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Abstract—! This paper characterises two single-relay assisted single
carrier frequency-division multiple-access (SC-FDMA) anplify-and-
forward (AF) based cooperative strategies employed for mtiuser uplink
transmissions over multipath fading channels. For the sakef exploiting
the benefits of cooperative diversity, we investigate bothirsgle-dedicated-
relaying (SDR) as well as single-shared-relaying (SSR), dnpropose
a frequency-domain (FD) subband-based AF scheme combined ittv
subband remapping, which is benchmarked against convential time-
domain (TD) AF in the context of both of the above-mentioned elaying
topologies. Our simulation results show that cooperative dersity is
beneficial for both SDR and SSR, both in the absence and in thergsence
of multipath diversity. More importantly, the proposed FD- AF scheme is
capable of attaining a multiuser performance, which is beter than that
of the conventional single-user TD-AF protocol operating m a multipath
environment, because of the subband-based AF and noise suppsion
capability of the relay.

I. INTRODUCTION
Wireless cooperative communications and relaying havectéd

system allows user cooperation to achieve a diversity gathowt
imposing MUI by the cooperating sources and relays upon the U
receiver at the basestation (BS). It is worth noting thatFEIDAA is
capable of exploiting the benefits of multipath diversity fiansmis-
sion over broadband channels, while in orthogonal frequelidsion
multiplexing (OFDM) [12] each subcarrier experiences ak&rpath
channel, hence no multipath diversity gain is achieved.at heen
indicated in [13] that SC-FDMA attains a similar overall f'emance
as orthogonal frequency division multiple access (OFDM&YL it
is more suitable for uplink transmission due to its lower kpts
average power ratio (PAPR), which is typically high in mcdtirier
systems [12]. Additionally, the combination of based matioh with
the discrete Fourier transform and inverse discrete Fotndasform
(DFT/IDFT) SC-FDMA transmitter can be adaptively reconfignl
in order to mitigate the effects of time-variant channelse Bystem
is also available to cooperative communications. Hence, nowel
contribution is that we achieve cooperative diversity byligibg

substantial research attention over the past decade as efitbem sophisticated SC-FDMA scheme, which exploits the benefits

of their spatial diversity gain attained in a virtual mulégnput
multiple-output (V-MIMO) scenario created by the distttiéd single-
antenna terminals by sharing resources with their cooperatart-

AF based single-relay assisted user cooperation aided aHsrmis-
sions. Our simulation results show that cooperative dityersay be
achieved for both the single-dedicated-relaying (SDR) aimdjle-

ners. This cooperation allows the system to mitigate thdoradshared-relaying (SSR) strategies in both single-path anHipath

channel’s fading by jointly exploiting the benefits of fremey-
, time- and spatial-diversity. Furthermore, the coopeeastrategy
may also be used to increase the attainable system capaEHg][
Recently, the diversity-multiplexing trade-off (DMT) emuntered in
multiple-access amplify-and-forward (MAF) relaying wameidered
for transmission over block fading channels in [5]. Morepu®oth
the single-user and multiuser performance of relay-assistngle-

scenarios. As a result, the proposed frequency-domain §EB)and-
based amplify-and-forward (AF) scheme is combined withbsunol
remapping at the relay. By contrast, the system invokes muim
mean-square error (MMSE) assisted FDE for each of the catiper
branches at the BS, where a simple time-domain (TD) equal-ga
combiner (EGC) [14] is adopted. The resultant system is ldapaf
achieving a multiuser performance, which is better than tfiahe

carrier direct-sequence CDMA (SC DS-CDMA) [6] was discasseconventional single-user TD-AF protocol operating in a tipakth

in [7], [8]. The relay-based single-carrier modulated ftrency-
domain equalisation (SC-FDE) [9], [10] aided space-freqyeblock
coding (SFBC) assisted interleave-division multipleessc (IDMA)
uplink (UL) was investigated in [11]. Prior studies consile relay-
aided cooperation both in a single-user and in a multiusetexo,
but their employment was typically restricted to transioissover
frequency-flat fading channels. Naturally, at high bit satee channel
becomes frequency-selective and hence its deleterioestgeffiave to
be mitigated. Furthermore, both the multiuser interfeeefMUl) and
inter-symbol-interference (ISI) should be cancelled. Hssociated
processing imposes a high complexity, especially when thaber
of users is high.

environment.

This treatise is organized as follows. In Section I, theteys
model of SC-FDMA is detailed, including both direct transgidn
and relay channels. In Section Ill, we propose the FD-AF dide
cooperation with subband remapping, which will be compamd
conventional TD-AF relaying in the context of both SDR andRSS
schemes. We discuss our simulation results in Section IV and
conclude in Section V.

Il. SYSTEM MODEL

In the SC-FDMA system we investigateds mobile users are
actived as source terminals, while the inactive nodes alags. The

Against this background, in this paper we investigate the céF-based relay stations (RS) simply amplify the signal afresource

operative diversity benefits achievable in the singleyedasisted
single-carrier frequency-division multiple-access (BGMA) uplink
for transmission over frequency-selective fading chasmin€he SC-
FDMA technique advocated adopts SC-FDE combined with gdho
nal subcarrier mapping in order to support multiple usethaevit con-
tamination by MUI. Furthermore, our single-relay assiss€FDMA

1The work reported in this paper has formed part of the Core ge&eh
Programme of the Virtual Center of Excellence in Mobile aners@nal
Communications, Mobile VCE, www.mobilevce.com, whosedimg support,
including that of EPSRC, is gratefully acknowledged. FulBtailed technical
reports on this research are available to Industrial MembéMobile VCE.

without changing their carrier frequency. For the sake qfasating
multiple users in the FD and hence to avoid MUI, each sourdg on
selects a single relay node, which can be dedicated to aesirsgr
or may be shared by multiple users, based on the specificimglay
topology shown in Fig. 1 according to the aforementioned SIDR
SSR philosophy. Furthermore, we assume time division cimqgde
(TDD) in the perfectly synchronised system considered.e@kesin
Fig. 1 that during the first time slot (T all the K sources transmit
their messagess x, (k = 0,1, --- , K—1), which are simultaneously
received by the RS(s) and by the BS via the source-to-rela)(S
and the source-to-destination (S-D) link, respectivelgei, during
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d ’Ts’,/;ﬂ TS, ﬂ ﬁgz) is the complex-valued additive white Gaussian noise (AWGN)
so- component with zero mean and a variance odf, i.e. we have
CN(0,0%) at the BS.

TS: »
\ /A ﬂ /A In order to detect each user’s signal in the FD at a low conitglex

the subband demapping technique of [15] is implementethvield
by a U-point DFT. The subband demapping matrix is capable of

@) S|ngle-Ded|cated-Relay|ng (b) Single-Shared-Relaying removing the MUI imposed by all other users, leading to alsing
Fig. 1. Relaying Topologies for Uplink Transmissions user vector ofN symbols, since we have
the second time slot (B3, the RS forwards its received signal to the T I, fork' =k
BS via the relay-to-destination (R-D) link according to theecific PiPr = { 0, for k'#k )
cooperative strategies to be described in Section Ill. We tioat . )
here the user index at the BS’s receiverkis= 0,1,--- , K — 1.

the effects of path-loss and shadowing have not been taken i/ ' ! '
account in this contribution, which implies the assumptidperfect 11US: this FD single-useiV-symbol vector can be equalised by a

power control for all links. The effects of realistic poweontrol Single-tap MMSE equaliser [15‘]’ in order to uppress theaesf of
errors (PEC) will be considered in our future work. Furtherey the 'S!- FOr thek’-th user, the FDE's output vectgt; ., can hence be
total signal power of each user received via both the diradtralay €XPressed as

branches was set to unity according®e , + Prx = 1. ggfg o= — VPsWH, k’Hé-fg) k/%(f) + ﬁ<f37 (5)
A. Transmitted Source Signal where the superscript?) refers to the FD anngfg A

The SC-FDMA technique used in our work adopts the interldavé’f/fUHg,);,kﬂ“ff"’kl is the diagonal FD channel transfer factor
subband mapping aided DFT spread OFDM (DFT-S-OFDM) arrangé-DCHTF) matrix [12], [15], while then-th (n = 0,1,--- , N — 1)
ment of [13], [15] at the transmitter. Specifically, thé-point DFT element of the(NxN) diagonal weight matrixW sp s of the
is used to transform thi-th user'sN consecutive time-domain (TD) MMSE-FDE is given by [15]

symbols hosted by the vectat” = [z4.0, 251, - , 25 n_1]" Of %) %) 2 2

e S in=Pshd) o J(IWY) PP . 6
duration to 7, into the FD, yieldingz!”) = Fyz'"”, which is WsD,k shsp m/ (1Rgp jrnl Ps 4+ o) (6)
constituted by orthogonal narrow subbands, whefev denotes aqditionally, ﬁg()) =wl, . PL ,Fun'l) is the (Nx N) diagonal

normalised N-point fast Fourier transform (FFT) matrix. Then, alhgjse matrix after equalisation. The processing of theh user’s

the FD interleaving, the resultarl¥ FD symbols are mapped to 3|gnalg§?fl)) ., received at the BS during TSlepends on the specific

orthogonal FD subbands which obeying the bandwidth expansichoice of the relaying scheme, but this relayed signal ishéur

factor M, yielding a total bandwidth o/ = NxM. For further ombined with the direct S|gn§Ing L at the TD by a simple EGC in

details on the SC-FDMA technique please refer to [13], [Hlffice  order to achieve spatial diversity in a virtual MIMO fashjgfelding
to say that the baseband equivalent discrete-time expressithe

transmitted singal before inserting the cyclic-prefix (AB)given A (1) H A~ (f H o (f
by [15]I " eering yelie-prefix (AR)giv 9 = FNOYD o + FNITD ™
50, = VPsFPiFnz?, (1)

where the superscript’ refers to the TD signal anF; denotes the

normalisedU-point fast Fourier transform (FFT) matrix, whif, is C- Sngle-Dedicated-Relaying

the subcarrier-mapping matrix of theth user having a normalised In this single-relaying aided topology, we assume thatethane
transmit power ofPs. To elaborate a little further, the FD subbandmany inactive mobile terminals avaiable which can play thie of
mapping scheme, which is also known as subcarrier mapping rislays during the cooperation phase in a cell. Each of thesetive
multicarrier systems, has to be designed to achieve thermami mobile terminals receives and forwards the strongest bigeaived
attainable frequency diversity in dispersive multipattiifig channels from a nearby source user, provided that it has a sufficigniti

according to [15] channel quality between them, while the interference iregoby
_ the other users’ signals is ignored due to their high distahtence,
1, foru=nM +k ) .
Pk,un 0 otherwise (2)  there are a total ok sources ands relays in the system. The signals

] received by thek-th RS as well as by the BS during T@nd TS,
where Py,., is the (u,n)-th entry of P, and we haveu = respectively, are expressed as follows,
0,1,-«-,U—~1, n=0,1,---,N —1.

t t t ~ (t
"'(sz)?k = H(sz)?k (s)k+ g?)lw ®
i ia Di K—1
B. The BS's Received Signal via Direct Branch RO Z AO 5O a0 ©
We assume that the BS perfectly estimated the channel state RD Pt RD SRk T DL

information (CSI) of the S-D link. Then, during TShe BS directly _
receives all theK users’ source signal via the S-D link subject to/vhererg’gl)%’]c hosts the TD channel coefficients of the S-R link for

multipath fading. After removing the CP, the received signay be the k-th source user’s signal, Whimg?k represemt<C A (0, 0%;) at

formulated as: the k-th relay.
» o © o Moreover, for each user, both the source and the relay tiansm
Tsp = Z HY), 88, +35), (3) their signal at the same normalised power, i.e. we hBve= Pg.

Hence, the UL system contaid§ S-R, S-D as well as the R-D links
where the superscript “refers to thevector length oV xU matrix respectively, and the signals received via both the S-R din¢t the
size in the TD andﬁg]g’k represents the channel's circulant TDR-D link experiencel independently fading multipath components.
coefficient matrix [15] for the S-D link of thé-th source user, while Naturally, every source also has its direct line-of-sighD§) link
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to the BS, which is also subject to independant frequentgetee WhereH(SfI%D W = f/}‘ufigg k,I:I(;})?I FU Py represents the'-
fading. th user's FDCHTF matrixs for th~e S-R-D link, while for the R-D
It is important to note that, the AWGN imposed by the RS shoulihk, we haveH;{g’k, = Pf,]-'UHg)D’k,]-"JPk/. The total noise

be also taken into account. While the transmissions ofktile user encounted of the BS in the FD includes the equivalent retpypimise
are mapped td/ subbands, the noise imposed by the RS is spre&dposed by theK AF relays and the noise directly contributed by
among all subbands in the FD, but only across Mesubbands be- the BS’s receiver during TS which is formulated as:

longing to thek-th user. On the other hand, when considering all the K1

K relays, there are noise which_ may degrade the_ BS's receiver's ald) = Wi v PLFu Z ﬂl(ct)g%)D,kﬁ’g,)k +a 1. @4
performance during TSwhen K is increased. Additionally, when =0

taking into account the BS r_eceiver’s noise gontributiomiru);uTSl Hence, the MMSE-FDE's weight corresponding to th¢h subband
and TS, a total of K + 2 noise sources having an overall average. i en b
power ato%, exist in the system. Thus, the total noise power impose%i g y

by all the K relays may become the dominant source of performanaes pp i = By VPshdpp 1 /B0 0S50 wnl* Ps + N1 ),

degradation, unless of course the noise effects are eliedrizy more (15)
complex decode-and-forward (DF) relaying. where Np; represents the normalised total power of the equivalent
noise imposed by th& AF relays and the noise directly contributed
D. Single-Shared-Relaying by the BS'’s receiver during &S as given by
K—-1

In contrast to the single-dedicated-relaying, when thebemof in-
active mobile stations t?ecomes insufficiexr/n, gtjhe so-c8IBR scheme Np1n = Z ( Iit))2|hg1)3,kn|2a?v +oR. (16)
may be invoked. Specifically, we assume that the RS is capxble k=0
receiving and forwarding signals from a cluster fsf source users, However, in contrast to the SDR technique characterised|irlg,
so that these sources can share the RS, which simultanawslgrtis for the SSR method, we haw§)’ = 3)r (), where the amplification
their signals to the BS. Therefore, the representation efsignals factor of the SSR normalises the sum of all thesource signals

received at the RS and BS is given by according to
K-1 K-1
t I t ~ ~ ~
rin = > HipsSh + iy, (10) g9 = | P/ { S TA G, (H ) T1Ps /U + gfv}. 17)
k=0 k=0
rap = Hppsy +ip, (11) (f)

After subband demapping, bot, ,, and wgrp r,» have the

where, each of thei' source signals embedded in the forwardedame expressions in Eq. (13) and (15) while rep|a<ﬁb@ by 3®).
messages is still transmitted on the same subcarriers asuS&l  However, the total received noise componentoth user at the BS
for transmission from source transmitters. Thus, the éplipstem contains only a single RS’s noise contribution, plus thathaf BS,
contains K pairs of S-R and S-D links, but only a single R-Dyje|ding the FD expression

link. This implies that the transmissions containing fieuser signal () . - © B0 =6 <)

forwarded from the RS to the BS is affected by the same mititipa np1 = Wsrp wPrwFu(B  Hpphip +fip)). (18)
channel and contaminated by a single noise source at thenR&hedr
words, the performance degradation imposed by the RS isetaied
to the number of user®’, which is in contrast to the SDR schem
of Subsection II-C.

However, it is unrealistic to provide sufficient RS power foe
simultaneous transmission df users’ signals. A simple realistic N1 = (BD2RY) 2ok + 0% (19)
solution is to limit the total power of all th& users to unity, i.e. to o
Pr = 1. Then the average transmit power of each user's messag
the source node has to be setife =1 — 1/K.

In addition, Np1,, represents the normalised power of the total
received noise component at theh subband of thé’-th user at the
eBS, which contains only a single RS’s noise contributiomyspihat

of the BS during T, yielding

er”ltS,lbband-Based FD-AF with Subband Remapping

As we mentioned in Subsection II-C, the total equivalensaaf
the SDR topology contaminating the BS’s input signal is acfiom
of the number of relays in the TD-AF system. Moreover, sirtge t
A. Conventional TD-AF SSR topology forwards the received signals of all users fthe
The classic AF scheme is based on analogue amplification R6 to the BS, this TD-AF is unable to amplify the signal for feac
the received signal at the relay by a factor correspondinghéo user differently. Additionally, we note for both the SDR aB&R
transmitted and received signal powers at relay in the TDIf8fhe architectures that the TD-AF scheme’s signals transmiitedach
SC-FDMA system, we assume that the BS perfectly estimatéd b®f the subbands are amplified by the same factor for each user.
the S-D and R-D links. The multiuser source signals are msesk However, provided that both the S-R and R-D links were pdlsfec

Ill. COOPERATIVESTRATEGIES

at the BS as follows. estimated, the RS process them individually, including sbhbband
For the SDR topology, we have!!, = g{"r{) the TD remapping and amplification of each subband, while the B&pslsle
ampltification factor of thek-th relay is expressed as [3] of equalising the two-hop relay link in the FD by a simple sitap
equaliser. Therefore, the proposed FD-AF scheme aims étrcieg

(1) — \/PR/ {Tr[ﬁgﬁyk(flgl)?’k)H]Ps/U + U%}. (12) the ISl and the noise of each user.

To elaborate a little furtter, here we propose subbandebBSeAF
The BS receives the messages forwarded from allkheelays and with subband remapping for an SDR system. The transmitghbi
processes them according to of the k-th relay during TS is expressed as

ngé%,k/ = \/P_sﬂl(ctz)WgRD,k/Hg%D,k@;(j) +adl,  (19) sg,)k = \/]TngPkﬂif)HéfAkzif) +ﬁ’g’,,)k’ (20)
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SIMULATITOANBIISERIAMETERS and paths, which is compared to a non-cooperative benclemark
Modulation, Coding BPSK, no Channel Coding when we haveN = 4,M = 16,L = 1 and L = 4. Observe
SD, SR, R-D Channels Frequency-Selective Rayleigh in Fig. 2 that a cooperative diversity gain is achieved by the
Subband mapping Scheme Interleaved SDR TD-AF scheme for a single-user system communicating ove
]IC][ '\é:r:g:/ird(t)rf] 2‘;22?}2?;’;2&%?”‘116 single-path fading channels. By contrast, for a multipatansrio,
U Total number of subbands | 64 cooperative diversity gains are only achieved at high digmaoise
K Number of source users 1,2,4,8,16 ratios (SNRs) for a single-user scenario. Moreover, as aegprence
éﬁg“ﬁ::srrgift’;"’gxzr }3752’:4 0= of the excessive noise imposed by the RSs of Fhaisers across
SSR Transmit power K=1:Ps=DPr =005, all subbands, the cooperative diversity gains of SDR areeztan
K>1:Ps=1-Pr/K, Pr=1 a multiuser scenario, wheK is increased. Additionally, compared

Whereﬂg),Hg}%’k are thek-th user’'s FD amplification factor and theto the single-path scenario, the multipath diversity gaiovigled by
FDCHTF, respectively, both of which al¥ x N diagonal matrices. frequency-selective fading is retained, regardless ofritn@ber of

The n-th entry ofﬂ,i,f) is given by users. The maximum diversity gain was achieved o= 4 when
) ) we hadN = 4.
kn = \/PR/[|hSR,kn|2PS +o%l; (21)  secondly, Fig. 3 characterises both the single-user aridofd

which affects then-th subband signal as an equalisation weight iPultiuser BER performance of the SDR FD-AF approach upoy-var
the FD. It is important to note that the noise contributiortr k-th N9 the number of multipath components r= 1, 2, 4, compared to
user's signal is affected at RS as follows: the corresponding non-cooperative scenarios using 4, M = 16.
) - (T =(8) On ong hand, ag stated in Subsgc'uon 111-B, I|n the SDR FD-AF
figy = FuPuBy PrFufigy, (22)  scenario only a single RS contaminated the signal by the AWGN
where the noise imposed at other user’s subbands are renived Thus, the multiuser performance of the SDR FD-AF approadhes

the FD processing of the'-th user’s signal received at the BS duringSame as that of the single-user case supparted by a sing_je\ne_iere .
TS, can be described as: we haveL = 1 and4. On the other hand, a cooperative diversity gain

is attained also in a multiuser scenario, when communigativer a
g;@;,k, = \/P_sW§IRD,k/HgAk/ﬂg)Hg};,k,x,&p +aY), (23) single-path fading channel, which can be preserved fostrission
over multipath channels, provided that the SNR is suffityehigh.
Since the FD-AF scheme involves both subband remapping and
subband-based AF processing which has a similar effectatioatha
FDE at the RS, plus the MMSE-FDE at the BS for the entire relay
) =Winp wPLFuEY), a0, +al). (24) branch, both the noise imposed by the RS as well as the ISleof th
o multipath environment have been suppressed at the BS. Héree
achievable performance becomes better than that of thesgmnding
single-user performance of the SDR TD-AF scheme, wheredtres
PR D kS Rk amplification factor was applied to all the subbands.
P3O D Pt Nors (25)  Thirdly, the single-user and multiuser performance of {S®SD-
SV IVRD kIS Rk Dlm AF strategy are illustrated in Fig. 4 faV = 4, M = 16, L = 4. A
where Ap1 ,, has the same expression as Eq. (19), in whicH  cooperative diveristy gain o — 6dB is achieved upon varying the
should be replaced b@}i{i_ number of users within the system for transmission overlsipgth
Considering the SSR, when the subband-based FD-AF appro&f@nnel forN = 4, M = 16, L = 4 at BER of10~*. However, since
is implemented, the transmitted signal containing all fieusers’ the multipath diversity gain is high, when we hage = 4, M =
signals by the RS is formulated as 16, L = 4, the cooperative diversity aided performance is eroded by
o1 the interference infected by the dispersive channel.
) _ H D) r(F) (f) | =) Finally, the BER performance of varying the number of users
sw = ) (VPSFUPB Hypum + 8. (26) supported by the SSR FD-AF approach are demonstrated in5Fig.
for N =4,M = 16, L = 4. Compared to the corresponding SSR
1H-AF protocol, the cooperative diveristy gain is increcd®y both
the single-user and multiuser system employing the SSR FD-A
scheme, particularly in a multipath environment, where didition
lg{l) _ \/PR/[K(IhéfAknPPS +02). 7 Fo the benefipial fading mitigatlion effect of multipath disiy, the
interference imposed by the dispersive channel are alspresged
Owning to the subband-based FD-AF, the FD processing obeyiBy including an subband-based AF at RS and the MMSE-FDE at the
Eq. (23) and (25) and carried out at the BS's receiver is asdiniee BS. The achievable cooperative diversity gain ranges ffiom8dB
as for the SDR scenario. for N = 4,M = 16,L = 4 at a BER of10~* in the multiuser
environment, as shown in Fig. 5.

where the total received noise component of theh user at the
BS includes the noise contribution imposed by kigh RS after the
FDE plus that of the BS, is expressed as

The k’-th user's MMSE FDE weight shown in Eq. (23) for theth
subband of the R-D link is given by

Psﬂ;if)h(f) h(f)

WSRD,k'n =

k=0
Note that each user’s signal forwarded by this common RS
divided by the number of sourcés in order to obey the unity-power
constraint mentioned in Subsection 1I-C, yielding

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we provide a range of simulation results to V. CONCLUSIONS
characterise the achievable bit-to-error ratio (BER) grenfance of  This paper investigated the performance benefits of subbased
the single-relay assisted SC-FDMA system based on fouerdift FD-AF compared to the classic TD-AF based SDR and SSR topolo-
cooperative approaches investigated in this contributioamely gies in the context of cooperative SC-FDMA uplink transriaiss,
of the SDR TD-AF, SDR FD-AF, SSR TD-AF and SSR FD-AFRwhich are free from any MUI at the RSs, when communicating ove
schemes. Our parameters are summarized in Table I. frequency-selective fading channels. Our simulationlteshow that
Firstly, Fig. 2 depicts the BER versus, /Ny performance of the cooperative diversity may be achieved for both the SDR anR SS
SDR TD-AF assisted SC-FDMA uplink for different number okus strategies in both single-path and multipath scenariosa Assult,
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SC-FDMA SDR TD-AF FDE-EGC (N=4, M=16)
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Fig. 4.
upon varying the number of users fof = 4, M = 16, L = 4

the proposed subband-based FD-AF scheme is capable ofiachie
a multiuser performance, which is better than that of theventional

single-user TD-AF protocol operating in a multipath enwirent.
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