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AC C E P T E D F R O M OP E N CALL

INTRODUCTION
There is a widely recognized need to upgrade
existing electricity grids in order to improve
power delivery, reduce operating costs, and sup-
port renewable energy sources. Due to the
dependence of these goals on data acquisition
and control, such smart grids must combine
existing electricity grids with advanced informa-
tion and communications technology (ICT)
infrastructure. A mature smart grid will consist
of a number of applications, such as supervisory
control and data acquisition (SCADA), advanced
metering infrastructure (AMI), and demand
response (DR). As different applications require
distinct degrees of coverage, capacity, reliability,
security, and latency, the implementation of ICT
infrastructure for smart grid networks raises
many challenging design issues [1].

Most smart grid applications (e.g., SCADA
and AMI) should exhibit high reliability, large
coverage, and high security, while requiring dif-
ferent scales of latency and data rates (e.g.,
0.1~1 s latency and 100 kb/s data rate for

SCADA, and 10~20 s latency and 1 Mb/s data
rate for AMI). Considering neighborhood area
networks (NANs), both wireline and wireless
technologies can be used to meet these require-
ments. In the former case, power line communi-
cations (PLC) is a natural solution [1]. Using
PLC, relatively small equipment investment is
needed because it uses existing power lines as
the data transmission medium. Nevertheless,
there are a number of challenges with PLC (e.g.,
low capacity).

In the latter case, either ZigBee or Wi-Fi can
be employed to enable AMI and DR applica-
tions due to their good capacity and low transmit
power [2, 3]. However, because of their low
transmit power levels, both technologies have
limited coverage. A wireless mesh network that
consists of various nodes (e.g., WiFi and Zig-
Bee) organized in a mesh topology can enhance
the coverage [4–7]. In addition, wireless mesh
networks are inherently more reliable as they
can take advantage of self-forming and self-heal-
ing network concepts.

Wireless mesh architectures are usually
implemented at the network layer or data link
layer. Relevant research focuses on protocol
design for transferring data between network
entities [5–7]. The performance of a wireless
mesh network depends on the quality, reliability,
and efficiency of communications between dif-
ferent nodes in the network. Taking advantage
of spatial diversity, relaying technologies can
improve the performance of wireless links
between neighboring nodes to meet the commu-
nication quality requirements of a wireless mesh
network. However, conventional relaying tech-
nologies such as amplify-and-forward (AF) and
decode-and-forward (DF) enhance the capacity
at the expense of consuming resources such as
radio frequency (RF) spectrum. Inefficient use
of these resources could lead to low spectral effi-
ciency. Thus, it is critical to study advanced
relaying technologies to improve the spectral
efficiency while retaining the advantages of
relaying transmission.

In the remainder of this article, we first ana-
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ABSTRACT
Wireless technologies can support a broad

range of smart grid applications including
advanced metering infrastructure and demand
response. However, there are many formidable
challenges when wireless technologies are
applied to the smart gird, such as the trade-offs
between wireless coverage and capacity, the high
reliability requirement for communication, and
limited spectral resources. Relaying has emerged
as one of the most promising candidate solutions
for addressing these issues. In this article, an
introduction to various relaying strategies is pre-
sented, together with a discussion of how to
improve spectral efficiency and coverage in
relay-based information and communications
technology infrastructure for smart grid applica-
tions. Special attention is paid to the use of uni-
directional relaying, collaborative beamforming,
and bidirectional relaying strategies.
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lyze the challenges of wireless technologies for
the smart grid, and then introduce conventional
relaying transmission strategies. Some advanced
relaying strategies are then discussed. The aim
of this study is to identify relaying strategies
that can achieve greater spectral efficiency,
extended transmission range, and improved reli-
ability.

CHALLENGES OF ICT FOR SMART GRID

The smart grid ICT infrastructure should allow
utilities to interact with their electrical devices as
well as with the customers on a near-real-time
basis. However, for any wireless technology,
there are several challenges that still need to be
addressed before their deployment on the smart
grid. These challenges are described in the fol-
lowing subsections.

COVERAGE AND CAPACITY TRADE-OFF
Some smart grid applications (e.g., SCADA and
AMI) require the access network to cover a
large area. Unfortunately, since the interfer-
ence level increases as the number of nodes
increases, the coverage of a wireless network
has an inverse relationship with the channel
capacity; therefore, there is a trade-off between
coverage and capacity in conventional direct
transmission systems.

One potential solution is to use relaying tech-
nologies, whereby one long wireless link is bro-
ken into two or more shorter lower-power links.
Due to the inherent broadcast nature of the
communications from the source, it may be pos-
sible for one or more nodes receiving strong sig-
nals from the source to forward them to the
destination. Therefore, relaying transmission is
an important technique to widen the coverage
and enhance the capacity [8].

RELIABILITY
The reliability of a network can be defined in
terms of its robustness, survivability, and suffi-
ciency of its connectivity to support a pre-
scribed level of performance. Most smart grid
applications (e.g., AMI) require reliable com-
munications paths from the customers back to
the high-speed core network. However, radio
propagation in wireless communications is
affected by several factors, such as multipath
fading, which may result in a temporary fail-
ure of the communication due to a severe
drop in the received s ignal-to-noise rat io
(SNR). Furthermore, wireless networks may
suffer disruptions caused by adverse weather
conditions (e.g., thunderstorms) that could
attenuate the transmission ability of the wire-
less network.

Using relaying technologies, the transmit sig-
nal can be passed through both the direct com-
munication channel and the relay channel(s).
With the aid of a receiver combining strategy,
the multipath fading effects can be averaged or
even removed. Under adverse weather condi-
tions, a direct transmission link may be blocked.
It is feasible to build alternate links using the
rest of the nodes, thus offering capabilities of
self-forming and self-healing to the ICT infra-
structure.

SPECTRUM ISSUES

RF spectrum is the lifeblood of wireless commu-
nication systems. However, current ICT for the
smart grid has access to limited numbers of fre-
quencies, which are primarily designated for
SCADA and AMI. Using current transmission
techniques, it is very challenging to support addi-
tional demands from certain new smart grid
applications, such as video surveillance. The effi-
cient use of RF spectrum is therefore a critical
issue that needs to be addressed before the
deployment of extensive wireless networking in
the smart grid.

The spectral utilization efficiency is often
measured by spectral efficiency, which is defined
as the number of bits that can be communicated
over a given bandwidth within a unit of time (in
bits per second per Hertz).

Due to the contributions of relay channels,
which can boost the signal strength at the desti-
nation, relaying technologies can achieve higher
spectral efficiency than direct transmission.

CONVENTIONAL RELAYING STRATEGIES

Based on the above discussion, there is a com-
mon need for applying relaying technologies in
wireless networks. We consider such a relay-
based wireless system, where one or more relays
working in the half-duplex mode are used to
retransmit the signals to the destination (D). In
this relay-based system, the data communication
can be divided into two time slots. This is
required due to the half-duplex constraint, which
means that the relays are unable to receive and
transmit data simultaneously. In the first time
slot, the source (S) broadcasts its information to
both D and one or more relays. In the second
time slot, the relays forward the received data to

Figure 1. Demonstration of conventional relaying protocols: a) amplify-and-
forward (AF); b) decode-and-forward (DF).
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D. By using relays, D could achieve much higher
reliability in decoding the information from S by
taking advantage of spatial diversity.

The main challenge in the relay-based system
is how to use the relays efficiently, which
requires study of how to use the relay(s) and
also how many relays are needed. When we con-
sider a single-relay system, the relaying protocol
at the relay could significantly affect the system
performance. Here, we present a brief overview
of conventional relaying protocols (i.e., AF and
DF). As illustrated in Fig. 1a, after the first time
slot, one relay receives a noisy version of the
transmitted signal from the source. The AF
relaying protocol allows the relay to amplify and
retransmit these noisy data to D.

Another simple relaying protocol is DF. As
shown in Fig. 1b, the DF protocol allows the
relay to decode the received signals from S and
then re-encode and forward them to D. The
performance of DF heavily depends on whether
the relay can successfully decode the transmit-
ted signals. If the relay fails to decode the sig-
nal correctly, it  may be able to detect this
through a cyclic redundancy check and not
transmit the data. If the errors are not detect-
ed, they will be propagated to the destination
and lead to even worse performance than for
direct transmission. In either case, the relay is
unable to improve detection performance at D.

On the other hand, if the signal is correctly
decoded at the relay, the destination will
receive a stronger signal and thus obtain
improved performance.

CASE STUDIES FOR IMPROVING SPECTRAL
EFFICIENCY OF RELAYING TRANSMISSION

It is noteworthy that the RF spectrum in the
smart grid is a very valuable resource, as noted
in the discussion earlier. Unfortunately, conven-
tional relaying technologies (i.e., AF and DF)
boost the signals at the destination at the
expense of consuming extra resources (e.g., the
time and spectrum allocated to the relay). Ineffi-
cient use of these resources leads to low spectral
efficiency. The spectral efficiency loss in a multi-
ple-relay system (e.g., a wireless mesh network)
could be even worse if either multiple time slots
or frequency bands are exclusively allocated to
different relays. In order to improve the spectral
efficiency while retaining the advantages of
relaying transmission, it is necessary to study
advanced relaying technologies. In the following
subsections, we present two case studies that
investigate two potential strategies: a two-relay
system using beamforming concepts and a bidi-
rectional relaying strategy for a two-way infor-
mation exchange system.

Figure 2. An example of relaying technology implementation in the smart grid: relaying technology-based
advanced metering infrastructure.
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THE OVERALL SETTING

Considering AMI in the smart grid, the aim is to
upload energy consumption data to the utility
for DR applications. An example of a wireless
network for implementing AMI is shown in Fig.
2. There are two scenarios in which relaying
technologies can be used. In a NAN, customers
2 and 3 could act as relays that help customer 1
to transmit data to the advanced metering
regional collector (AMRC). Furthermore,
AMRCs can help each other to transmit data to
the utility’s head-end system (UHES). In the fol-
lowing, we discuss the implementation of relay-
ing technologies in NANs.

Suppose that a NAN is implemented using
wireless technology based on the ZigBee stan-
dard, and the channel center frequency is cho-
sen to be 2405 + 5(k – 11) MHz, where the
channel index k is a random integer in the range
k Œ [11, 26]. The bandwidth is assumed to be 2
MHz, and the channels between the relay and
the end nodes are assumed to suffer frequency-
flat Rayleigh fading. Considering the path loss,
we adopt the International Telecommunication
Union (ITU) indoor propagation model [10], in
which the distance power loss coefficient is set
to be 28 dB/decade. The transmit power is set
to be 0 dBm, and the antenna gain is 2.5 dB.
Additive white Gaussian noise (AWGN) is
added to the communication channels with the

power level of –110 dBm. Without significant
loss of generality, all customers are assumed to
be located on the x–y plane. Customer 1 is locat-
ed at the origin (0,0), and the AMRC is at the
coordinates (L, 0). The coordinates of the relay
(either customer 2 or 3) are denoted by (x, y),
where x and y are uniformly distributed values
with ranges x Œ [0, L] and y Œ [–L/2, L2]. To
emulate the interference from other unlicensed
spectrum users (e.g., WiFi or ZigBee), we
assume that 1~3 users (with 3 dBm transmit
power) are using the same frequency band, with
random locations in the ranges x Œ [0, L] and y
Œ [–L/2, L/2].

CASE STUDY 1: UNIDIRECTIONAL TWO-RELAY
SYSTEM WITH COLLABORATIVE BEAMFORMING

Suppose that one smart meter of customer 1
(source) is uploading the data to the AMRC
(destination) while two neighboring customers
(relays) could assist the data transmission pro-
cedure. Using conventional relaying strategies,
two relays forward certain versions of the
received signals to the destination, as shown in
Fig. 3a for AF and Fig. 3b for DF. No matter
which relaying protocol is used, AF or DF, the
two-relay system faces a challenge: Because of
different channel phases at the two relays, the
correlation properties of the received signals
at the destination will be distorted. This means

Figure 3. Relaying protocols combined with 2-relay beamforming: a) unidirectional AF relaying protocol
plus beamforming, and b) unidirectional DF relaying protocol plus beamforming.
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a superposition of the signals at the destina-
tion will not necessarily strengthen the intend-
ed signals.

Collaborative beamforming [11] can be intro-
duced to adaptively adjust the transmit signal
phases and amplitudes at the two relays. For
example, as shown in Fig. 3, the signal phase at
relay 2 is adjusted. Taking advantage of collabo-
rative beamforming, the received signals at the
destination can be constructively added at the
destination to improve SNR. To enable collabo-
rative beamforming, the relays are assumed to
be synchronized by the use of reference signals
from a positioning system such as the global
positioning system (GPS). In addition, we
assume that the relays are sufficiently separated
so that any mutual coupling effects among their
antennas are negligible.

The spectral efficiencies of different relaying
strategies are compared in Figs. 4a and 4b,
where the x-axis denotes the distance between
two end nodes and the y-axis denotes the system
spectral efficiency. As shown in Fig. 4a, when

direct transmission is available, relaying strate-
gies yield spectral efficiency (also coverage) gain
over direct transmission for any transmission dis-
tance. Beamforming in the unidirectional two-
relay AF system results in marginal improvement
compared to the single-relay AF strategy, while
adding an extra relay node also increases system
complexity. Meanwhile, the performance of the
two-relay DF system with collaborative beam-
forming is similar to the single-relay DF strategy.
This is because the overall information rate of
the system is, in fact, limited by the channel con-
ditions between the source and the two relays in
the first time slot. One poorly conditioned chan-
nel from the source to one of the relays will
eventually impair the overall spectral efficiency
of the two-relay DF strategy. In Fig. 4b, we can
see that if direct transmission is blocked, relay-
ing technologies can still achieve satisfactory
spectral efficiency.

The empirical cumulative distribution func-
tion (CDF) of spectral efficiency is shown in
Figs. 4c and 4d, where the x-axis denotes the

Figure 4. Comparisons of relaying technologies with direct transmission: a) spectral efficiency when direct transmission is available; b)
spectral efficiency when direct transmission is blocked; c) empirical spectral efficiency cumulative distribution function when direct
transmission is available; d) empirical spectral efficiency cumulative distribution function when direct transmission is blocked.
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spectral efficiency X and the y-axis denotes the
empirical CDF F(X). The spectral efficiency
CDF F(X) is defined as the percentage of sys-
tems having a spectral efficiency less than or
equal to X. The simulation results are based
on an assumption that the distance between
the two end nodes is 70 m. The CDF shows
results for 10,000 different channel conditions
for a given distance between the two end
nodes. It should be emphasized that the steep-
er the curve, the more robust the system can
be. In addition, shifting the curve to the right
implies that it can obtain higher spectral effi-
ciency. In Figs. 4c and 4d, we can see that all
relaying strategies are more reliable than direct
transmission.

CASE STUDY 2: BIDIRECTIONAL RELAYING FOR
INFORMATION-EXCHANGE SYSTEM

DR applications in the smart grid require high-
data-rate two-way communications between the
customers and the UHES. Using conventional
unidirectional relaying strategies in NAN, four
time slots are needed to accomplish the informa-
tion exchange process, leading to low spectral
efficiency.

As shown in Fig. 5, the bidirectional relaying
strategy requires only two time slots to complete
an information exchange process. In the first
time slot, two end nodes (e.g., customer 5 and
AMRC 3 in Fig. 2) send their information to the
relay (e.g., customer 4) using the same frequency
band, leading to a superposition of the received
signals at the relay. Note that because we assume
that all nodes are working in the half-duplex
mode, two end nodes cannot decode the signals
in the first time slot. Using the AF relaying pro-
tocol, the relay directly forwards its received sig-
nals to both end nodes. Because these two end
nodes have their own copies of transmitted sig-
nals, they can subtract their own signals and
obtain the information transmitted from the
other node. We note that the channel state
information between the relay and two end
nodes can be estimated by using a channel esti-
mation scheme, such as pilot symbol insertion or
training bits [12, 13]. In this way, a higher spec-
tral efficiency can be achieved, since the infor-
mation at the two nodes is exchanged using
fewer time slots.

If the bidirectional relaying strategy is applied
together with the DF relaying protocol, the relay
needs to decode the superposed signals. Optimal
performance can be achieved using a maximum
likelihood (ML) detection algorithm. Using ML,
the detection error can be minimized but at the
expense of high complexity. With lower compu-
tational cost, other approaches can obtain near
ML performance. One approach is the so-called
vertical Bell Labs layered space time (V-BLAST)
detection algorithm [14]. Using V-BLAST, we
first detect the signal from one node by treating
the signal from another node as interference.
We then subtract the detected signal vector from
the received signal vector, and perform detection
on the resulting signal vector. The advantage of
the V-BLAST algorithm is that its computation-
al complexity is low and fixed for the whole
range of SNRs. Therefore, we consider the V-

BLAST detection algorithm at the relay for the
bidirectional DF relaying system.

It can be seen from Figs. 6a and 6b that
despite the blocked direct transmission, the bidi-
rectional relay strategies are always superior to
direct transmission when the transmission dis-
tance is relatively long. This phenomenon arises
from the facts that bidirectional relay strategies
exchange information using fewer time slots than
unidirectional relay strategies do, and that the
bidirectional relay strategies do not use the
direct link for transmitting information as the
two end nodes are working in the half-duplex
mode. Bidirectional DF is inferior to direct
transmission when the transmission distance L is
less than 35 m. This is because, when using V-
BLAST, we treat the signal from another node
as interference (it becomes stronger as the trans-
mission distance becomes shorter), thereby
decreasing the information rate of the whole sys-
tem. Furthermore, we can see from Figs. 6c and
6d that even though the bidirectional relay
strategies are not as reliable as the conventional
relaying strategies, they can achieve higher spec-
tral efficiency regardless of the availability of a
direct transmission link.

CONCLUSIONS

In this article, we have discussed the challenges
of wireless communication technologies when
applied to the smart grid. In order to improve
the coverage, spectral efficiency, and reliability
of smart grid communications, we have investi-
gated several potential relaying strategies (e.g.,
collaborative beamforming for multiple-relay
systems and bidirectional relaying for informa-
tion exchange systems). It has been shown that
all relaying strategies can improve the reliability
of smart grid communications thanks to spatial
diversity. For DR applications, which require
two-way information flow, the spectral efficiency
and coverage of smart grid communications can
be improved by using bidirectional relaying
strategies. For SCADA applications where the
data flow is mostly in one direction, two-relay
systems can only achieve marginal improvement
over a single-relay system at the expense of
increased implementation complexity.

ACKNOWLEDGMENT
H. Sun and A. Nallanathan acknowledge the sup-
port of the U.K. Engineering and Physical Sci-
ences Research Council (EPSRC) with Grant No.

Figure 5. A bidirectional relaying strategy that uses only two time slots when
two end nodes exchange information.

R

S1 S2b1

b1

b2

b2

Time slo
t 1 Time slot 1

Time slot 2Time slo
t 2

SUN LAYOUT_Layout 1  12/14/12  2:05 PM  Page 57



IEEE Wireless Communications • December 201258

EP/I000054/1. B. Tan, J. Jiang, and J. S. Thomp-
son acknowledge support from the Scottish Fund-
ing Council for the Joint Research Institute in
Signal and Image Processing between the Univer-
sity of Edinburgh and Heriot-Watt University, as
part of the Edinburgh Research Partnership in
Engineering and Mathematics (ERPem). H. V.
Poor acknowledges the support of the U.S.
National Science Foundation under Grants CNS-
09-05086, CNS-09-05398, and CCF-10-16671.

REFERENCES
[1] Trilliant Inc., Wireless WAN for the Smart Grid: Distribu-

tion Networking for Today’s (and Tomorrow’s) Smart
Grid Communications Infrastructure, Redwood City, CA,
Mar. 2010.

[2] P. P. Parikh, M. G. Kanabar, and T. S. Sidhu, “Opportu-
nities and Challenges of Wireless Communication Tech-
nologies for Smart Grid Applications,” Proc. IEEE Power
and Energy Society General Meeting, Minneapolis, MN,
USA, July 2010, pp. 1–7.

[3] J. Wang and V. C. M. Leung, “Comparisons of Home
Area Network Connection Alternatives for Multifamily
Dwelling Units,” Proc. 4th IFIP Int’l. Conf. New Tech-
nologies, Mobility and Security, Paris, France, Feb.
2011, pp. 1–5.

[4] V. C. Gungor, B. Lu, and G. P. Hancke, “Opportunities
and Challenges of Wireless Sensor Networks in Smart
Grid,” IEEE Trans. Industrial Electronics, vol. 57, no. 10,
Oct. 2010, pp. 3557–64.

[5] B. Lichtensteiger et al., “RF Mesh Systems for Smart
Metering: System Architecture and Performance,” Proc.
IEEE Int’l. Conf. Smart Grid Commun., Gaithersburg,
MD, Oct. 2010, pp. 379–84.

[6] G. Iyer et al., “Performance Analysis of Wireless Mesh
Routing Protocols for Smart Utility Networks,” Proc.
IEEE Int’l. Conf. Smart Grid Commun., Brussels, Bel-
gium, Oct. 2011, pp. 114–19.

[7] T. Iwao et al., “Dynamic Data Forwarding in Wireless
Mesh Networks,” Proc. IEEE Int’l. Conf. Smart Grid
Commun., Gaithersburg, MD, Oct. 2010, pp. 385–90.

[8] B. Tan and J. S. Thompson, “Relay Transmission Proto-
cols for In-Door Powerline Communications Networks,”
Proc. IEEE Int’l. Conf. Commun. Wksps., Kyoto, Japan,
June 2011, pp. 1–5.

[9] H. A. Suraweera et al., “Amplify and Forward (AF)
Relaying with Optimal and Suboptimal Transmit Anten-
na Selection,” IEEE Trans. Wireless Commun., vol. 10,
no. 6, June 2011, pp. 1874–85.

[10] ITU-R Recs., “Propagation Data and Prediction Meth-
ods for the Planning of Indoor Radio Communication
Systems and the Radio Local Area Networks in the Fre-
quency Range 900 MHz to 100 GHz,” Geneva, Switzer-
land, 2001.

[11] H. Ochiai et al., “Collaborative Beamforming for Dis-

Figure 6. Comparisons of relaying technologies with direct transmission: a) spectral efficiency when direct transmission is available; b)
spectral efficiency when direct transmission is blocked; c) empirical spectral efficiency cumulative distribution function when direct
transmission is available, d) empirical spectral efficiency cumulative distribution function when direct transmission is blocked.

Distance between two end nodes (m)

(a)

(c)

3020

1.5

1

Sp
ec

tr
al

 e
ff

ic
ie

nc
y 

(b
/s

/H
z)

2

2.5

3

3.5

4

4.5

5

40 50 60 70 80 90

Direct transmission
1 relay DF
1 relay AF
2 relays DF+beamforming
2 relays AF+beamforming

Spectral efficiency X (b/s/Hz)

0

0.2

1

Em
pi

ri
ca

l C
D

F 
F(

X
)=

Pr
(s

pe
ct

ra
l e

ff
ic

ie
nc

y 
≤ 

X
)

0.1

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5 64321

Direct transmission
1 relay DF
1 relay AF
2 relays DF+beamforming
2 relays AF+beamforming

(d)
Spectral efficiency X (b/s/Hz)

0

0.2

1

Em
pi

ri
ca

l C
D

F 
F(

X
)=

Pr
(s

pe
ct

ra
l e

ff
ic

ie
nc

y 
≤ 

X
)

0.1

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5 64321

Direct transmission
1 relay DF
1 relay AF
2 relays DF+beamforming
2 relays AF+beamforming

Distance between two end nodes (m)

(b)

3020

1.5

1

Sp
ec

tr
al

 e
ff

ic
ie

nc
y 

(b
/s

/H
z)

2

2.5

3

3.5

4

4.5

5

40 50 60 70 80 90

Direct transmission
1 relay DF
1 relay AF
2 relays DF+beamforming
2 relays AF+beamforming

SUN LAYOUT_Layout 1  12/14/12  2:05 PM  Page 58



IEEE Wireless Communications • December 2012 59

tributed Wireless Ad Hoc Sensor Networks,” IEEE Trans.
Signal Proc., vol. 53, no. 11, Nov. 2005, pp. 4110–24.

[12] B. Jiang et al., “Channel Estimation and Training
Design for Two-Way Relay Networks with Power Alloca-
tion,” IEEE Trans. Wireless Commun., vol. 9, no. 6, June
2010, pp. 2022–32.

[13] T.-H. Pham et al., “Optimal Training Sequences for
Channel Estimation in Bi-Directional Relay Networks
with Multiple Antennas,” IEEE Trans. Commun., vol. 58,
no. 2, Feb. 2010, pp. 474–79.

[14] C. Z. W. H. Sweatman et al., “Comparison of Detec-
tion Algorithm Including BLAST for Wireless Communi-
cation Using Multiple Antennas,” Proc. IEEE PIMRC, vol.
1, London, U.K., Sept. 2000, pp. 698–703.

BIOGRAPHIES
HONGJIAN SUN (mrhjsun@hotmail.com) is a postdoctoral
research associate in the Institute of Telecommunications
at King’s College London, United Kingdom. In 2010 he
obtained his Ph.D. degree from the University of Edin-
burgh, United Kingdom, where he received a Wolfson
Microelectronics Scholarship. From September 2011 to Jan-
uary 2012, he was a visiting postdoctoral research associ-
ate at Princeton University, New Jersey. His recent research
interests include smart grid, cognitive radio, power line
communications, cooperative communication, compressive
sensing, and femtocells.

BO TAN (b.tan@ed.ac.uk) received his B.Eng. and M.Sc.
degrees from Beijing University of Posts and Telecommuni-
cations (BUPT), China, in 2004 and 2008, respectively. He is
currently a Ph.D. candidate at the University of Edinburgh.
Meanwhile he is a research associate in the Department of
Electronic & Electrical Engineering, University College Lon-
don since February 2012. His research interests include
power line communications and its applications in smart
grid, passive radar, and hardware approaches for signal
processing.

JING JIANG (jing.jiang@surrey.ac.uk) received B.Eng. and
M.Sc. degrees from Harbin Institute of Technology, China,
in 2005 and 2007, respectively, and a Ph.D. degree in elec-
tronic engineering from the University of Edinburgh in
2011. Since June 2011, she has been a research fellow
with the Centre for Communication Systems Research, Uni-
versity of Surrey, United Kingdom. Her research interests

include multiple-input multiple output (MIMO) and virtual-
MIMO systems, cognitive radio systems, relay and coopera-
tion techniques, and energy-efficient system design.

JOHN S. THOMPSON (john.thompson@ed.ac.uk) was appoint-
ed as a lecturer at what is now the School of Engineering
at the University of Edinburgh in 1999. He was recently
promoted to a personal chair in Signal Processing and
Communications. His research interests currently include
energy-efficient communications systems, antenna array
techniques, and multihop wireless communications. He has
published over 200 papers to date including a number of
invited papers, book chapters, and tutorial talks, as well as
co-authoring an undergraduate textbook on digital signal
processing. He is also the academic deputy leader for the
EPSRC/Mobile VCE Green Radio project, which involves a
number of international communication companies. He
was the Founding Editor-In-Chief of IET Signal Processing
and was a technical programme co-chair for the GLOBE-
COM conference in Miami in December 2010.

ARUMUGAM NALLANATHAN (nallanathan@ieee.org) is the head
of graduate studies in the School of Natural and Mathe-
matical Sciences and a Reader in Communications at King’s
College London. From August 2000 to December 2007, he
was an assistant professor in the Department of Electrical
and Computer Engineering at the National University of
Singapore. His research interests include smart grid, cogni-
tive radio, and relay networks. He has authored nearly 200
journal and conference papers. He is an Editor for IEEE
Transactions on Communications, IEEE Transactions on
Vehicular Technology, IEEE Wireless Communications Let-
ters, and IEEE Signal Processing Letters. He served as an
Editor for IEEE Transactions on Wireless Communications
(2006–2011).

H. VINCENT POOR [F] (poor@princeton.edu) is Dean of Engi-
neering and Applied Science at Princeton University, where
he is also the Michael Henry Strater University Professor.
His interests include statistical signal processing and infor-
mation theory, with applications in several fields. He is a
member of the NAE, the NAS, and the RAE. Recent recog-
nition includes the 2010 IET Fleming Medal, the 2011 IEEE
Sumner Award, and honorary doctorates from Aalborg
University, the Hong Kong University of Science and Tech-
nology, and the University iof Edingburgh.

SUN LAYOUT_Layout 1  12/14/12  2:05 PM  Page 59



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


