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Abstract—In this paper, we exploit the benefits of combining the
diversity gains that arise from cooperation, multiple propagation
paths, and opportunistic relaying (OR) of multiple users. Our
goal is to improve the energy efficiency of the amplify-and-
forward (AF) single-relay-assisted single-carrier frequency-
division multiple-access (SC-FDMA) uplink, where the single
relay considered may support a single user or may be shared
by multiple users who communicate over dispersive channels
subject to large-scale fading. Based on the proposed amalgam of
single-tap frequency-domain equalization (FDE) and a diversity-
combining-aided receiver that relies on the minimum mean-square
error (MMSE) criterion, three different relay selection schemes
designed for either single-user or multiuser relaying scenarios are
investigated, when combined with source/relay power sharing,
which employ imperfect power control. Our results demonstrate
that, at a bit error ratio (BER) of 10~4, the proposed receiver
can save 2 dB power by achieving a higher cooperative diversity
gain than the conventional receiver. Moreover, a beneficial energy
efficiency improvement may be achieved when the cooperative
regime operates at E, /Ny < 0. Most importantly, when the
shadowing variance is increased from 4 dB to 8 dB, the energy
consumption gain gleaned from our multiuser and multiaccess
relay selection schemes may increase to 4 ~ 9, compared
with the direct transmission in the absence of shadowing at
E,/No = —10dB.

Index Terms—Cooperative communications, diversity combin-
ing, energy efficiency, frequency-domain equalization (FDE),
opportunistic relaying (OR), power allocation, relay selection,
single-carrier frequency-division multiple-access (SC-FDMA).

I. INTRODUCTION

OOPERATIVE communication [1] systems have at-
tracted the attention of both academia and industry in
recent years, because they can achieve a diversity gain in
large-scale fading environments by sharing the resources of
the cooperating user terminals. This case allows us to jointly
exploit the benefits of both time and frequency diversity to mit-

Manuscript received April 12, 2010; revised July 24,2010, October 18, 2010,
and December 20, 2010; accepted December 29, 2010. Date of publication
January 10, 2011; date of current version March 21, 2011. The work reported
in this paper has formed part of the Core 5 Research Programme of the
Virtual Centre of Excellence (VCE) in Mobile and Personal Communications,
Mobile VCE, www.mobilevce.com, whose funding support, including that of
EPSRC, is gratefully acknowledged. Fully detailed technical reports on this
research are available to Industrial Members of Mobile VCE. This work was
presented in part at the 2010 IEEE Spring Vehicular Technology Conference,
May 16-19, 2010, Taipei, Taiwan. The review of this paper was coordinated by
Dr. D. W Matolak.

The authors are with the School of Electronics and Computer Sci-
ence, University of Southampton, SO17 1BJ Southampton, U.K. (e-mail:
jz07r@ecs.soton.ac.uk; lly @ecs.soton.ac.uk; lh@ecs.soton.ac.uk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2011.2104985

igate the deleterious effects of wireless propagation and/or to
increase the attainable system throughput and energy efficiency
[2]-[5]. Recently, the family of cooperative-diversity-oriented
multiple-access (MA) and distributed multiple-input—multiple-
output (MIMO)-aided multiplexing techniques has been in-
voked to design the uplink of advanced cooperative cellular
networks [6]-[8]. Furthermore, the cooperative concepts have
been extended to broadband systems by designing techniques
for mitigating the effects of frequency-selective fading with the
aid of multicarrier (MC) techniques associated with appropri-
ate source/relay power sharing [9], [10].

From a multiuser (MU) network point of view, the coop-
erative link sharing from the source mobile terminals (MTs)
to the base station (BS) can be determined by choosing the
single or multiple relays [11] from a cluster of idle MTs.
In general, the random relay selection (RRS) philosophy al-
lows the BS to randomly appoint a relay without any channel
knowledge, but in this case, simultaneous gains from relaying
path and selection diversity are limited. By contrast, the so-
called distance-dependent relay selection (DD-RS) [8] policy
is based on the distance from the relay to the source MT or
BS; hence, relay candidates (RCs) that benefit from a high path
gain may experience deep shadowing and fast fading. However,
the channel-dependent relay selection (CD-RS) regime benefits
from a certain degree of freedom in terms of selecting the coop-
erating MT by monitoring the instantaneous channel conditions
in a distributed scenario, including the associated path-loss,
shadowing, and multipath fading eftects. Therefore, it is also
known as opportunistic relaying (OR) [12], which can exploit
the selection diversity, which we refer to as MU diversity, that
arises from appropriate relay selection [13]-[16].

The single-carrier frequency-division multiple-access (SC-
FDMA) technique [17] was adopted for the uplink of the Third-
Generation Partnership Project (3GPP) Long-Term Evolution
(LTE) standard [18]. In recent years, Falconer et al. [19], [20]
have investigated the SC modulation with /inear and nonlin-
ear frequency-domain equalization (FDE) [21] techniques for
broadband receiver solutions. Furthermore, the principle of
SC-FDMA and its discrete Fourier transform (DFT) spread or-
thogonal frequency-division multiplexing (OFDM) [22] trans-
mitter structures using either interleaved or localized subband
mapping schemes were studied in [23] and [24]. SC-FDMA
was shown to avoid the multiuser interference (MUI) imposed
by the cooperative sources and relays upon the uplink receiver
of the BS while maintaining a low peak-to-average power ratio
(PAPR). The amplify-and-forward (AF) single-relay-assisted
SC-FDMA uplink scheme was proposed in [25] for both single
dedicated relaying (SDR), with each dedicated relay aiding a
single user, and single shared relaying (SSR), with a single
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shared relay aiding all the active users. The AF relay estimates
the received power of each subband and equalizes the power
differences of the subbands, which corresponds to subband-
based equalization. By inheriting the features of the SC-FDMA
system that invokes a DFT-spread (S)-OFDM-style transmitter,
this relaying scheme carries out the so-called subband remap-
ping [25] at the relay to remove the effects of both noise
and interference inflicted by other relays without changing the
frequency band of the signals transmitted from the source MT.
One OFDM scheme that relies on time-division-multiplexing-
based cooperative relaying and uses minimum mean-square
error (MMSE)-assisted frequency-domain equalizers (FDEs)
was proposed in [26]. However, in [25] and [26], MMSE-FDE
was independently operated in the context of the direct and
relaying branches, which were then combined with the aid
of a time-domain (TD) equal-gain combiner (EGC) [27]. In
[28]-[32], linear and adaptive FDEs that rely on diversity-
combining schemes were invoked for multiple-antenna-aided
SC- or OFDM-based block transmissions. Furthermore, in
[33]-[35], the receive diversity-combining techniques that were
designed for SC-FDMA and rely on cooperative relays were
considered by stipulating the idealized simplifying assumption
that the relays perfectly demodulate/detect the source signals
before forwarding them.

e Although the authors of the aforementioned articles
proposed various FDEs amalgamated with diversity-
combining schemes designed for MIMOs, for OFDM, or
for relaying systems, due to the potentially nonwhite noise
contribution of AF cooperative relaying, the equivalent
noise encountered at the BS is also nonwhite. Furthermore,
we typically encounter a different noise power at each co-
operative branch; hence, the conventional maximum ratio
combiner (MRC) [27] becomes suboptimal, unless noise
whitening is adopted. To the best of our knowledge, no
article investigated the joint design of the linear single-
tap FDE amalgamated with the diversity combiner of
the direct and relayed link using noise whitening for the
AF-relaying-assisted SC-FDMA uplink.

* Because finite-delay power control schemes that use a
discrete stepsize cannot perfectly perform in realistic wire-
less uplink transmissions, the source/relay power sharing
employed imposes a time-varying level of power control
error (PCE) [36]. In [6], [9], [10], and [13], various
relay selection and source/relay power allocation schemes
were proposed and studied, but no such schemes were
designed for the cooperative SC-FDMA uplink under im-
perfect power control, with the goal of improving energy
efficiency.

e The authors of [37]-[39] studied various relay selection
schemes designed for OFDM and CDMA systems sub-
jected to both path-loss and multipath fading. However,
cooperative relaying allows the collaborating mobiles to
avoid the typical diversity gain erosion imposed by shad-
owing effects as a benefit of their geographically separated
locations. Hence, we embarked on investigating the relay-
selection-induced benefits of our system in the presence of
shadow fading, whose impact on the energy efficiency of
cooperative SC-FDMA systems has not been documented
in the open literature.

In this paper, we propose and investigate an energy-efficient
opportunistic cooperative relaying scheme designed for
SC-FDMA arrangements. The joint frequency-domain equal-
ization and combining (JFDEC)-aided receiver is designed to
detect the cooperative SC-FDMA uplink signals. In this paper,
both single-user relay selection (SU-RS) and multiuser relay
selection (MU-RS), as well as multiple-access relay selection
(MA-RS), are considered in diverse opportunistic cooperative
relaying scenarios. By contrast, in [40], only the SU-RS and
MU-RS schemes based on the JFDEC receiver were studied in
the context of the SDR topology.

e Furthermore, in contrast to the open literature, our focus
is mainly on the analysis of the energy efficiency of the
cooperative SC-FDMA system, where energy efficiency is
quantified in terms of the energy consumption ratio (ECR)
and energy consumption gain (ECG), as defined in [41].

e The MMSE-criterion-aided JFDEC scheme considered in
[40] is further detailed, which amalgamates the design of
the linear single-tap FDE and the diversity combiner of
the direct and relayed link with noise whitening applied at
the BS.

e Furthermore, we investigate the MA-RS scheme created
by generalizing the SU-RS and MU-RS philosophies de-
veloped from the context of the SDR-to-SSR topologies,
where the relative merits of the SU-RS, MU-RS, and
MA-RS schemes are discussed in light of their complex-
ity, and the effects of imperfect power control' are also
quantified.

* In addition, we demonstrate that, upon encountering a real-
istic propagation path-loss and shadowing, significant re-
laying and selective diversity gains are attainable through
the proposed optimal power allocation (OPA)*-aided
SU-RS, MU-RS, and MA-RS schemes, which allows us to
reduce the required signal-to-interference-plus-noise ratio
(SINR) for improving the performance of ECG. Finally,
the practicability and feasibility of various power-sharing
schemes are discussed in terms of their computational
complexity.

This paper is organized as follows. In Section II, the system
model of the cooperative SC-FDMA uplink is presented. In
Sections III and IV, we outline the improved signal detection
and investigate the relay selection schemes, respectively. The
attainable performance of our proposed schemes is quantified
by the simulation results in Section V. Finally, we conclude in
Section VL.

II. RELAY-ASSISTED
SINGLE-CARRIER—FREQUENCY-DIVISION
MULTIPLE-ACCESS SYSTEM MODEL

A. Transmitted Signal of Source MT

The relay-assisted SC-FDMA system considered supports
K uplink users referred to as the source MTs in a cell. There

'PCEs are imposed on the MT’s transmit power due to the feedback delay
and estimation errors at the BS.

2Optimized transmit power sharing of cooperative MTs is assigned by the
BS through feedback channel by ignoring the PCE.
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Fig. 1.

are also idle terminals, which can be activated as the relays. The
transmitter’s block diagram is shown in the upper illustration of
Fig. 1. The U-symbol baseband equivalent discrete-time signal
transmitted by the kth source MT before inserting the cyclic
prefix (CP) may be expressed as [25]

sit =\ PIFUPLFya)

where the superscript * refers to the TD signal, whereas F; and
JF n denote the normalized U- and N-point fast Fourier trans-
form (FFT) matrices, respectively. Furthermore, P}, represents
the mapping of the kth user symbols to the most appropriate N
subbands selected from the entire set of U = M x N subbands,
where M is the bandwidth expansion factor. We refer to this op-
eration as subband mapping. In the FDMA context considered,
this subband mapping regime guarantees that the maximum
number of orthogonal users supported is equal to the BW
expansion factor, i.e., we have K < M, and the MU system
operates at its full load when we have ' = M. Moreover, the
interleaved subband mapping mode in our system is defined as
Ph(ui) = 1if uw = iM + k; otherwise, Py (4,i) = 0 (0 < u <
U—1,0<i< N — 1), where Py () is the (u, n)th entry of
Py,and we haveu =0,1,.... U - 1,n=0,1,...,N — 1. In
addition, x§, denotes the original N-symbol information packet
of the kth user. Finally, PkS is the source MT’s transmitted
power determined by the power allocation and subjected to
PCE, as discussed in Section II-B.

(1)

B. Channel Modeling and Assumptions

For simplicity, we assume that the source MTs, relays, and
BS are all located in a line and the relays roam between the
source and destination. Let us assume that the length of the
source—destination (S-D) link is the reference distance in
the propagation model with a path-loss exponent n [27]. Then,
the instantaneous path-loss values of the relay channels, which
are denoted by Gggr for the source-relay (S-R) and Grp for
the relay—destination (R-D), respectively, become the corre-
sponding relaying gains, which incorporate the effects of the
average path loss combined with shadowing. In particular,
the average path losses of the S-R and R-D links are de-
noted by dqp and Oy, respectively, where dsg + orp = 1,
and dsg and drp are the distance normalized by the S-D
distance. The shadowing component is characterized by the log-
normal distribution associated with a zero mean and a standard
deviation of o, i.e., we have {(dB) ~ N (0, Jg). Therefore,

DFT-S-OFDMA -style transmitter and MMSE-assisted JEDEC BS receiver.

we can write Gsg = &srdgn, Grp = ErpOR . Whereas the
shadowing effect at the S—D link is denoted by {sp [42].

Note that, in a small-scale scenario, we assume that the
systems experience frequency-selective fading associated with
L paths. However, each subcarrier is assumed to experience flat
fading. We assume that perfect channel-state information (CSI)
is available for both the relays and BS, including the path loss,
shadowing, and fast fading.

Furthermore, to guarantee fair comparison between the co-
operative and noncooperative systems, the total signal power
P of each user is normalized to unity. In particular, the source
and relay MTs’ transmit power assigned to the kth user are
quantified as PP = e;as P and Pf = eRal*P, respectively.
The imperfect power control effects imposed on the transmitted
power of the MTs can be evaluated by modeling it using the
classic log-normal distributed PCE with a standard deviation of
o (in decibels), i.e., e(dB) ~ N(0,02) [36]. In addition, we
quantify the power constraints of the source and relay as

af +ap =1 2)
where o and of represent the power sharing between the
source and the relay. Note that, in the SSR topology, the relay
simultaneously transmits all the /K users’ signals while obeying
the power constraint given by

K-1
QR = Z ag =1
k=0

3)

C. Relaying Models

To separate multiple users in the FD and, hence, to avoid
MUI, each source MT is assigned a single relay by the BS
according to the OR mechanism, as detailed in Section IV.
The block diagram of the AF relay model is shown in Fig. 2.
We assume that the cooperation is half duplex time division
based. Hence, during the first time slot (TS;), all the K
source MTs broadcast their messages represented by si’t, (k=
0,1,..., K — 1), which are received by both the relays and the
BS through the S-R and S-D links, respectively. During the
second time slot (TSy), which is the cooperation phase, we
consider both the SDR and SSR scenarios.

In the SDR system, the relays only forward the signals from
the dedicated source MT to the BS through the R-D links,
implying that a total of K relays are required for K source MTs.
The signal received by the k'th relay (¢’ =0,1,..., K — 1)
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Fig. 2. AF relay structure.

and by the BS during TS; and TS, respectively, are expressed
by the U-length vectors of

it =/Gsn Z 2 G (4a)
RD, ~
=V/Gro Z Hy syt +al (4b)

where I~{2R’t and ﬁkR,D’t host the (U x U) TD channel co-
efficient matrices of the S-R and R-D links for the kth and
K'th source MT’s signals, respectively, whereas n,C and 7 D ¢
represent the U-length complex-valued additive white Gaussmn
noise (AWGN) vectors with a zero mean and a variance of 012\,
at each element, i.e., we have CN(0, 0%;) at both the kth relay
and the BS, respectively.

Alternatively, a single relay may be shared by K source
MTs to form a SSR uplink. Therefore, the representation of the
signals received at the relay and the BS is given by

SR,t
—VGSRZH St-l-nRt (5a)
PPt = \/Gro " s 4 Dt (5b)

where all the K source signals are embedded in the forwarded
messages, which is denoted by s™*

By invoking the subband-based equalization-aided AF
scheme, the relay’s received TD signals are first transformed to
the FD by the U-point DFT operation and then demapped to the
appropriate N subbands by P% , which we refer to as subband
demapping [24]. Each user’s resulting signal is multiplied by
the (N x N)-element diagonal matrix as

Bl = diag {BLo, Blu. - Bl vy } ©

where the nth element is the specific gain factor of the nth
subband, yielding [25]

ﬁlff,n _ \/PR/ l:PSGSR ‘hSRf

+ 012\,] ) 7

Then, the relay’s signal that corresponds to the kth user is
mapped to the subbands assigned to the kth source MT. We
refer to the joint subband mapping and demapping procedure as
the subband remapping operation. Therefore, the relay’s trans-
mission is free from interference, because neither the source
MT nor the relay inflicts interference during relaying. Then, the
U-point inverse discrete Fourier transform (IDFT) operation is
invoked to transform the signal to the TD before it is transmitted

to the BS. Finally, the transmitted signal of the kth relay during
TS, is expressed as

sy =\ PEGseFUPWBLH, e + 1yt (®)

where H ER’f represents the kth user’s (N x N)-element diag-
onal equivalent FD channel matrix that characterizes the S-R
link, i.e., we have

SR,
HY —pTF H, " FEP,

—diag {W5 0N @
Note that the noise imposed on the kth user’s signal is affected
at the relay as

= FUPLBPL Fun,t (10)
where the noise imposed on the other users’ subbands is re-
moved as an additional benefit.

III. SIGNAL DETECTION
A. Representation of Received Signal at the BS

The BS receiver structure is portrayed in Fig. 1, lower part.
After removing the CP, the U-point DFT transforms the TD
signal to the FD, followed by subband demapping at the BS
receiver. Then, the FD signals of the kth user received through
the direct branch during TS; and signals that arrive through the
relaying branch during TS5 can be expressed by the N-symbol
vectors of

Yor =\ PoésoH ) xh, +ngt (11a)

Yo = mHk,D 8L HM 2t + nD(11b)

where H EP’f and H E}D"f are the (N x N)-element equivalent
diagonal FD channel matrices at the S—D and R-D links,
respectively. Furthermore, nOD’f and ﬁ?’f represent the noise
vectors with a length of N and represented by CN(0,0%),
which are imposed at the BS during the two time slots, respec-
tively. We amalgamate the aforementioned two equations into a
2N-length joint observation vector as

yo = \/PSHL !, + nP ! (12)
where the (2N x N)-element joint equivalent FD channel ma-
trix is given by

D,f ,
P |:H0,k’:| _ [ \/§SDI{3§}:1C a3
i HY, VGroGseH ' Bl HY

In addition, we formulate the nth element of the diagonal
matrices H OD’;, and H llj’kf, as

0 k’ @hSD k'n (14a)
hw =Bl o V/GroGsrhyg TS (14b)
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Similarly, the total received noise of the £th user at the BS in-
cludes the noise contribution imposed by the £’th relay after the
aforementioned subband remapping operation plus the noise
added at the BS during the two time slots, which is expressed
by a 2N-length vector as

b _ [ng” P Fuiy
= = ~ RD,t _ ~
" Al | T | PLFe (VO H R+ Al )
15)

B. MMSE-Assisted JFDEC

Based on (12), it can readily be shown that the optimum
MMSE solution is given by

—1
wh = (RP) REP (16)
where the autocorrelation matrix of y?,’f is given by
H
RP = PSHDS (H?,’f) + Rup (17)

with R,p = E[nPf(nPH ] = diag{ RE®, R}P}
denoting the covariance matrix of nPf, where RSD =
E["()Di(n(])j’;ff] =oxIn ar;SD fRTD = E[ny" (n")"] =
o |GroH ' 8L (BI)T (HPHY + 1], Thus,  the
. . D.f _D.f
corresponding power of the noise components n;’ and 1,
in the nth subband during TS; and TSs can be expressed
as NP, =03 and NP, = a?v(ﬁ,fﬁ/,n)QGRD|hkRRf|2 + 0%,
respectively. In (16), R} " is the cross-correlation matrix
between y?,’f and wfs w» Which can be expressed as
xD D.f
R® =P3H.". (18)
Therefore, when substituting (17) and (18) into (16), the
(2N x N)-element optimum-weight matrix of the MMSE-
aided JFDEC is formulated as

" 1

wb =P} {P,CS,HE/f (fof) - RHD} HY' (19
where the matrix inversion operation can be applied to the
(N x N)-element diagonal matrices RSP and R}P, respec-
tively. Note that R%P is a (2N x 2N)-element nondiagonal
matrix. Hence, the complexity of inverting RP might be high.
To jointly implement the low-complexity single-tap FDE and
diversity combining, the matrix inversion lemma® of [24] can
be invoked, and then, (19a) is formulated as

. .
WP = PSR HD! {P,E, (H};’;f) RAIHD 41y
(19b)

Consequently, by substituting H B’f and R, p into the afore-
mentioned equation, we obtain WE,, which is constituted by

3Assuming that the matrices A and B have (N x N) and (N x M)
elements, respectively, and I s is an (M X M)-element identity matrix, we
have (A+ BBY)"'1B=A"'B(BYA"'B+1I,)" "

two (N x N)-element diagonal matrices, yielding

RnD -1 HD,f/ H B
T ——

wbh =
Y (R HY,

" N -1
+(H§ﬁ,) (RP) 1HB;§,+1/P§IN] . (19¢)

Hence, the nth and (n + N)th elements of WL, can be ex-
pressed by

D D.f 2 D D.f D
wk/7n = hO,k’,nek/”/UN wk/,(n+N) = hl,k’,nek/”/'/\[l,n
(20)
where e/, is given by
Dt %, 2 Dt |2, \/D R -
Chin = ‘hO,}e’,n Jon + ‘hL}c’,n [NT, + 1/ Py
2D

In fact, ey, is the FD MMSE value in the nth subband of
the k'th user’s signal, which will be discussed in more detail
in Section ITI-C. It will be shown that the weight matrix W5,
can jointly carry out single-tap FDE and diversity combining
of the direct and relay branches. In particular, the coefficients
hOD”kf,ﬁnek/n and hli’kf,’nek/n in (20) are used for single-tap FDE
in conjunction with diversity combining while obeying the
MMSE criterion, where noise whitening is carried out at both
branches by normalizing it according to the noise power %
and N, , respectively.

C. Relationships of MMSE, SNR, and SINR

Correspondingly, upon applying the weight matrix (WB)H
to yg,’f, signals that arrive from both the direct and relaying
branches are combined into an N-length observation vector
in the FD, which are then transformed into the TD decision
variable vector for }, by the N-point IDFT, yielding

N H .
gt = FLWR) Tyt = ALl 14t (22)

where A}, is the (N x N)-element TD circulant influence
matrix of desired signals, and 7', is the N-length TD noise
vector after equalization. The gain factor between '}, and its
estimate of ;f;],?,’t is given by the diagonal elements of the matrix
A}, [43].

Furthermore, the TD estimation error vector e}, between the
transmitted signal x}, and the estimated signal @]k),’t can be
expressed as

-~ Dt

ez./ = :E}f/ - yk' = :132/ - AZ/.’EZ/ - 'f'/tD (23)

where the covariance matrix of e}, is given by
H
R, =E|el (e})"]
=PIy — 20 {4y} + 4} (AL)"] + o3 Inea)

with R{ A}, } denoting the real part of A},. Therefore, Re;; | is

also an (N x N)-element circulant matrix with identical diag-
onal elements, which implies that, due to the averaging effects
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of the N-point IDFT operation, all the kth users’ resulting TD
symbols within the vector have the same MMSE value ej.
This MMSE value can be calculated as the average of the FD
MMSE values over N subbands, yielding the MMSE of the
joint solution as

1= 1
e = N Z 6k’,n = NTI‘ |:Ref€,:| .

(25)
n=0
Hence, (21) can be also derived by
S xD H D
ek’ \n = [Ref } = Pk/IN — (RZ/ ) Wk’
k' In . n
=Po/ (W + Yo + 1) (26)

where the instantaneous received SNRs of the direct and relay-
ing branches in the nth subband are expressed as

2
,VI]CD’On :72’]:,)77, = Pks’fSD !h.fS'D,k’n /UJQV (2721)
-1
ot = (/70 + 1/75) (27b)
2
Vi = PP Gsr ‘hii’f /0% (27¢)
R RD.f|% |, SR.f|?
R Py GrpGsr ‘hk/,ﬁ ‘hk/,h
oo, = 27d)

2 SR,f
ON (GSR ’hk’,n

. .
+ o%‘V/PEv)

We note that ey ,, has already appeared in (21) and it is also
equivalent to the general result for the optimum MMSE solution
of the noncooperative scenario [24], [44].

Consequently, according to the relationship between the
SINR and MMSE as a general feature of the MMSE criterion
[24], we obtain the k’th user’s instantaneous overall received
SINR at the output of our proposed scheme in the form of

which is derived in the Appendix in the form of (45).

i =Pget — 1

—1
1+95P.+

1 N-1
—{~ —1
N ,; l(l/%?/l?n +1/785,)

(28)

D. Energy Consumption Metrics

To evaluate the MU system’s performance in terms of the
achievable power reduction, we introduce the following two
energy consumption metrics: 1) the energy consumption rate
(ECR), which is expressed in the unit of joules per bit, and
2) the ECG, which is defined as the ratio of the ECR of
reference system over the ratio of the system advocated [41].
Therefore, the ECR of single-hop direct transmission that oper-
ates without cooperation may be defined as

K-1

D

k=0

BT <~ P, _KP
Rdirp - Z Rdir - Rdir
k k=0 "k P

EORdir =

(29)

where T' denotes the time-slot duration, i.e., time duration per
hop, whereas RIS)RQ denote the achievable ergodic single-user
rate and MU sum rates of the (-)-type transmission, i.e., of
direct or AF-cooperative transmissions.

Similarly, the ECR of two-hop AF-cooperative transmissions
may be expressed as

K-1 K-1

PST+ PRT <~ P} + P}
ECRar = Y T > T o (30)
k=0 k=0

Because we assume Y, (PS + PR) = KP, by using the
direct transmission as a reference, the ECG of cooperative
transmissions is given by

_ ECR4,  2RAF

ECG = -
CC= ECRar — RE"

€2y

We assume that the system bandwidth was normalized to
unity in our baseband processing; hence, RY

terms of bits per second per hertz, is given by

, expressed in

K-1

Ry =FE lz N%g log, (1+ 7(‘))]

k=0

(32)

where the factor 1/Nrg indicates the effect of the Nrg time
slots required for direct or cooperative transmission.

Therefore, the corresponding instantaneous SINR of the kth
user may be expressed as

O_ Ly oyl
W=l (1) | -t
n=0

In particular, for direct transmission, we have an equivalent
instantaneous SNR in the nth subband of the kth user given

by
2
/ o2

By contrast, for AF cooperation, the kth user’s received equiv-
alent instantaneous SNR in the nth subband can be expressed,
according to (28), as

_ 111
en =80+ [O0F5) + GER) ]

(33)

dir,f
hk,n

Yo = Préair (34)

(35)

IV. OPPORTUNISTIC COOPERATIVE RELAYING

OR allows a single relay to be selected from a cluster of
J(J > 0) inactive MTs, which are the RCs, depending on
which MT provides the best end-to-end link between the source
and the destination [12]. In this section, the source/relay power
sharing and relay selection are investigated for power-efficient
opportunistic cooperation. Three relay selection schemes—the
SU-RS, MU-RS, and MA-RS regimes—are shown in Fig. 3.
The BS is assumed to acquire the channel-state information at
receiver (CSIR) and the SNR of all the cooperative links based
on pilot-assisted channel estimation, which were formulated
in (27a), (27c), and (27d). Power sharing and relay selection
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SU-RS for SDR

O Source

Fig. 3.

MU-RS for SDR
. Target Relay

MA-RS for SSR

O Relay Candidate I—\ Base Station

Opportunistic cooperative-relaying-aided SC-FDMA uplink.

are carried out with the objective of maximizing the average
received instantaneous SINR of each user at the BS for both the
direct and relaying branches. In addition, we assume that the
transmissions of the S—D, S—-R, and R-D links are orthogonal,
and hence, they do not impose an increased MUI.

A. Source/Relay Power Allocation

The proposed systems invoke the linear and adaptive
source/relay power sharing modes. The family of linear power
sharing includes equal power allocation (EPA) and default
power allocation (DPA) for the SDR and SSR systems, re-
spectively. In particular, the EPA mode adjusts the transmitted
powers of the kth source and jth RC to be equal, whereas the
DPA mode shares the transmitted power between the source MT
and relay according to the number of active source users within
the system. Hence, we have

EPA for SDR: o, =aj, =0.5 (36a)
DPA for SSR: o =1—1/K
ol =1/K (36b)

Alternatively, the adaptive OPA mode may be invoked for both
SDR and SSR systems, which maximizes the average SINR
expression of (28) for the kth user with the aid of the jth RC by
associating the CSIR, yielding

AF (.S R
SmaX ik (@5 )
] k>
subject to ajs-.k + a?k =1
ajs».k >0 a?k >0

K-1

for SSR: Zajk—
k=0

(37)

B. SU-RS

Initially, we examine the relay selection schemes designed
for the SDR topology. If the total number of idle MTs that
access the single-cell BS is high, more RCs may be considered
for activation as the target relay. Because each source MT
can seek a target relay from a cluster of J RCs, which are
independent of the other source MT’s RC, we propose the
SU-RS scheme, where a total of (K x J) inactive MTs are

required to support K source MTs. The BS calculates the
overall SINR of the kth user while tentatively relying on any
of the J RCs and then selects the RC with the maximum SINR,
which is associated with the index of jgpt, as formulated in
-opt

Jp = arg max {’ij}

J > 0).
jel0,J-1] (7>0)

(38)

C. MU-RS

However, when the total number of inactive MTs that roam
within a cell is low, the number of available RCs may be-
come insufficient, because J x K RCs would be required for
K sources in SU-RS. To circumvent this limitation of the
SDR regime, we propose the MU-RS scheme, which allows
the multiple-source users to access a shared RC, where each
source’s data are forwarded by selecting a single desired relay
for cooperative transmission. In particular, a cluster of K source
MTs is collectively associated with a cluster of J(J > K)
RCs, but the system only requires a total of K target relays.
Furthermore, the system invokes the optimal partner ordering
method by extending the relay-ordering regime in [16] to
take into account both multiple sources and multiple relays to
optimize cooperative partner pairing. Our regime calculates
the overall SINR of all the K source MTs’ signal by tentatively
assuming cooperation with all the J RCs and chooses the
specific source-relay pairs with the highest K received SINR
values at the BS, which are provided by the RCs that correspond
to the particular source MTs. In particular, at the ¢th iteration,
the desired relay’s index j}‘;";t selected for assisting the kth
source MT is assumed to be the pairing index ¢, which are
compiled in descending order, yielding

VSR T -t 3 G SR
Thus, upon removing the kth source MT and the j kp th relay
from the selected pools, the target relay of the (k + 1)th user
may be allocated during the next iteration using (39).

D. MA-RS

By contrast, in the SSR system, the relay selection should
take into account the overall performance of all the links from
all source MTs that aim at sharing a relay, because multiple-
source MTs have to gain access to a common target relay
by evaluating the benefits of an entire cluster of RCs, where
the minimum number of RCs is independent of the number
of sources, i.e., we have J > 0. Hence, the proposed MA-RS
scheme looks for a single relay indicated by j°P*, which offers
the maximum sum of SINRs results for the K-source MTs,
which is formulated as

j€(0,J-1]

P = arg max {%E Z%k} (J >0). (40)

E. Computational Complexity

The computational complexity of the different power al-
location and relay selection procedures should be quantified
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TABLE 1
SIMULATION PARAMETERS

Subband mapping scheme Interleaved

Number of source users K =48

Total number of relay candiates | 16 or varying
Number of subbands per user N =38

Bandwidth expansion factor M =38

Total number of subbands U =64

Number of paths L =8

Path-loss exponent n=20,4

Shadowing variance ag =0,2,4,8 (dB)
PCE variance o2 = 0,2 (dB)

to find the most suitable algorithm. The EPA benefits from
the lowest complexity, regardless of the number of users and
relays involved, whereas the DPA requires both the sources
and the relays to have the knowledge of K, but beneficially,
it dispenses with any iterations. The OPA exhibits the highest
complexity, which depends on both the specific optimization
algorithm employed and the stepsize of the power control
strategy adopted. From a MU point of view, SU-RS, MU-RS,
and MA-RS all require (K x J) iterations among RCs for all
K users. However, from a SU point of view, SU-RS only needs
J iterations, which is independent of the number of sources,
whereas MU-RS still requires (K x .J) iterations to calculate
the index of the desired relay for each source MT. In addition,
RRS does not require any iteration among RCs. We assume
that, in practical cellular systems, the number of cooperative
users and the number of RCs within each cluster may not be
high, e.g., less than ten in total, but lower complexity search
algorithms may be considered for this selection stage to reduce
the signal processing power and time delay.

V. SIMULATION RESULTS AND DISCUSSIONS

In our simulations, we investigate the uncoded binary phase-
shift keying (BPSK) modulated link-level performance of the
proposed schemes subject to shadowing under imperfect power
control with propagation path-loss scenario, experiencing the
frequency-selective Rayleigh fading. Our parameters are sum-
marized in Table 1.

Initially, we consider a simple idealized system that expe-
riences only small-scale fading, whereas the effects of shad-
owing, path-loss, relay selection, and power control are all
ignored. Fig. 4 illustrates the bit error ratio (BER) versus the
E, /Ny performance of the AF relaying system that relies on
different receiver solutions for full-load uplink transmissions
over a dispersive channel with L = 8 paths while supporting
K = 8users. Compared to the FDE-EGC method, the proposed
JFDEC scheme jointly carries out FDE and diversity combining
through the optimized weights of (20) over each subband for
both the direct and relaying branches. Quantitatively, our pro-
posed scheme can achieve approximately 4-dB power reduction
at a BER of 10~%, which is an explicit benefit of the cooperative
diversity gain, whereas the FDE-EGC scheme only saves 2-dB
power.

Furthermore, to characterize the effects of varying the ratio
of the source/relay power and the locations of the relays in the
presence of path loss but without shadowing, Fig. 5 depicts the

SC-FDMA AF (N=M=K=L=8)

- 15— : T R T Gaussian
10 ‘ — Rayleigh
= R
2 e S Power Reduction
1072 2 by at BER=10" up.to
5
~ 2 4dB
23
m 1 07 , YA
5 - EN K
1074| * Direct \ \\
O SDR, FDE-EGC =
5| 0] SSR, FDE-EGC ; L
5 Q SDR, JFDEC L N
1075 & SSR, JFDEC \ﬁi
0 2 4 6 8 10 12 14 16 18 20
Ey/Ng (dB)

Fig. 4. BER performance comparison and power reduction by ignoring the
effects of path and shadowing.
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optimum relay
position at dgp=0.4

Fig. 5. Effects of varying shared power and relaying distance.

BER versus the (o}, 0rp) performance of the SDR topology
for n =4 at E,/Ny = 8 dB, where perfect power control is
assumed for both the source and the relay. Because the path
loss of the S—R and R-D links is lower than the path loss
of the S-D link, high relaying gains are attainable at the BS
through the relaying branch, which is confirmed by the curve
denoted by the V marker. Because we assume that the total
transmitted power of the system is constant, the source MT can
transmit its own signal at a higher a%, as indicated by the curve
marked by A for a% = 0.75, which is then attenuated by the
long-distance S—D and S-R links during TS;. By contrast, the
relay transmits the signal forwarded to the destination at a lower
o in TS, when the relay roams within the desired relaying
area near the BS, as indicated by the curve marked by legend
V for égp = 0.4, which is expected to have a high relaying
gain. Therefore, observing the relay located at this optimum
position, the BER performance of the EPA mode recorded for
a% = 0.5 only slightly decreases compared with the OPA mode
for oz% = 0.75 but requires lower complexity. In addition, due
to the power constraint of the SSR uplink, the default transmit
power of the source MT is a function of K. Hence, the optimum
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Fig. 6. SDR: BER performance of relay selection schemes that invoke EPA.

value of a% may be the a% of DPA for the SSR topology, which
is larger than the optimum value of a% designed for the SDR
topology. In summary, both EPA and DPA are more practical
schemes when subjected to imperfect power control, which
is an explicit benefit of their low complexity, when invoked
in the context of the SDR and SSR topologies, respectively.
By contrast, OPA improves the achievable performance at an
increased complexity.

For fair comparison, we assume that we have K = 4 source
MTs, assisted by J =4 and J =16 RCs for SU-RS and
MU-RS, respectively. Upon varying the effects of shadowing
under imperfect power control at all links for transmission over
Rayleigh fading channels in the presence of path loss for n = 4,
Figs. 6 and 7 characterize the overall average BER versus
the E}, /Ny performance of different relay-selection-aided AF
systems that invoke EPA and OPA, respectively. As observed in
Fig. 7, the achievable gain of the OPA recorded for a% =0.75
is limited to about 1 dB at a BER of 10~* compared to the
EPA curves recorded for aﬁ = 0.5 in Fig. 6, which indicates
the robustness of the proposed cooperative regime. In addition,
we know that, according to Fig. 5, the activation of the relay
in the vicinity of the optimal location can achieve a similar
performance to OPA. Compared with the RRS characterized in
both Figs. 6 and 7, the fixed relay associated with the optimal
relay position of dgp = 0.4 offers a 3-dB relaying gain at a
BER of 1074, whereas both SU-RS and MU-RS provide a
substantial MU diversity gain, which is about 4 dB at a BER
of 10~*. Furthermore, the proposed MU-RS has the edge over
SU-RS, providing an additional MU diversity gain in excess
of 2 dB, which is a benefit of the relay selection procedure
that avoids the effects of deep shadow fading. As a result, the
transmitted power can be reduced by about (E,/No)a = 4 dB
at a BER of 10~ when we have ag = 4dB, 052 = (0dB.

By contrast, the relay selection effects on the attainable BER
performance of the SSR system upon varying the shadow-
fading variance under imperfect power control are character-
ized in Fig. 8. The fixed relay can obtain a 3-dB relaying
gain, which is similar to the SDR system. Although only a
single R-D link exists in the system, this target relay can be
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Fig. 8. SSR: BER performance of relay selection schemes that invoke DPA.

selected by considering the position tradeoffs among multiple-
source MTs and multiple RCs in an effort to reduce the path
loss. Meanwhile, a useful diversity gain is still attainable by
relay selection for transmission over Rayleigh fading channels.
However, MA-RS considers the single-relay-based support of
all K source users, whose signal occupies all the (K x N)
subbands while considering all the (K x .J) possible S-R links.
Thus, the selection diversity gain achieved in the presence of
deep shadow fading does not improve the link-level reliability
quantified in terms of the BER performance. Therefore, the
DPA-aided MA-RS allows the system to achieve a BER of 10~4
at E,/Ny = 6 dB when we have Ug = 02 = ( dB. In addition,
because the power control determines the transmit power of all
source MTs and relays, the corresponding performance differ-
ences between o2 = (0 and 02 = 2 are quantified in Figs. 6-8
for the EPA, OPA, and DPA schemes in the presence of both
perfect and imperfect power control.

In addition to the aforementioned BER performance analysis,
we quantify the sum rate of all user’s data transmissions to
represent the attainable MU system throughput in terms of
the Shannon continuous-input—continuous-output memoryless
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Fig. 9. Effect of varying the number of relay candidates.

channel (CCMC) capacity [45]. From a resource management
point of view, Fig. 9 depicts the attainable system throughput
as a function of the total number of RCs when the number of
source MTs was fixed to K = 4 and we had E},/Ny = 4 dB.
Observe in Fig. 9 that the sum rate improves upon increasing
the number of RCs. In particular, the MU-RS scheme can
substantially improve the throughput compared to the SU-RS
approach, particularly when communicating over channels sub-
ject to shadow fading. Moreover, the sum rate of MA-RS is
not unduly affected by varying the number of RCs compared
with both the SU-RS and MU-RS schemes. In addition, we note
that MA-RS can support OR, even when the number of RCs is
J < K.

To quantify the attainable energy efficiency when invoking
different power sharing and relay selection schemes, Fig. 10
illustrates ECG versus the E}, /Ny performance of both the SDR
and SSR systems for a shadowing variance of 8 dB under
perfect power control for SU-RS in conjunction with J =4
and for MU-RS using J = 16. Clearly, when aiming for a fixed
target E, /Ny of, e.g., —10 dB in the presence of shadowing
compared with a noncooperative direct transmission scenario,
the MU diversity gain accrued from avoiding small-scale fading
allows the MU-RS scheme to achieve a significant ECG of
4 for EPA and 4.5 for OPA, whereas SU-RS attains gains of
2.6 and 3.1 for EPA and OPA, respectively. MA-RS obtains a
similar ECG as the OPA-aided SU-RS but imposes significantly
lower complexity. Finally, RRS has the lowest gain of about 1.5,
regardless of the specific power allocation employed.

Furthermore, because we adopt the direct transmission
regime in the absence of shadowing as a reference, the shad-
owing effects imposed on ECG are illustrated in Fig. 11
for MU-RS that invokes EPA and in Fig. 12 for the DPA-
aided MA-RS associated with J = 16 under perfect power
control. The ECG difference between the scenarios associated
with different shadowing variances implies that opportunistic
scheduling constitutes a power-efficient design when commu-
nicating over realistic shadow-fading channels associated with
ag =0,2,4,8 dB compared with the noncooperative bench-
markers. In particular, when reducing the transmit power and,
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hence, E}/Ny, the ECGs of both MU-RS and MA-RS are
more substantially increased for a? = 8 dB compared with the
lower fading variances considered. For instance, MU-RS and
MA-RS may achieve an ECG of 9 and 8 at F}, /Ny = —10 dB,
respectively.

VI. CONCLUSION

In this paper, we have evaluated the performance bene-
fits of the energy-efficient opportunistic AF cooperation-aided
MU SC-FDMA uplink, which was designed to be free from
any MUI at the relays when communicating over frequency-
selective fading channels in shadow-fading scenarios. The
CD-RS schemes were investigated, considering source/relay
power sharing based on the proposed JFDEC-MMSE solution,
to exploit the MU selective diversity combined with cooperative
diversity in the presence of both pass loss and shadowing while
subjected to imperfect power control. Our results demonstrate
that, at a BER of 10~%, the proposed receiver can save 2-dB
power by achieving a higher cooperative diversity gain than the
conventional receiver. For instance, when the channel exhibits
a shadowing variance of 8 dB at E;, /Ny = —10 dB, an ECG
of 2.5 ~ 4.5 is attainable by invoking the proposed SU-RS,
MU-RS, and MA-RS schemes compared with the noncooper-
ative scenario. Most importantly, the ECG gleaned from our
MU-RS and MA-RS schemes may increase to 4 ~ 8 when the
shadowing variance is increased from 4 dB to 8 dB, compared
with the direct transmission in the absence of shadowing at
E,/Ny = —10dB.

APPENDIX

Because we have (22) in Section III-B, all the diagonal
elements of A};, are equal, which are given by

Ay]

N 1 .
B Dif D D,f
Z ( wp ) ho s m + (wk’,(n-i-N)) th’,n) :

(41)

a}gc’n

The power of the desired signal at any instant is expressed by

Pies = PP (ahn)”

2 2 2
1 Rl ’ho k'\n ‘h?}j n
=P | <> + = ern| . (42)
* N n=0 0—12\’ Nan !

In parallel, the power of the estimated signal, which is defined
as the power of the desired signal plus the power of the ISI, is
given by the circulant covariance matrix of the estimated signal
;E/E, © as follows:

Prat = Pues + Prss = %Tr (B [Apay (=) (a3)"])

N1 LD 2 D 2 2

Py & ‘ 0,k",n ‘ 1Lk n

ISy B
N 2 L v @)
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In addition, the desired signal is corrupted by the noise, whose
power is given by the diagonal elements of covariance matrix
of the equivalent noise at the receiver, yielding

S

2
D.f D.f
N-1 ) )
1 ‘ho,k’,n ‘huca,n 9 (44)
=— err .
2 D k'n
N oN NP,

)

Hence, we obtain the overall SINR ;s per bit simplified as
follows:

Il
\
—_

I

g

=
+
)

?SU
+
—_

(45)

REFERENCES

[1] L. Hanzo, O. Alamri, M. El-Hajjar, and N. Wu, Near-Capacity Multifunc-
tional MIMO Systems: Sphere-Packing, Iterative Detection and Coopera-
tion. Hoboken, NJ: Wiley, 2009.

[2] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation
diversity—Parts 1 and ILI,” IEEE Trans. Commun., vol. 51, no. 11,
pp. 1927-1948, Nov. 2003.

[3] R. U. Nabar, H. Bolcskei, and F. W. Kneubiihler, “Fading relay channels:
Performance limits and space-time signal design,” IEEE J. Sel. Areas
Commun., vol. 22, no. 6, pp. 1099-1109, Aug. 2004.

[4] P. Anghel and M. Kaveh, “Exact symbol error probability of a cooper-
ative network in a Rayleigh fading environment,” /EEE Trans. Wireless
Commun., vol. 3, no. 5, pp. 1416-1421, Sep. 2004.

[5] J.N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in
wireless networks: Efficient protocols and outage behavior,” IEEE Trans.
Inf. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

[6] W. Fang, L.-L. Yang, and L. Hanzo, “Single-user performance of direct-
sequence code-division multiple access using relay diversity and power
allocation,” IET Commun., vol. 2, no. 3, pp. 462—472, Mar. 2008.

[71 R. Zhang and L. Hanzo, “Coding schemes for energy-efficient
multisource-cooperation-aided uplink transmission,” [EEE  Signal
Process. Lett., vol. 16, no. 5, pp. 438-441, May 2009.

[8] L. Wang and L. Hanzo, “The resource-optimized differentially modulated
hybrid AF/DF cooperative cellular uplink using multiple-symbol differen-
tial sphere detection,” IEEE Signal Process. Lett., vol. 16, no. 11, pp. 965—
968, Nov. 2009.

[9] Y. Li, B. Vucetic, Z. Zhou, and M. Dohler, “Distributed adaptive power
allocation for wireless relay networks,” IEEE Trans. Wireless Commun.,
vol. 6, no. 3, pp. 948-958, Mar. 2007.

[10] M. Kaneko, K. Hayashi, P. Popovski, K. Ikeda, H. Sakai, and R. Prasad,
“Amplify-and-forward cooperative diversity schemes for multicarrier sys-
tems,” IEEE Trans. Wireless Commun., vol. 7, no. 5, pp. 1845-1850,
May 2008.

[11] E. C. van der Meulen, “Three-terminal communication channels,” Adv.
Appl. Probab., vol. 3, no. 1, pp. 120-154, 1971.

[12] A. Bletsas, A. Khisti, D. Reed, and A. Lippman, “A simple cooperative
diversity method based on network path selection,” IEEE J. Sel. Areas
Commun., vol. 24, no. 3, pp. 659-672, Mar. 2006.

[13] Y. Zhao, R. Adve, and T. J. Lim, “Improving amplify-and-forward relay
networks: Optimal power allocation versus selection,” IEEE Trans. Wire-
less Commun., vol. 6, no. 8, pp. 3114-3123, Aug. 2007.

[14] A. Bletsas, H. Shin, and M. Z. Win, “Cooperative communications with
outage-optimal opportunistic relaying,” IEEE Trans. Wireless Commun.,
vol. 6, no. 9, pp. 3450-3460, Sep. 2007.



ZHANG et al.: THE ENERGY-EFFICIENT CHANNEL-DEPENDENT COOPERATIVE RELAYING FOR SC-FDMA UPLINK

[15] R. Madan, N. Mehta, A. Molisch, and J. Zhang, “Energy-efficient coop-
erative relaying over fading channels with simple relay selection,” IEEE
Trans. Wireless Commun., vol. 7, no. 8, pp. 3013-3025, Aug. 2008.

[16] Y. Jing and H. Jafarkhani, “Single- and multiple-relay selection schemes
and their achievable diversity orders,” IEEE Trans. Wireless Commun.,
vol. 8, no. 3, pp. 1414-1423, Mar. 2009.

[17] H. G. Myung, J. Lim, and D. J. Goodman, “Single-carrier FDMA for
uplink wireless transmission,” IEEE Veh. Technol. Mag., vol. 1, no. 3,
pp. 30-38, Sep. 2006.

[18] E-UTRA LTE Physical Layer—General Description, 3GPP Std. TS
35.201 (V8.3.0), 2009.

[19] D. Falconer, S. L. Ariyavisitakul, A. Benyamin-Seeyar, and B. Eidson,
“Frequency-domain equalization for single-carrier broadband wireless
systems,” IEEE Commun. Mag., vol. 40, no. 4, pp. 58-66, Apr. 2002.

[20] N. Benvenuto, R. Dinis, D. Falconer, and S. Tomasin, “Single-carrier
modulation with nonlinear frequency domain equalization: An idea whose
time has come—Again,” Proc. IEEE, vol. 98, no. 1, pp. 69-96, Jan. 2010.

[21] F. Pancaldi, G. M. Vitetta, R. Kalbasi, N. Al-Dhahir, M. Uysal, and
H. Mheidat, “Single-carrier frequency-domain equalization,” IEEE Signal
Process. Mag., vol. 25, no. 5, pp. 37-56, Sep. 2008.

[22] L. Hanzo, M. Miinster, B.-J. Choi, and T. Keller, OFDM and MC-CDMA
for Broadband Multiuser Communications, WLANs and Broadcasting.
Hoboken, NJ: Wiley, 2003.

[23] H. G. Myung and D. J. Goodman, Single Carrier FDMA: A New Air
Interface for Long Term Evolution. Hoboken, NJ: Wiley, 2008.

[24] L.-L. Yang, Multicarrier Communications. Hoboken, NJ: Wiley, 2009.

[25] J. Zhang, L.-L. Yang, and L. Hanzo, “Multiuser performance of the
amplify-and-forward single-relay-assisted SC-FDMA uplink,” in Proc.
IEEE 70th VIC—Fall, Sep. 2009, pp. 1-5.

[26] H. Gacanin and F. Adachi, “A performance of cooperative relay network
based on OFDM/TDM using MMSE-FDE in a wireless channel,” in Proc.
IEEE 70th VTC—Fuall, Sep. 2009, pp. 1-5.

[271 A. Goldsmith, Wireless Communications.
Univ. Press, 2005.

[28] G. Kadel, “Diversity and equalization in frequency domain a robust and
flexible receiver technology for broadband mobile communication sys-
tems,” in Proc. IEEE Veh. Technol. Conf., May 1997, vol. 2, pp. 894-898.

[29] M. V. Clark, “Adaptive frequency-domain equalization and diversity
combining for broadband wireless communications,” IEEE J. Sel. Areas
Commun., vol. 16, no. 8, pp. 1385-1395, Oct. 1998.

[30] A.Gusmao, R. Dinis, and N. Esteves, “On frequency-domain equalization
and diversity combining for broadband wireless communications,” IEEE
Trans. Commun., vol. 51, no. 7, pp. 1029-1033, Jul. 2003.

[31] J. Coon, S. Armour, M. Beach, and J. McGeehan, “Adaptive frequency-
domain equalization for single-carrier multiple-input-multiple-output
wireless transmissions,” IEEE Trans. Signal Process., vol. 53, no. 8,
pp. 3247-3256, Aug. 2005.

[32] J.-S. Baek and J.-S. Seo, “Efficient design of block-adaptive equaliza-
tion and diversity combining for space-time block-coded single-carrier
systems,” IEEE Trans. Wireless Commun., vol. 7, no. 7, pp. 2608-2611,
Jul. 2008.

[33] H. Xiong, J. Xu, and P. Wang, “Frequency-domain equalization and di-
versity combining for demodulate-and-forward cooperative systems,” in
Proc. IEEE ICASSP, Mar. 2008, pp. 3245-3248.

[34] K. S. Woo, Y. J. Kim, H. I. Yoo, J. Kim, S. Yun, and Y. S. Cho, “An
improved receive diversity combining technique for SC-FDMA-based
cooperative relays,” in Proc. IEEE 70th VTC—Fall, Sep. 2009, pp. 1-5.

[35] K. S. Woo, H. Yim, Y. J. Kim, H. I. Yoo, and Y. S. Cho, “An effi-
cient receive-diversity-combining technique for SC-FDMA-based coop-
erative relays,” IEEE Trans. Veh. Technol., vol. 59, no. 8, pp. 4187—4191,
Oct. 2010.

[36] N. Kong and L. Milstein, “Error probability of multicell CDMA over
frequency-selective fading channels with power control error,” [EEE
Trans. Commun., vol. 47, no. 4, pp. 608-617, Apr. 1999.

[37] Z.Han, T. Himsoon, W. Siriwongpairat, and K. Liu, “Resource allocation
for multiuser cooperative OFDM networks: Who helps whom and how
to cooperate,” IEEE Trans. Veh. Technol., vol. 58, no. 5, pp. 2378-2391,
Jun. 2009.

[38] Y. Ding and M. Uysal, “Amplify-and-forward cooperative OFDM with
multiple-relays: Performance analysis and relay selection methods,” IEEE
Trans. Wireless Commun., vol. 8, no. 10, pp. 4963-4968, Oct. 2009.

[39] K. Vardhe, D. Reynolds, and B. Woerner, “Joint power allocation and
relay selection for multiuser cooperative communication,” IEEE Trans.
Wireless Commun., vol. 9, no. 4, pp. 1255-1260, Apr. 2010.

[40] J. Zhang, L.-L. Yang, and L. Hanzo, “Power-efficient opportunistic
amplify-and-forward single-relay-aided multiuser SC-FDMA uplink,” in
Proc. IEEE Veh. Technol. Conf.—Spring, May 2010, pp. 1-5.

Cambridge, U.K.: Cambridge

1003

[41] C. Han, T. Harrold, I. Krikidis, I. Ku, T. Le, S. Videv, J. Zhang,
S. Armour, P. Grant, H. Haas, L. Hanzo, M. R. Nakhai, J. Thompson,
and C. Wang, “Green radio: Radio techniques to enable energy-efficient
wireless networks,” IEEE Commun. Mag.—Special Issue on Green Com-
munications, 2011, to be published.

[42] T. S. Rappaport, Wireless Communications, 2nd ed. Englewood Cliffs,
NJ: Prentice-Hall, 2002.

[43] D. Z. Filho, L. Féty, and M. Terré, “A hybrid single-carrier/multicarrier
transmission scheme with power allocation,” EURASIP J. Wireless Com-
mun. Netw., vol. 2008, pp. 1-11, 2008.

[44] U.Madhow and M. L. Honig, “MMSE interference suppression for direct-
sequence spread-spectrum CDMA,” IEEE Trans. Commun., vol. 42,
no. 12, pp. 3178-3188, Dec. 1994.

[45] J. G. Proakis, Digital Communications, 4th ed. New York: McGraw-
Hill, 2000.

Jiayi Zhang (S°07) received the B.Eng. degree in

2006 from Nanjing University of Aeronautics and

Astronautics, Nanjing, China, and the M.Sc. (with

distinction) degree in 2007 from the University of

Southampton, Southampton, U.K., where he is cur-

rently working toward the Ph.D. degree within the

Communications Research Group, School of Elec-

tronics and Computer Science, and is also involved

in the Mobile Virtual Centre of Excellence Core 4

Delivery Efficiency and Core 5 Green Radio projects.

His research interests in wireless communications

include energy-efficient cooperative relaying, multicell cooperation, and re-
source allocation.

Lie-Liang Yang (M’98-SM’02) received the
B.Eng. degree in communications engineering from
Shanghai TieDao University, Shanghai, China,
in 1988 and the M.Eng. and Ph.D. degrees in
communications and electronics from the Northern
(Beijing) Jiaotong University, Beijing, China, in
1991 and 1997, respectively.

From June 1997 to December 1997, he was a Vis-
iting Scientist with the Institute of Radio Engineering
and Electronics, Academy of Sciences of the Czech
Republic, Prague, Czech Republic. Since December
1997, he has been with the University of Southampton, Southampton, U.K.,
where he is a Professor with the School of Electronics and Computer Science.
His research has covered a wide range of topics in wireless communications,
networking, and signal processing. He has published more than 240 research
papers in journals and conference proceedings, is the author or a coauthor
of three books, and has published several book chapters. Details about his
publications can be found at http://www-mobile.ecs.soton.ac.uk/lly/. He is
currently an Associate Editor for the Journal of Communications and Networks
and the Security and Communication Networks Journal.

Dr. Yang is currently an Associate Editor for the IEEE TRANSACTIONS ON
VEHICULAR TECHNOLOGY.



1004 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011

Lajos Hanzo (F’04) received the B.S. degree in
electronics in 1976, the D.Sc. degree in 1983, and the
honorary doctorate Doctor Honaris Causa degree
in 2009.

During his 34-year career in telecommunications,
he has held various research and academic posts in
Hungary, Germany, and the U.K. Since 1986, he has
been with the School of Electronics and Computer
Science, University of Southampton, Southampton,
U.K., where he is the Chair in Telecommunications.
He is also a Professorial Chair at Tsinghua Univer-
sity, Beijing, China. He has been a coauthor of 20 John Wiley—IEEE Press
books on mobile radio communications, totaling more than 10000 pages. He
currently directs an academic research team, working on a range of research
projects in wireless multimedia communications sponsored by industry, the
Engineering and Physical Sciences Research Council, U.K., the European
IST Program, and the Mobile Virtual Centre of Excellence, U.K. He is an
enthusiastic supporter of industrial and academic liaison and offers a range
of industrial courses. For further information on his research in progress and
associated publications, see http://www-mobile.ecs.soton.ac.uk.

Dr. Hanzo is a Fellow of the Royal Academy of Engineering and the
Institution of Engineering and Technology. He is also the Governor of the IEEE
Communications Society and the IEEE Vehicular Technology Society. He is
the Editor-in-Chief of the IEEE Press, has published about 970 research entries
on IEEEXplore, acted as the Technical Program Committee Chair of IEEE
conferences, presented keynote lectures, and received a number of distinctions.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /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 (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


