO without sleep
CSO

HAN LAYOUT_Layout 1  2/21/13  4:13 PM  Page 84



IEEE Wireless Communications • February 2013 85

longer the distance, the greater the transmis-
sion power required in order to meet users’
minimal service requirements. Therefore, the
user–BS distance can be an indicator of the
energy efficiency of cellular networks: the
shorter the average user–BS distance, the high-
er the energy efficiency. Hence, the algorithm
tends to switch off BSs with the longest
user–BS distance to improve the energy effi-
ciency of cellular networks.

Centralized algorithms, however, require the
channel state information and traffic load infor-
mation of every cell. Collecting this information
centrally may impose tremendous communica-
tion overheads, and thus reduce the effectiveness
of centralized algorithms in improving energy
efficiency. Therefore, distributed algorithms are
favored, especially for heterogeneous networks
that consist of various types of cells such as
macrocells, microcells, picocells, and femtocells.
To enable distributed algorithms, individual cells
may cooperatively form coalitions, and share the
channel state information and traffic load infor-
mation. Based on the shared information, indi-
vidual BSs optimize their operation strategies to
minimize the total energy consumption of the
BS coalition. 

ENERGY AWARE MULTICELL COOPERATION

With the worldwide penetration of distributed
electricity generation at medium and low volt-
ages, it is proved that renewable energy such as
sustainable biofuels, and solar and wind energy
can be effectively uti l ized to substantially
reduce carbon emission. Therefore, researchers
have proposed to power BSs with renewable
energy to save the on-grid energy consumption

and reduce the carbon footprint.  Nokia
Siemens Networks [7] has developed off-grid
BSs that rely on a combination of solar and
wind power supported by fuel cell and deep
cycle battery technologies. Compared to on-
grid BSs, off-grid BSs achieve zero carbon
emission and save a significant amount of on-
grid energy. However,  due to the dynamic
nature of renewable resources, renewable ener-
gy generation highly depends on environmental
factors such as temperature, light intensity, and
wind velocity. In addition, because of the limit-
ed battery capacity, generated energy should
be util ized well  to avoid energy overflow.
Therefore, how to optimize the utilization of
renewable energy in cellular networks is not a
trivial problem. One intuitive solution for this
problem is the energy-aware cell breathing
method. Here, “energy-aware” pertains to two
perspectives. The first one is the awareness of
energy sources such that users are guided to
draw energy from off-grid BSs rather than on-
grid BSs. This can be achieved by enlarging the
cell sizes of off-grid BSs and shrinking those of
on-grid BSs [3]. The second perspective is the
awareness of the amount of energy storage
such that off-grid BSs with higher amounts of
energy storage are forced to serve a larger
area. In this way, energy overflow can be avoid-
ed, thus enabling the renewable energy genera-
tion system to harvest more energy from
renewable sources [4]. The energy-aware cell
breathing technique is a step forward to fur-
ther traffic-intensity-aware network layout
adaptations. In addition to the traffic load
information and channel state information,
energy-aware cell breathing requires multiple
cells to cooperatively share the energy informa-

Figure 3. Energy utilization of the cellular network: a) joint transmission; b) cooperative beamforming; c) cooperative relaying; d) dis-
tributed space-time coding.
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tion, including the estimated amount of energy
arrival and the amount of energy storage, and
to coordinate to minimize the energy consump-
tion of cellular networks.

A CASE STUDY
Envisioning future BSs powered by multiple
types of energy sources (e.g., on-grid energy and
renewable energy), we investigate the optimal
energy utilization strategies in cellular networks
with both on-grid and off-grid BSs. In such cel-
lular networks, BSs are powered by renewable
energy if they have enough renewable energy
storage; otherwise, the BSs switch to on-grid
energy to serve mobile users. To optimize ener-
gy utilization, BSs cooperatively determine their
cell size through energy-aware cell breathing
based on the proposed cell size optimization
(CSO) algorithm [5]. By cooperative cell breath-
ing, the on-grid energy consumption of the cel-
lular network over a period of time consisting of
several cell size adaptations is minimized. The
optimal energy utilization strategy includes two
parts: the multi-stage energy allocation policy
and the single-stage energy consumption mini-
mization. The multi-stage energy allocation poli-
cy determines the amount of renewable energy
allocated at individual off-grid BSs during each
cell size update. The single-stage energy con-
sumption minimization involves two steps. The
first step is to minimize the number of active
on-grid BSs by offloading traffic cell breathing.
On-grid BSs shrink their cell sizes to enforce
the associated users to hand over to off-grid
BSs, and the off-grid BSs with higher amounts
of energy storage enlarge their cell sizes to
absorb more users. The second step is to mini-
mize the number of active BSs (both on-grid
and off-grid) by applying the sleep mode check-
ing algorithm. When traffic demands on individ-
ual BSs are lower than a threshold, the BSs seek
to put themselves into sleep mode by cooperat-
ing with their neighboring cells. If the BS is in
sleep mode, its associated users will be handed
over to its neighboring cells. In this case, if the
neighboring BSs have enough energy storage to
serve the handed over users, and the total ener-
gy consumption of the cellular network is
reduced, the BS is switched into sleep mode to
save energy. 

Figure 2 shows the comparisons between the
CSO algorithm and the strongest-signal first
method, which always associates a user with the
BS with the strongest received signal strength.
Figure 2a shows the on-grid energy consumption
at different renewable energy generation rates.

In this simulation, there are 400 mobile users in
the mobile network. As the renewable energy
generation rate increases, the on-grid energy
consumption of the mobile network is reduced.
When the renewable energy generation rate is
larger, more electricity is generated from renew-
able energy. Therefore, more BSs can serve
mobile users using electricity generated by
renewable energy instead of consuming on-grid
energy. When the renewable energy generation
rate is larger than 0.6 kWh/h, the CSO algorithm
achieves zero on-grid energy consumption by
optimizing the cell size of each BS, while the
SSF algorithm still consumes a significant
amount of on-grid energy. When the renewable
energy generation rate is low, the CSO algo-
rithm saves more than 200 kWh electricity than
the SSF algorithm. As the generation rate
increases, the gap between the energy consump-
tion of CSO and that of SSF narrows because
the CSO algorithm has already achieved zero
energy consumption, and the energy consump-
tion of SSF reduces due to increased availability
of renewable energy. Figure 2b shows the renew-
able energy consumption at different energy
generation rates. When the energy generation
rate is less than 0.7 kWh/h, the renewable energy
consumptions of all the simulated algorithms
increase as the renewable energy generation rate
increases. This is because the larger the renew-
able energy generation rate, the more renewable
energy can be used to serve mobile users. In
addition, the CSO algorithm consumes more
renewable energy than the SSF algorithm does
because the CSO algorithm optimizes the cell
sizes of BSs and maximizes the utilization of
renewable energy in order to reduce the on-grid
energy consumption. When the renewable ener-
gy generation rate is larger than 0.7 kWh/h, the
renewable energy consumption of the CSO algo-
rithm does not change much, while that of SSF
keeps increasing. This is because when the
renewable energy generation rate is larger than
0.7 kWh/h, the on-grid energy consumption of
the CSO algorithm is zero, as shown in Fig. 2a.
This indicates that all the users are served by
renewable energy. Therefore, the renewable
energy consumption of the CSO algorithm
reflects the total energy consumption of the net-
work, which is similar under different energy
generation rates in the simulation.

ENERGY EFFICIENT COMP TRANSMISSION

Coordinated multipoint (CoMP) transmission is
a key technology for future mobile communica-
tion systems. In CoMP transmission, multiple
BSs cooperatively transmit data to mobile users
to improve their receiving signal quality. BSs
share the required information for cooperation
via high-speed wired links. Based on the infor-
mation, BSs determine joint processing and
coordinated scheduling strategies. While CoMP
transmission has been proved to be effective in
improving the data rate and spectral efficiency
of cell edge users [8], its potential for improving
the energy efficiency of cellular networks has not
been fully exploited. In this section, we discuss
the potentials of CoMP transmission in greening
cellular networks. 

Figure 4. Cooperation to increase coverage area.
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INCREASE ENERGY EFFICIENCY FOR
CELL EDGE COMMUNICATIONS

BSs usually have lower energy efficiency in serv-
ing the users at the cell edge than in serving the
users within the cell. This is not only because
cell edge users are far away from BSs and
require more transmission power, but also
because cell edge users experience more inter-
ference from neighboring cells. Multicell cooper-
ation can improve energy efficiency for cell edge
communications [6].

Joint Transmission — Joint transmission exploits
the cooperation among neighboring BSs to
transmit the same information to individual
users located at the cell edge [9]. Figure 3a
i l lustrates the joint  transmission scheme.
User 2 associates with BS 2 while user 1 asso-
c iates  with BS 1 .  Instead of  serving their
associated users independently, BSs 1 and 2
cooperatively transmit information to their
users. For example, if both BSs apply time-
division multiple access (TDMA) in the first
time slot, both BS 1 and 2 transmit the same
information to user 2. The user combines the
signals from both BSs to decode the informa-
tion. In the second time slot, the BSs cooper-
atively serve user 1. Due to joint transmission,
cell edge users experience higher receiving
signal strength and lower interference, hence
requiring less transmission power from both
BSs. Thus, joint transmission improves the
energy efficiency of the cell edge communica-
tions. 

Cooperative Beamforming — In cooperative beam-
forming, a BS forms radio beams to enhance the
signal strength of its serving users while forming
null steering toward users in its neighboring
cells. As shown in Fig. 3b, BS 1 forms the radio
beam toward its associated user, user 1, to
increase the user’s receiving signal strength. On
the other hand, in order to reduce the interfer-
ence to user 2 who is served by a neighboring
BS, BS 1 forms the null steering toward user 2.
BS 2 executes the same operation as BS 1.
Therefore, through cooperative beamforming,
the signal-to-noise ratio (SNR) of both user 1
and user 2 is enhanced. Thus, less transmission
power is required for BSs to serve the cell edge
users, and the energy efficiency of cell edge
communications is increased. 

Cooperative Relaying — Taking advantage of cogni-
tive radio techniques, cooperation can be exploit-
ed between a primary cell and a secondary cell
as shown in Fig. 3c. The secondary BS coopera-
tively relays the signal from the primary BS to
the primary user. The primary user combines the
signals from both the primary and secondary BSs
to decode the information. To stimulate cooper-
ative relaying, the primary BS grants the sec-
ondary BS some spectrum that can be utilized
for communications between the secondary BS
and secondary users. By cooperating with sec-
ondary BSs, the transmission power required
from primary BSs to serve the cell edge users is
reduced. Therefore, the cooperative relay
scheme reduces the power consumption of pri-
mary BSs [10]. However, due to the time-varying

Figure 5. Future cellular networks with holistic cooperation.
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wireless channels, the scheduling delay involved
in the relaying process may increase the outage
probability. Fan et al. [11] showed that the out-
age probability caused by the scheduling delay
can be alleviated by optimizing the transmission
power of the network nodes. 

Distributed Space-Time Coding — Distributed space-
time coding [12] explores the spatial diversity
of both the relay nodes and the mobile users
to combat mult ipath fading,  and can be
applied to improve the spectral and energy
efficiency of cell edge users. As illustrated in
Fig. 3d, the distributed space-time coding
scheme consists of two phases. In the first
phase, the BS broadcasts a data packet to its
destination and the potential relays. In the
second phase, the potential relays that can
decode the data packet cooperatively transmit
the decoded data packet to the destination
using a suitable space-time code. By exploring
spatial  diversi ty ,  distr ibuted spaced-t ime
coded cooperative transmission improves the
diversity gain of cellular networks. However,
the multiplexing gain of the wireless system
may be sacrificed [13]. Zou et al. [13] pro-
posed an opportunistic distributed space-time
coding (O-DSTC) scheme to increase the
multiplexing gain. Taking advantage of DSTC
cooperative transmission, the spectral efficien-
cy is increased. As a result, fewer transmis-
sions are required in order to transmit a given
number of data packets. Therefore, the ener-
gy eff ic iency of  the cel lular  networks is
enhanced.

ENABLE MORE BSS TO ENTER SLEEP MODE
As discussed in the previous subsection, CoMP
transmission (e.g., joint transmission) enhances
the receiving SNR of cell edge users, implying
that BSs are able to cover a larger area with the
same transmission power. Therefore, under low
traffic demands, adopting the CoMP transmis-
sion can reduce the number of BSs required to
cover an area, thus improving the energy effi-
ciency of cellular networks [14]. 

As presented earlier, traffic-intensity-aware
multicell cooperation enables BSs with low traf-
fic demands to go into sleep mode to save ener-
gy. The users in the off cells will be served by
their active neighboring cells. However, due to
the limitation of BSs’ maximal transmission
power, a few BSs should stay awake to provide
coverage in the area. By applying CoMP trans-
mission, the number of required active BSs can
be further reduced. As illustrated in Fig. 4, the
inner circle of BS 1 is the original coverage area,
while the outer circle indicates the coverage area
after cooperation with its neighboring BS, BS 3.
The green area is the additional coverage area
achieved by multicell cooperation. Under the
condition of lower traffic demands, if there is no
cooperation among BSs, three BSs have to stay
awake to cover the whole area. However, if mul-
ticell cooperation is enabled, BS 1 and BS 3 can
provide services to the users in the area by apply-
ing cooperative transmission; thus, BS 2 can be
switched into sleep mode. Therefore, the total
energy consumption of cellular networks is
reduced.

FUTURE CELLULAR NETWORKS WITH
MULTICELL COOPERATION

With advances of cellular networks and commu-
nication techniques, future cellular networks will
be featured as heterogeneous networks in terms
of both network deployments and communica-
tion techniques, as shown in Fig. 5. 

Regarding network deployments, heteroge-
neous networks refer to deploying a mix of high-
power and low-power BSs in order to satisfy the
traffic demands of service areas. High-power BSs
(e.g., macro and micro BSs) are deployed to pro-
vide coverage to a large area, while low-power
BSs are deployed to provide high capacity within
a small coverage area. In addition, based on
energy supplies, BSs can be further divided into
two types: on-grid BSs, and off-grid BSs powered
by green energy such as solar power and wind
power. Therefore, future heterogeneous net-
works consist of four types of BSs: high-power
on-grid BSs, high-power off-grid BSs, low-power
on-grid BSs, and low-power off-grid BSs. In
terms of technology diversity, heterogeneous
networks consist of a variety of technologies
such as multiple input multiple output (MIMO),
cooperative networking, and cognitive network-
ing. Taking advantage of the increasing network
diversity, BSs have more cooperation opportuni-
ties, and thus can achieve additional energy sav-
ings. However, realizing optimal multicell
cooperation is not trivial.

Coalition Formulation — The problem of coalition
formation is to determine the coalition size and
members of the coalition. Although the problem
of coalition formation is well studied in the field
of economics, and some game theory methods
have been applied to solve the coalition forma-
tion problem in wireless networks, few models
can be directly applied to form the coalitions of
BSs for the purpose of reducing the energy con-
sumption of cellular networks. This is because
the original coalition formation problem is to
form a coalition to maximize the benefit of all
the members in the coalition, while the problem
of forming coalitions of BSs is to maximize total
benefits of the coalitions. In addition, due to the
diversity of BSs and radio access technologies, a
successful coalition may consist of BSs and tech-
niques that are complementary to each other to
maximize the energy savings of the coalition.
Hence, novel models or methods of coalition
forming must be developed to facilitate energy-
efficient multicell cooperation. 

Green Energy Utilization — For the sake of environ-
mental friendliness, off-grid BSs powered by
renewable energy are favored over on-grid BSs.
In order to optimize the utilization of off-grid
BSs, the fundamental design issue is to effective-
ly utilize the harvested energy to sustain traffic
demands of users in the network. The optimal
utilization of green energy over a period of time
depends on the characteristics of the energy
arrival and energy consumption at the current
stage as well as in future stages, and on the
cooperation strategies of the neighboring cells or
cooperating cells. 

Taking advantage of
the increasing 
network diversity,
BSs have more 
cooperation 
opportunities, and
thus can achieve
additional energy
savings. However,
realizing optimal
multicell cooperation
is not trivial.
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Incentive Mechanism — Note that in future hetero-
geneous networks, multicell cooperation may
involve cells not owned by the same operator.
For example, the coalition may consist of a BS
from a different operator, a secondary BS oper-
ated via cognitive radio, and a relaying cell
formed by mobile users. To incentivize coopera-
tion among these cells, a simple but effective
incentive mechanism should be exploited. 

CONCLUSION

This article discusses how to reduce the energy
consumption of cellular networks via multicell
cooperation. We focus on three multicell coop-
eration scenarios that enhance energy efficiency
of cellular networks. The first one is traffic-
intensity-aware multicell cooperation, in which
multiple cells cooperatively estimate traffic
demands and adapt the network layout based on
the estimated traffic demands. Through network
layout adaptation, the number of active BSs can
be reduced, thus reducing the energy consump-
tion of cellular networks. The second scenario is
energy-aware multicell cooperation, in which off-
grid BSs powered by green energy are enforced
to serve a large area to reduce the on-grid power
consumption. The third one is energy-efficient
CoMP transmission, in which the overall energy
consumption is reduced by improving the energy
efficiency of BSs in serving cell edge users. In
addition, we discuss the diversity of future cellu-
lar networks in terms of radio access technolo-
gies and BS characteristics, and the challenges to
optimally exploit multicell cooperation by capi-
talizing on diversities.
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MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Recent years have witnessed the rapid emer-
gence of a variety of multimedia wireless services
over cellular networks, such as video confer-
ences, mobile TV, music downloading, online
gaming, and so on. Motivated by the concept of
ubiquitous computing, these promising wireless
services are designed to be available for people
anytime and anywhere. Quality of service (QoS)
provisioning plays a crucial role in supporting

multimedia wireless services in cellular networks.
Consequently, the research community has made
significant efforts in the development of various
advanced and efficient wireless cellular network-
ing architectures to support the diverse QoS
requirements. Among them, multicell coopera-
tion networking is receiving significant research
attention from both academia and the industry.
This is because multicell cooperation enables
significant performance improvement of cellular
networks in terms of the coverage of high-data-
rate services and system throughput. As a result,
multicell cooperation is being adopted in various
communication standards, including Third Gen-
eration Partnership Project (3GPP) [1] Long
Term Evolution (LTE)-Advanced , or LTE-A
[2], and IEEE 802.16m [3] for the next genera-
tion wireless networks.

However, multicell cooperation also imposes
the new challenges associated with the two mutu-
ally conflicting constraints between the
power/energy efficiency/saving and the QoS pro-
visioning required by mobile users, which differ
from conventional cellular network systems. On
one hand, to ensure the demanded wireless
transmission capacity for guaranteeing the strin-
gent QoS provisioning over time-varying chan-
nels covering the sizable wireless cells, a large
amount of power supply and consumption is
desired/needed at the base stations to sustain the
required wireless channel qualities [4, 5]. On the
other hand, one of the main design goals/criteri-
ons of multicell cooperation networks is to mini-
mize the power/energy consumption [1, 6] among
all base stations through multicell cooperation
and power scheduling, which, however, may sig-
nificantly affect the QoS provisioning required
by mobile users. Some standardization and
research efforts have been made to address
these problems. For instance, as a promising
technique under the multicell cooperation frame-
work in the LTE-A standard [2], the cooperative
multipoint or coordinated multipoint (CoMP)
[7] approach was proposed to improve the cover-
age of high data rates and increase the overall
mulicell cooperation network throughput while
efficiently mitigating intercell interference.
While CoMP has the potential to improve QoS
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ABSTRACT
Multicell cooperation is emerging as a

promising wireless communication technique to
significantly improve the performance of cellular
networks in terms of the coverage of high-data-
rate services and the system throughput for the
next generation wireless networks. On the other
hand, multicell cooperation also imposes the
new challenges associated with the two mutually
conflicting constraints between the power/energy
efficiency/saving and the QoS provisioning
required by mobile users, which differ from the
conventional cellular networks. To overcome the
above problem, we propose the semi-Markov
decision process model-based stochastic opti-
mization scheme for the optimal trade-off
between power saving and QoS provisioning
over multicell cooperation networks. Our objec-
tive is to efficiently minimize the power con-
sumption at base stations while guaranteeing
diverse QoS provisioning for mobile users
through multicell cooperation power scheduling.
To achieve this goal, we apply finite-state
Markov chains to model the mobile users’ densi-
ty, mobility, multicell cooperation power-profile
scheduling, and QoS provisioning. Using these
models, we formulate the SMDP-based stochas-
tic optimization problem and develop an effi-
cient iteration algorithm to implement our
SMDP-based scheme. We evaluate our proposed
schemes through numerical analyses, which show
that our proposed schemes significantly outper-
form the other schemes in terms of minimizing
power consumption while guaranteeing the
required QoS provisioning.

OPTIMAL TRADE-OFF BETWEEN POWER SAVING
AND QOS PROVISIONING FOR

MULTICELL COOPERATION NETWORKS

The authors propose
the semi-Markov 
decision process
model-based 
stochastic optimization
scheme for the 
optimal trade-off
between power 
saving and QoS 
provisioning over 
multicell cooperation
networks.
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provisioning, it does not explicitly address any
specific/concrete power scheduling schemes
which take into account the trade-off between
power saving and QoS provisioning over multi-
cell cooperation networks. In [8] the authors
studied a joint power and subcarrier allocation
algorithm that aims at minimizing network power
consumption with a lower-bounded data rate
constraint. The authors of [9] developed a sleep-
ing mode control scheme under the given per-
formance requirements. In [10] the authors
derived an optimal sleep mode policy to maxi-
mize a multiple-objective function of QoS and
the power consumption. However, the above-
mentioned research works only consider the sim-
ple power scheduling action of either totally
switching off the base stations or keeping them
in a fully operating state in a deterministic man-
ner [11]. As a result, this type of deterministic
switching-on/off mode control scheme is less
effective for the important application scenarios
where the mobile users’ traffic loads are relative-
ly heavy and their variations are highly random,
especially when taking the users’ mobility/loca-
tion and dynamic traffic load density/distribution
variations into account.

To overcome the aforementioned problems,
in this article we propose the semi-Markov deci-
sion process (SMDP) model-based stochastic
optimization scheme to achieve the optimal
trade-off between power saving and QoS provi-
sioning over multicell cooperation networks
with the dramatic variations in mobile users’
traffic load density and mobility. The objective
of our proposed stochastic optimization frame-
work is to efficiently minimize the power con-
sumption at the base stations while guaranteeing
the diverse QoS provisioning for mobile users
through multicell cooperation power scheduling.
To achieve this goal, we apply finite-state
Markov chain techniques to develop a set of
analytic models to characterize mobile users’
density, mobility, and multicell cooperation
power-profile scheduling. Based on these mod-
els, we formulate the SMDP-based stochastic
optimization problem to optimize the trade-off
between power saving at base stations (BSs) and
QoS provisioning to mobile users over multicell
cooperation networks. We also develop an effi-
cient iteration algorithm to implement our pro-
posed SMDP-based optimization scheme. Then
we conduct numerical analyses to evaluate our
proposed schemes, which show that our pro-
posed SMDP-based stochastic control process
converges to the unique optimal solution and
significantly outperforms the other schemes in
terms of minimizing the power consumption at
BSs while guaranteeing the required QoS provi-
sioning to mobile users.

The rest of this article is organized as follows.
First, we develop the system models for optimiz-
ing the trade-off between power saving and QoS
provisioning over our multicell cooperation net-
works. Then, we formulate the SMDP-based
stochastic optimization problem to derive the
optimal power scheduling policy to optimize the
trade-off between power saving and QoS provi-
sioning through multicell cooperation. Finally,
we conduct numerical analyses to evaluate our
proposed schemes. The article then concludes.

THE SYSTEM MODELS

MULTICELL COOPERATION NETWORK MODEL
We consider cellular networks where multicell
cooperation is employed to minimize the power
consumption at BSs while guaranteeing QoS pro-
visioning to mobile users (MUs). Our cellular
network model is illustrated by an example shown
in Fig. 1. It is a cellular network with five cells.
As shown in Fig. 1a, one central cell is surround-
ed by four neighboring cells. BSs are located at
the respective center of the cells, illustrated by
hollow triangles. As shown in Fig. 1b for each
cell’s internal architecture, a number of MUs,
represented by solid dots, are randomly distribut-
ed in the cell with each MU located at the vari-
able radius distance, denoted by d, between the
BS and the MU. Clearly, the MUs’ traffic load
distributions among wireless cells are indepen-
dent of each other. Within each cell, the BS can
perceive or sense the users’ information on
mobility, dynamic behaviors, and traffic load spa-
tial distributions, which all vary with time. The
MUs’ traffic load and distributions in each cell
are characterized by the number of MUs, which
varies with time. Thus, the power control of the
BS in each cell needs to be dynamically sched-
uled and cooperated according to the traffic load
variations in order to minimize the total power
consumption while guaranteeing the QoS for
mobile users.

TRAFFIC LOAD MODEL FOR MOBILE USERS
For each wireless cell, our MUs’ traffic load
model consists of two components:
• Mobile users’ density model
• Mobile users’ mobility model
which are detailed as follows, respectively.

Mobile Users’ Density Model — We use the finite-
state Markov chain to model the MU density in
each wireless cell. Assuming the maximal num-
ber of MUs that a cell can support is (D – 1),
our MU density Markov chain in each cell can
have at most D state levels, with each level rep-
resenting the number of MUs existing in the cell.
Each cell’s BS acquires/senses the current state
of MU density through the sensing mechanism
at the BS. Under the finite-state Markov chain
model, the next state of user density in the cell is

Figure 1. Wireless cellular network model: a) muticell cooperation network
model; b) single cell model with a base station at the center of the cell, where
d denotes the radius distance from the base station of the cell to the mobile
user.

(a) (b)

d

Mobile users (MUs)
Base station (BSs)
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determined by the current state of user density
and the Markov transition probability. Let D =
{0, 1, …, (D – 1)} represent the Markov-chain
state space of user density in cell i, Ni(t) denote
the number of MUs in cell i with Ni(t) Œ D, and
fgihi(t) be the transition probability that the state
of user density Ni(t) changes from state gi to
state hi, where gi, hi Œ D. Then the state transi-
tion probability matrix of user density is defined
for cell i: Fi(t) = [fgihi(t)], where fwizi(t) = Pr
{Ni(t + 1) = hiÔNi(t) = gi}, " gi, hi Œ D.

Mobile Users’ Mobility Model — We use the finite-
state Markov chain to model the MU mobility in
terms of MUs’ spatial distributions in each wire-
less cell. According to users’ different location
distributions (e.g., an MU moves from the center
location of the BS to the edge of the cell), we
can shut down the BS or reduce its power for
power/energy saving. To accurately model the
impact of user mobility for cell power saving, we
apply the k-means clustering algorithm [12, 13]
to categorize the MUs into b classes according
to the radius distances from the BS to the MUs.
As shown in Fig. 2, for example, the MUs in
each cell are classified into three classes (b = 3)
illustrated by three different-sized boxes, respec-
tively. The numbers of users in each class varies
as MUs move around. Assuming that there are
K (£ (D – 1)) users in cell i, the spatial distribu-
tion state of k MUs’ locations in cell i is denoted
by Li(t) = (li,1, …, li,k), where k = {1, 2, …, K}
and li,k represents the current location (mea-
sured by the radius distance from the corre-
sponding BS) of user k in cell i. Since there are
b possible locations for each MU, there are
totally bk possible spatial location distributions
for any k (£ K) mobile users in cell i. The BS can
acquire/sense the current state of MUs’ spatial
location distribution through a sensing mecha-
nism, and the next state is determined by the
current state and the user mobility Markov-chain
transition probability. Let L = {L1, …, LbK}
stand for the user mobility Markov chain state
space for K users’ spatial distributions in a cell,
and let jUiVi(t) denote the probability that the
state of users’ location distribution in cell i
moves from location state Ui to location state Vi
at time t, where {Ui, Vi Œ L. Then we have the
bK ¥ bK user mobility Markov chain state transi-
tion probability matrix of cell i, which is defined
as Qi(t) = [jUiVi(t)], where jUiVi(t) = Pr{Li(t +

1) = ViÔLi(t) = Ui}, " Ui = (ui,1, …, ui,k, …,
ui,K), Vi = (vi,1, …, vi,k, …, vi,K) Œ L, where ui,k,
vi,k are the values that li,k can take, respectively.

POWER CONSUMPTION MODEL
FOR BASE STATIONS

We use the finite-state Markov chain to model
the transmit power scheduling in each cell.
Assuming our transmit power the Markov chain
in each cell has E power-state levels, with each
level representing a transmit power level at the
BS in a cell. Then we let E = {0, 1, …, (E – 1)}
represent the power scheduling Markov chain
state space in cell i, Ji(t) denote the implemented
transmit power of cell i where Ji(t) Œ E at time t,
and ywi,zi(t) be the Markov-chain state transition
probability that the transmit power state of cell i
moves from state wi to state zi at time t, where
wi, zi Œ E. The BSs are assumed to be able to
transmit at one of E discrete power levels, and
each level corresponds to a state in the power
scheduling Markov chain. At each decision time,
all cells have the associated power profiles
denoted J(t) = [e1, …, ei, …, eN], where N
denotes the total number of cells in multicell
networks, and ei denotes the transmit power of
cell i. Then the transmit power Markov-chain
state transition probability matrix of cell i is
defined as Yi(t) = [ywi,zi(t)], where Ywi,zi(t) =
Pr{Ei(t + 1) = ziÔEi(t) = wi " wi}, zi Œ E. For
example, we set the BS transmit power to have
E = 4 different power levels: 0, 5, 10, and 15 W,
which are the values we will use in our numeri-
cal performance analyses, described later. Also,
for the smoothness and convenience of power
control, in this article our transmit-power con-
trol can only increase or decrease the transmit
power across the neighboring transmit power
levels. These imply that in this particular case,
our power control Markov chain state space in
cell i is represented by {0, 5, 10, 15}, and the
Markov chain state transition can only take
place across adjacent states.

The total operating power, denoted by P, of a
BS to cover a single cell usually includes two
parts: a constant part Pconst, the power that is
independent of the number of MUs and their
distances, and the dynamic part, which varies
proportionately with the traffic intensity denoted
by r (which is equal to (D – 1)), supplying the
power needed to transmit the signal from the BS
to all the mobile users in a cell, and depends on
r of the BSs. Therefore, the power consumption
in cell i can be calculated by Pi = Pconst + riPtran(i)
[14], where ri is the traffic intensity of cell i, which
varies over time, and Ptran(i) is the transmit power
dynamically allocated to cell i.

OBJECTIVE FUNCTIONS AND
QOS CONSTRAINTS FOR MOBILE USERS

The proposed optimal power scheduling for mul-
ticell cooperation scheme is based on the
stochastic control theory. Due to the time-vary-
ing traffic distribution of wireless cells, we need
to derive the optimal wireless-cell power schedul-
ing policy to efficiently implement multicell
cooperation, which aims at minimizing the total
power consumption subject to the QoS-threshold

Figure 2. Mobile user mobility model with different classes (categorized by the
different radius distances from the BS to its corresponding MUs) denoted by
the three different sizes of boxes.

C
ell edge BSBS
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constraint of signal-to-interference-plus-noise
ratio (SINR). The SINR is calculated for each
transmission power allocation and is used to
determine the QoS achieved by an MU in the
multicell cooperation network. Since the wireless
channel quality is a time-varying function of
multiple variables and parameters, we can derive
its corresponding SINR implemented by MU k
as follows:

(1)

where gk(i) represents the SINR for mobile user
k in cell i, h is the propagation coefficient, x is
the attenuation coefficient, typically ranging
from 2 to 5, P tran(i) represents the transmit
power of cell i, dk(i) denotes the distance from
mobile user k to the BS of cell i, and N0 denotes
the additive white Gaussian noise.

STOCHASTIC OPTIMIZATION FOR
OPTIMAL TRADE-OFF BETWEEN POWER

SAVING AND QOS PROVISIONING
Using the system models of MU density, mobili-
ty/spatial distribution, and power-profile schedul-
ing described in “The System Models” section,
for multicell cooperation power scheduling, we
formulate the stochastic optimization problem
by applying the semi-Markov decision process
(SMDP) [15] model to achieve the optimal
trade-off between power saving and QoS provi-
sioning for multicell cooperation networks. Then
we solve the stochastic optimization problem by
deriving a set of optimal multilevel power
scheduling policies and system reward functions
that optimize the trade-off between power saving
and QoS provisioning over multicell cooperation
networks. Finally, we develop a concrete and
efficient iteration algorithm to solve the SMDP-
based stochastic optimization, which can yield
the optimal decision/action functions to mini-
mize the entire power consumption at BSs while
guaranteeing the QoS provisioning required by
MUs over multicell cooperation networks.

THE SMDP MODEL AND ITS
STATE AND ACTION FUNCTIONS

We observe that the optimization of trade-off
between the power saving at BSs and QoS provi-
sioning at MUs over multicell cooperation net-
works can be efficiently solved by formulating a
stochastic optimization problem by using the
SMDP model. In particular, we can develop the
stochastic reward/utility and constraint functions
to maximize the power saving subject to the con-
straints of QoS provisioning. To apply the SMDP
model, we first need to define its state space and
action functions. The SMDP state of each cell at
time t is characterized by the state of user densi-
ty, denoted by Ni(t), the state of users’ locations
Li(t), and the state of transmit power of each
cell, denoted by Ei(t). Then the SMDP state of
cell i can be expressed as si(t) = {Ni(t), Li(t),

Ei(t)}, and the state transition probability matrix
of the SMDP model is defined as: P i(t) =
[zsis¢i(t)] = [Fi(t), Qi(t), Yi(t)], where zsis¢i(t) D=
fgihi(t)jUiVi(t)ywi,zi(t), which is the SMDP state
transition probability that the state of cell i
changes from state si to state s¢i.

Let S be the state space of the SMDP model
where S D= {D, L, E} and A are the SMDP model
action space, denoted by A = {a1(t), a2(t), a3(t),
a4(t)}, respectively, where a1(t) denotes the
action through which the central cell is turned
off while the transmit power of neighboring cells
remain unchanged; a2(t) denotes the action thre-
ough which the central cell is turned off while
increasing (within E levels) the transmit power
of two neighboring cells through multilevel
power control to guarantee the QoS of MUs in
the original central cell; a3(t) denotes the action
through which the central cell remains
unchanged while the transmit power of two
neighboring cells is increased with multilevel
power control to guarantee the QoS provisioning
to mobile users in the central cell; and a4(t)
denotes the action through which the central cell
decreases (within E levels) its transmit power
through multilevel power control due to the
reduced MUs’ traffic load while the neighboring
cells remain unchanged. Given the current
SMDP state s(t) Œ S, and the selected action a(t)
Œ A, the SMDP state transition probability func-
tion for the next state s(t + 1) is denoted by
Pr{s(t + 1)Ôs(t), a(t)}. This function is Marko-
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Figure 3. Multicell cooperation power scheduling with time-varying mobile-
users’ traffic loads in multicell cooperation networks: a) the central cell is
turned off while the transmit power of neighboring cells remain unchanged; b)
the central cell is turned off while increasing the transmit power of two neigh-
boring cells through multilevel power control to guarantee the QoS of MUs in
the original central cell; c) the central cell remains unchanged while increas-
ing the transmit power of two neighboring cells with multilevel power control
to guarantee the QoS provisioning to mobile users in the central cell; d) the
central cell decreases its transmit power through multilevel power control due
to the reduced mobile users’ traffic load while the neighboring cells remain
unchanged.

(a) (b)

(c) (d)

Mobile users
Base station

ZHANG LAYOUT_Layout 1  2/21/13  4:25 PM  Page 93



IEEE Wireless Communications • February 201394

vian because the state transition probability of
the next state is independent of the previous
states when given the current state.

In our SMDP model, at each decision epoch,
the multicell cooperation power scheduling con-
trol has to decide how to allocate the transmit
power to each cell according to the changes of
cell state in terms of traffic load and power pro-
files. As indicated in Figs. 3a–d, the multicell
cooperation with power scheduling is imple-
mented by the selected action a(t) Œ A at each
SMDP model decision epoch.

THE SMDP REWARD AND POLICY FUNCTIONS FOR
MULTICELL COOPERATION POWER SCHEDULING

Since the objective of our proposed scheme is to
minimize the total power consumption while
guaranteeing QoS provisioning for MUs, we
define the system reward function to be the
function of power consumption for all cells with
QoS provisioning constraints. Thus, we can
define the system reward function as follows:

(2)

where P(s(t), a(t)) is the total power at all BSs
of the multicell cooperation networks as a func-
tion of the SMDP state and SMDP action for
the optimal trade-off between power saving and
QoS guarantee for multicell cooperation power
scheduling under the current SMDP state and
the action selected in our multicell cooperation
networks. Given the current SMDP state and the
selected SMDP action, we can derive the power
consumption P(s(t), a(t)) for our proposed mul-
ticell cooperation power scheduling scheme.

The SMDP decision rules specify a mapping
function d(t): S Æ A, which selects an action
function a(t) for given cells’ state at SMDP deci-
sion epoch t. Thus, our SMDP policy function,
denoted by p D= (d(1), d(2), …, d(t)), is a
sequence of decision rules that are used at all
decision epochs {1, 2, …, t}. Then we can define
the expected total reward function of the SMDP

model, which is defined as a utility function
given in Eq. 3.

THE STOCHASTIC POWER SAVING OPTIMIZATION
AND QOS PROVISIONING CONSTRAINTS

We need to derive an optimal policy, denoted by
p*, for the optimal trade-off between power sav-
ing and QoS provisioning in multicell coopera-
tion networks, which maximizes the expected
total reward value under the given QoS-thresh-
old SINR constraint on the kth mobile user’s
wireless channel SINR gk(i) within cell i as fol-
lows:

(3)

where up*(s(t)) represents the maximum expect-
ed total reward value under the optimal policy
p* for the current state s(t), l is the discount
factor, gk(i) represents the SINR of user k in cell
i (which is defined in Eq. 1), and gth denotes the
targeted QoS-threshold SINR of MUs in a cell.

THE ITERATION ALGORITHM TO IMPLEMENT THE
STOCHASTIC POWER-SAVING OPTIMIZATION

We propose to use the iterative algorithm to
solve the optimization problem specified by Eq.
3. In particular, we use the iterative algorithm
[15] to derive a stationary optimal policy and the
corresponding expected total reward function.
The iterative algorithm is described as follows,
where e denotes an infinitesimal gap, s Œ {0, 1,
2, …} is the iteration steps index, and usp(s(t)) is
defined in Eq. 3.
Step 1: Set u0

p(s(t)) = 0 for each state s(t). Speci-
fy e > 0 and initialize s to be 0.

Step 2: For each state s(t), compute usp+1(s(t)).
Step 3: If Ôusp+1(s(t)) – usp(s(t))Ô < e{(1 – l)/(2l),

then go to Step 4;
Else, increase s by 1, then go to Step 2.

Step 4: For each s(t) Œ S, compute the station-
ary optimal policy p*.
The computational complexity of the itera-

tion algorithm is O(ÔÔAÔÔÔÔSÔÔ2) [15], where ÔÔ.ÔÔ is
the cardinality of a set. While the system state
space can be large, in the real network imple-
mentation the computational and time complexi-
ty can be significantly reduced because the
optimal transmit-power control policy searching
through our proposed iteration algorithm is
implemented by an offline approach. Once the
optimal policy is obtained corresponding to a
given space state through the offline approach, it
is stored in an optimal-policy lookup table. Each
entry of the lookup table specifies the optimal
action policy for any given system state, consist-
ing of the MU density state, MU location state,
and BS transmit power state of each cell. For
the online operation, at each decision epoch, the
multicell cooperation power scheduling con-
troller can quickly look up the table to obtain
the optimal action policy corresponding to the
current system state and then execute the opti-
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Figure 4. The expected total reward function ups(s) vs. the SMDP optimization
iteration steps s.
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mal decision or the optimal action policy. The
lookup table can readily be generated offline by
using separate and independent high-speed com-
puter systems with the super processing capabili-
ty and power supply.

PERFORMANCE EVALUATIONS

We conduct numerical analyses to evaluate the
performance of our proposed schemes based on
the SMDP model for optimal trade-off between
power saving at base stations and QoS provision-
ing to mobile users over multicell cooperation
networks. The multicell cooperation in our
numerical analyses follows the SMDP model-
based stochastic power scheduling by using the
action functions as described in Figs. 3a–d. Using
the SMDP model-based power scheduling opti-
mization and QoS provisioning constraints and
solving for the stochastic optimization problem
by the iteration algorithm described in “The Iter-
ation Algorithm to Implement the stochastic
Power-Saving Optimization” section, we obtain a
set of numerical solution results detailed as fol-
lows. Our performance evaluation model consists
of the following parameters: the constant trans-
mit power of each cell is 500 W, the propagation
coefficient h is –31.54 dB, the discount factor l is
0.8, and the attenuation coefficient x is 3.

Figure 4 plots the convergence process of the
two executions of the expected total reward func-
tion up(s(t)) specified in Eq. 3. We can obtain the
following observations from Fig. 4. First, Fig. 4
shows that our SMDP-based stochastic control
process for optimal multicell cooperation power
scheduling is stable as it quickly converges to its
equilibrium state from any initial state. Second,
Fig. 4 confirms that there is always the optimal
solution for our SMDP-based stochastic power
scheduling. Finally, Fig. 4 shows that the multiple
executions (we only plot two of them in Fig. 4 for
lack of space) of the iteration algorithm for solv-
ing SMDP-based stochastic optimization con-
verge to the unique optimal solution regardless
of the initial states.1 The above observations
imply that our proposed SMDP-based stochastic
optimization and its corresponding iteration algo-
rithm are feasible and valid.

Figure 5 plots the power consumption func-
tions against the MUs’ traffic load under three
different multicell cooperation power scheduling
schemes, including our proposed SMDP scheme,
the random scheme, and the static scheme,
respectively. As shown in Fig. 5, although the
average power consumption of these three
schemes all increase as MUs’ traffic load increas-
es, our proposed SMDP scheme significantly
outperforms the other two schemes, especially
when the traffic load is heavy. This is because
our proposed SMDP scheme consumes much
less power than the other two schemes due to
multicell cooperation power scheduling. In con-
trast, the static scheme statically allocates the
maximum power specified by cell capacity, and
the random scheme’s average power allocation is
also much larger than that of our proposed
SMDP scheme as multicell cooperation is not
employed.

Under the given power consumption dynam-
ics and conditions obtained in Fig. 5, Fig. 6 plots

the implemented average SINR functions against
MUs’ traffic load also for the same three power
scheduling schemes. We observe that as the
MUs’ traffic load and power consumption
increase, the average SINR implemented by our
proposed SMDP-based scheme increases mono-
tonically and is always much larger than the
required QoS-threshold SINR, as shown in Fig.
6, which implies that our proposed SMDP
scheme can guarantee much better QoS provi-
sioning with the least power consumption, as
shown in the corresponding Fig. 5 in multicell
cooperation networks. Figure 6 also indicates
that the implemented average SINR by our pro-
posed SMDP scheme is much higher than that
by the static scheme, and thus, our SMDP
scheme can provide much better QoS provision-
ing than the static scheme. Figure 6 shows that
the SINR implemented by our SMDP scheme
and the static scheme can both guarantee the
required QoS provisioning, because they are
both larger than QoS threshold SINR as shown
in Fig. 6, but the power consumed by the static
scheme is much larger than that consumed by
our proposed SMDP scheme, as shown in the
corresponding Fig. 5. On the other hand, Fig. 6
also shows that the average SINR implemented
by the random scheme cannot guarantee the
QoS provisioning requirement because its imple-
mented average SINR is often lower than the
QoS-threshold SINR, as shown in Fig. 6.

CONCLUSIONS

We have proposed the semi-Markov decision
process (SMDP) model-based stochastic opti-
mization scheme for optimal trade-off between
power saving and QoS provisioning over multi-
cell cooperation networks. Our optimization
objective is to minimize the power consumption
at base stations while guaranteeing QoS provi-
sioning to mobile users by using multicell coop-
eration power scheduling. Applying the
finite-state Markov-chain techniques, we have
developed a set of models to characterize mobile
user density, mobility, multicell cooperation
power-profile scheduling, and QoS provisioning.

Figure 5. Power consumption against mobile users’ traffic load in multicell
cooperation networks.
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1 We only plot two execu-
tions in Fig. 4 for lack of
space. In fact, we get the
numerical results for more
than two executions,
which all converge to the
same unique optimal
solution regardless of the
initial states.
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Based on these models, we have formulated the
SMDP-based stochastic optimization problem to
optimize the trade-off between the power saving
at BSs and QoS provisioning to mobile users
over multicell cooperation networks. We have
also developed an efficient iteration algorithm to
implement our proposed SMDP-based optimiza-
tion scheme. Finally, we have conducted the
numerical analyses to evaluate our proposed
schemes, which show that our proposed SMDP-
based stochastic control process converges to the
unique optimal solution and significantly outper-
forms the other schemes in terms of minimizing
the power consumption at BSs while guarantee-
ing the QoS provisioning to mobile users.
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Figure 6. The implemented average SINR of different schemes against the
mobile-users' traffic load in the multicell cooperation networks.
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