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

I. INTRODUCTION

Wireless cooperative communications and relaying have attracted
substantial research attention over the past decade as a benefit
of their spatial diversity gain attained in a virtual multiple-input
multiple-output (V-MIMO) scenario created by the distributed single-
antenna terminals by sharing resources with their cooperative part-
ners. This cooperation allows the system to mitigate the radio
channel’s fading by jointly exploiting the benefits of frequency-
, time- and spatial-diversity. Furthermore, the cooperative strategy
may also be used to increase the attainable system capacity [1]-[4].
Recently, the diversity-multiplexing trade-off (DMT) encountered in
multiple-access amplify-and-forward (MAF) relaying was considered
for transmission over block fading channels in [5]. Moreover, both
the single-user and multiuser performance of relay-assisted single-
carrier direct-sequence CDMA (SC DS-CDMA) [6] was discussed
in [7], [8]. The relay-based single-carrier modulated frequency-
domain equalisation (SC-FDE) [9], [10] aided space-frequency block
coding (SFBC) assisted interleave-division multiple-access (IDMA)
uplink (UL) was investigated in [11]. Prior studies considered relay-
aided cooperation both in a single-user and in a multiuser context,
but their employment was typically restricted to transmission over
frequency-flat fading channels. Naturally, at high bit rates the channel
becomes frequency-selective and hence its deleterious effects have to
be mitigated. Furthermore, both the multiuser interference (MUI) and
inter-symbol-interference (ISI) should be cancelled. The associated
processing imposes a high complexity, especially when the number
of users is high.

Against this background, in this paper we investigate the co-
operative diversity benefits achievable in the single-relay assisted
single-carrier frequency-division multiple-access (SC-FDMA) uplink
for transmission over frequency-selective fading channels. The SC-
FDMA technique advocated adopts SC-FDE combined with orthogo-
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nal subcarrier mapping in order to support multiple users without con-
tamination by MUI. Furthermore, our single-relay assisted SC-FDMA
system allows user cooperation to achieve a diversity gain without
imposing MUI by the cooperating sources and relays upon the UL-
receiver at the basestation (BS). It is worth noting that SC-FDMA is
capable of exploiting the benefits of multipath diversity for transmis-
sion over broadband channels, while in orthogonal frequency-division
multiplexing (OFDM) [12] each subcarrier experiences a single-path
channel, hence no multipath diversity gain is achieved. It has been
indicated in [13] that SC-FDMA attains a similar overall performance
as orthogonal frequency division multiple access (OFDMA), but it
is more suitable for uplink transmission due to its lower peak-to-
average power ratio (PAPR), which is typically high in multicarrier
systems [12]. Additionally, the combination of based modulation with
the discrete Fourier transform and inverse discrete Fourier transform
(DFT/IDFT) SC-FDMA transmitter can be adaptively reconfigured
in order to mitigate the effects of time-variant channels. The system
is also available to cooperative communications. Hence, our novel
contribution is that we achieve cooperative diversity by utilising
a sophisticated SC-FDMA scheme, which exploits the benefits of
AF based single-relay assisted user cooperation aided UL transmis-
sions. Our simulation results show that cooperative diversity may be
achieved for both the single-dedicated-relaying (SDR) and single-
shared-relaying (SSR) strategies in both single-path and multipath
scenarios. As a result, the proposed frequency-domain (FD) subband-
based amplify-and-forward (AF) scheme is combined with subband
remapping at the relay. By contrast, the system invokes minimum
mean-square error (MMSE) assisted FDE for each of the cooperative
branches at the BS, where a simple time-domain (TD) equal-gain
combiner (EGC) [14] is adopted. The resultant system is capable of
achieving a multiuser performance, which is better than that of the
conventional single-user TD-AF protocol operating in a multipath
environment.

This treatise is organized as follows. In Section II, the system
model of SC-FDMA is detailed, including both direct transmission
and relay channels. In Section III, we propose the FD-AF aided
cooperation with subband remapping, which will be compared to
conventional TD-AF relaying in the context of both SDR and SSR
schemes. We discuss our simulation results in Section IV and
conclude in Section V.

II. SYSTEM MODEL

In the SC-FDMA system we investigated, K mobile users are
actived as source terminals, while the inactive nodes act as relays. The
AF-based relay stations (RS) simply amplify the signal of each source
without changing their carrier frequency. For the sake of separating
multiple users in the FD and hence to avoid MUI, each source only
selects a single relay node, which can be dedicated to a single user
or may be shared by multiple users, based on the specific relaying
topology shown in Fig. 1 according to the aforementioned SDR or
SSR philosophy. Furthermore, we assume time division duplexing
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(TDD) in the perfectly synchronised system considered. Observe in
Fig. 1 that during the first time slot (TS1), all the K sources transmit
their messages ss .k, (k = 0,1,--- , K—1), which are simultaneously
received by the RS(s) and by the BS via the source-to-relay (S-R)
and the source-to-destination (S-D) link, respectively. Then, during
the second time slot (TS2), the RS forwards its received signal to the
BS via the relay-to-destination (R-D) link according to the specific
cooperative strategies to be described in Section III. We note that
the effects of path-loss and shadowing have not been taken into
account in this contribution, which implies the assumption of perfect
power control for all links. The effects of realistic power control
errors (PEC) will be considered in our future work. Furthermore, the
total signal power of each user received via both the direct and relay
branches was set to unity according to Ps + Prr = 1.

A. Transmitted Source Signal

The SC-FDMA technique used in our work adopts the interleaved
subband mapping aided DFT spread OFDM (DFT-S-OFDM) arrange-
ment of [13], [15] at the transmitter. Specifically, the N-point DFT
is used to transform the k-th user’s N consecutive time-domain (TD)
symbols hosted by the vector .'1:( ) = = [®k,0,Tk,1, - ,mk,N_l}T of
duration to 7, into the FD, yielding méf) = F xﬁj), which is
constituted by N orthogonal narrow subbands, where JF n denotes
normalised N-point fast Fourier transform (FFT) matrix. Then, at
the FD interleaving, the resultant N FD symbols are mapped to
orthogonal FD subbands which obeying the bandwidth expansion
factor M, yielding a total bandwidth of U = N xM. For further
details on the SC-FDMA technique please refer to [13], [15]. Suffice
to say that the baseband equivalent discrete-time expression of the
transmitted singal before inserting the cyclic-prefix (CP) is given
by [15]

sSk —\/PstPk.’FNx 1)

where the superscript ® refers to the TD signal and Fy denotes the
normalised U-point fast Fourier transform (FFT) matrix, while Py, is
the subcarrier-mapping matrix of the k-th user having a normalised
transmit power of Ps. To elaborate a little further, the FD subband
mapping scheme, which is also known as subcarrier mapping in
multicarrier systems, has to be designed to achieve the maximum
attainable frequency diversity in dispersive multipath fading channels
according to [15]

|1, foru=nM+k
Prun = { 0, otherwise @
where Pi,yun is the (u,n)-th entry of P, and we have u =
0,1,---,U—-1, n=0,1,--- ,N — 1.

B. The BS’s Received Signal via Direct Branch

We assume that the BS perfectly estimated the channel state
information (CSI) of the S-D link. Then, during TS; the BS directly
receives all the K users’ source signal via the S-D link subject to

multipath fading. After removing the CP, the received signal may be
formulated as:

t t t
rip = Z Hp s+

where the superscript “refers to the U vector length or U xU matrix
size in the TD and H S%, , Trepresents the channel’s circulant TD
coefficient matrix [15] for the S-D link of the k-th source user, while
'FL(DtZJ is the complex-valued additive white Gaussian noise (AWGN)
component with zero mean and a variance of 0%, i.e. we have
CN(0,0%) at the BS.

In order to detect each user’s signal in the FD at a low complexity,
the subband demapping technique of [15] is implemented, followed
by a U-point DFT. The subband demapping matrix is capable of
removing the MUI imposed by all other users, leading to a single-
user vector of N symbols, since we have

A, 3)

I, fork' =k
PP = { 0, for k'+k )
where the user index at the BS’s receiver is k' = 0,1,--- , K — 1.

Thus, this FD single-user N-symbol vector can be equalised by a
single-tap MMSE equaliser [15], in order to suppress the effects of
ISL. For the k'-th user, the FDE’s output vector gjsfgy  can hence be
expressed as

90 0 = VPsWEp wHY) ) +al), Q)

where the super@cript () refers to the FD and H ngl)) e =

'P v UH sb k/}' Hp,, is the diagonal FD channel transfer factor
(FDCHTF) matrix [12], [15], while the n-th (n = 0,1, -- ,N — 1)
element of the (NxN) diagonal weight matrix Ws p,x of the
MMSE-FDE is given by [15]

wspin = Pshy) /(WD 0 P Ps + o). ©)
Additionally, a) = W, , PLFun) is the (NxN) diagonal

noise matrix after equalisation. The processing of the k’-th user’s
signal gg}l ,» Teceived at the BS during TS2 depends on the specific
choice of the relaying scheme, but this relayed signal is further
combined with the direct signal g(s 1)7,  at the TD by a simple EGC in
order to achieve spatial diversity in a virtual MIMO fashion, yielding
9\ = FRRY) o + FRIED - ™

C. Single-Dedicated-Relaying
In this single-relaying aided topology, we assume that there are
many inactive mobile terminals avaiable which can play the role of
relays during the cooperation phase in a cell. Each of these inactive
mobile terminals receives and forwards the strongest signal received
from a nearby source user, provided that it has a sufficiently high
channel quality between them, while the interference imposed by
the other users’ signals is ignored due to their high distance. Hence,
there are a total of K sources and K relays in the system. The signals

received by the k-th RS as well as by the BS during TS: and TSo,
respectively, are expressed as follows,

t t t ~ (t
rihe = HS) O +ak),, @)
K-1
rip = Y B, s Al ©)
k=0

where H E@tjz i hosts the TD channel coefficients of the S-R link for

()

the k-th source user’s signal, while 7}, represents CA/ (0, o%) at

the k-th relay.



Moreover, for each user, both the source and the relay transmit
their signal at the same normalised power, i.e. we have Ps = Pg.
Hence, the UL system contains /K S-R, S-D as well as the R-D links
respectively, and the signals received via both the S-R link and the
R-D link experience L independently fading multipath components.
Naturally, every source also has its direct line-of-sight (LOS) link
to the BS, which is also subject to independant frequency-selective
fading.

It is important to note that, the AWGN imposed by the RS should
be also taken into account. While the transmissions of the k-th user
are mapped to U subbands, the noise imposed by the RS is spread
among all subbands in the FD, but only across the /N subbands be-
longing to the k-th user. On the other hand, when considering all the
K relays, there are K noise which may degrade the BS’s receiver’s
performance during TS2 when K is increased. Additionally, when
taking into account the BS receiver’s noise contribution during TS
and TS2, a total of K + 2 noise sources having an overall average
power at o3 exist in the system. Thus, the total noise power imposed
by all the K relays may become the dominant source of performance
degradation, unless of course the noise effects are eliminated by more
complex decode-and-forward (DF) relaying.

D. Single-Shared-Relaying

In contrast to the single-dedicated-relaying, when the number of in-
active mobile stations becomes insufficient, the so-called SSR scheme
may be invoked. Specifically, we assume that the RS is capable of
receiving and forwarding signals from a cluster of K source users,
so that these sources can share the RS, which simultanously forwards
their signals to the BS. Therefore, the representation of the signals
received at the RS and BS is given by

t t t ~(t
"'(51)2 = Z H(sz)?, ks(s)k §3>7 (10)
i = H“) WA, (11)

where, each of the K source signals embedded in the forwarded
messages is still transmitted on the same subcarriers as their used
for transmission from source transmitters. Thus, the uplink system
contains K pairs of S-R and S-D links, but only a single R-D
link. This implies that the transmissions containing the K -user signal
forwarded from the RS to the BS is affected by the same multipath
channel and contaminated by a single noise source at the RS. In other
words, the performance degradation imposed by the RS is not related
to the number of users K, which is in contrast to the SDR scheme
of Subsection II-C.

However, it is unrealistic to provide sufficient RS power for the
simultaneous transmission of K users’ signals. A simple realistic
solution is to limit the total power of all the K users to unity, i.e. to
Pr = 1. Then the average transmit power of each user’s message at
the source node has to be setto Ps =1 —1/K.

III. COOPERATIVE STRATEGIES

A. Conventional TD-AF

The classic AF scheme is based on analogue amplification of
the received signal at the relay by a factor corresponding to the
transmitted and received signal powers at relay in the TD [3]. In the
SC-FDMA system, we assume that the BS perfectly estimated both
the S-D and R-D links. The multiuser source signals are processed
at the BS as follows.

For the SDR topology, we have s B(t)rgl){ x> the TD
ampltification factor of the k-th relay is expressed as [3]
0=\ {VAG A0 Ps/U 403 a2

The BS receives the messages forwarded from all the K relays and
processes them according to

Ag%f[)) K=V Psﬁk’ WSRD k’HSRD k’xk’) + ﬁgﬁ:

(13)
where H(S;D o = 'P }-UHRD k,HgR k,}'U’Pk/ represents the k’-
th user’s FDCHTF matrixs for the S-R-D link, while for the R-D
link, we have H(f) = 'P .’FUHE,QD k,.’FH'Pk/ The total noise
encounted of the BS in the FD includes the equivalent relaying noise
imposed by the K AF relays and the noise directly contributed by

the BS’s receiver during TSz, which is formulated as:

K-—1
A =Wkp wPUFu | Y B H S, A +R5 | (14)
k=0

Hence, the MMSE-FDE’s weight corresponding to the n-th subband
is given by

t) /1 (f t f
= ﬁl(s') Pshg%D,k'n/[(ﬁ( )) ‘h‘(S'I%D k’n' PS +ND1,7L]7
15)
where Np1 represents the normalised total power of the equivalent
noise imposed by the K AF relays and the noise directly contributed

by the BS’s receiver during TS, as given by

WSRD,k'n

K—-1

Notw =3 (B IR wlPo% + ok
k=0

(16)

However, in contrast to the SDR techm?ue characterised in Eq. 12,
for the SSR method, we have s%) = ﬁ(t)r sr»> Where the amplification
factor of the SSR normalises the sum of all the K source signals
according to

K—-1
B = | Pr/ { ST mAG, (H )T Ps /U + o%v}. an

k=0

()

After subband demapping, both yRD w and wsrp rn have the

same expressions in Eq. (13) and (15) while replacing B,it,) by B(t>.
However, the total received noise component of k’-th user at the BS
contains only a single RS’s noise contribution, plus that of the BS,
yielding the FD expression

A (f)

A = Whep v PLFu(BVHGAY +25). (18

In addition, Np1,, represents the normalised power of the total
received noise component at the n-th subband of the k’-th user at the
BS, which contains only a single RS’s noise contribution, plus that
of the BS during TS», yielding

N1 = (8D [R) o,
B. Subband-Based FD-AF with Subband Remapping

As we mentioned in Subsection II-C, the total equivalent noise of
the SDR topology contaminating the BS’s input signal is a function
of the number of relays in the TD-AF system. Moreover, since the
SSR topology forwards the received signals of all users from the
RS to the BS, this TD-AF is unable to amplify the signal for each
user differently. Additionally, we note for both the SDR and SSR
architectures that the TD-AF scheme’s signals transmitted in each
of the subbands are amplified by the same factor for each user.
However, provided that both the S-R and R-D links were perfectly

19)

| 202 + 0.



estimated, the RS process them individually, including the subband
remapping and amplification of each subband, while the BS is capable
of equalising the two-hop relay link in the FD by a simple single-tap
equaliser. Therefore, the proposed FD-AF scheme aims for reducing
the ISI and the noise of each user.

To elaborate a little furtter, here we propose subband-based FD-AF
with subband remapping for an SDR system. The transmitted signal
of the k-th relay during TS» is expressed as

s&, = VPsFiPBHY) =) + 2, (20)

where ,BI(Cf ) H ng%k are the k-th user’s FD amplification factor and the

FDCHTE, respectively, both of which are N x N diagonal matrices.
i P ie o

The n-th entry of 8,/ is given by

f f
0 = P/ (82 Ps + o3,
which affects the n-th subband signal as an equalisation weight in

the FD. It is important to note that the noise contribution of the k-th
user’s signal is affected at RS as follows:

) = FUPWBY PLFual),

@n

(22)

where the noise imposed at other user’s subbands are removed. Then
the FD processing of the k’-th user’s signal received at the BS during
TS2 can be described as:

Giipw = VPWErp w Hil) BV HE, o)) + 03],
where the total received noise component of the k’-th user at the
BS includes the noise contribution imposed by the k’-th RS after the
FDE plus that of the BS, is expressed as

A = Wlpp W PLFu(HY), Y, +20).

The k’-th user’s MMSE FDE weight shown in Eq. (23) for the n-th
subband of the R-D link is given by
PSBI(CQLh(” h(f)

WSRD him = RD,k'n'""SR,k'n
D,k'n — I
Ps(BUD2IR) 1o PR |2 + N1

(23)

(24)

(25)

where Np1,, has the same expression as Eq. (19), in which B
should be replaced by B,(j 7)1

Considering the SSR, when the subband-based FD-AF approach
is implemented, the transmitted signal containing all the K users’

signals by the RS is formulated as

K-—1
s = > (VPsFHPB W HY) 2 +55)).  (26)
k=0

Note that each user’s signal forwarded by this common RS is divided
by the number of sources K in order to obey the unity-power
constraint mentioned in Subsection II-C, yielding

0 — [ Pr/ (K (B 4 Ps + 03],

Owning to the subband-based FD-AF, the FD processing obeying
Eq. (23) and (25) and carried out at the BS’s receiver is as the same
as for the SDR scenario.

@7

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we provide a range of simulation results to
characterise the achievable bit-to-error ratio (BER) performance of
the single-relay assisted SC-FDMA system based on four different
cooperative approaches investigated in this contribution, namely
of the SDR TD-AF, SDR FD-AF, SSR TD-AF and SSR FD-AF
schemes. Our parameters are summarized in Table 1.

TABLE I
SIMULATION PARAMETERS

BPSK, no Channel Coding
S-D, S-R, R-D Channels Frequency-Selective Rayleigh
Subband mapping Scheme Interleaved

N: Number of subbands per user | 4

M : Bandwidth expansion factor 16

Modulation, Coding

U Total number of subbands 64

K: Number of source users 1,2,4,8,16

L: Number of paths 1,2,4

SDR Transmit power Ps = Pr =0.5

SSR Transmit power K =1:Ps = Pr=0.5,

K>1:Ps=1—Pg/K,Pr=1

Firstly, Fig. 2 depicts the BER versus Ej /Ny performance of the
SDR TD-AF assisted SC-FDMA uplink for different number of users
and paths, which is compared to a non-cooperative benchmarker,
when we have N = 4, M = 16,L = 1 and L = 4. Observe
in Fig. 2 that a cooperative diversity gain is achieved by the
SDR TD-AF scheme for a single-user system communicating over
single-path fading channels. By contrast, for a multipath scenario,
cooperative diversity gains are only achieved at high signal-to-noise
ratios (SNRs) for a single-user scenario. Moreover, as a consequence
of the excessive noise imposed by the RSs of the K users across
all subbands, the cooperative diversity gains of SDR are eroded in
a multiuser scenario, when K is increased. Additionally, compared
to the single-path scenario, the multipath diversity gain provided by
frequency-selective fading is retained, regardless of the number of
users. The maximum diversity gain was achieved for L = 4 when
we had N = 4.

Secondly, Fig. 3 characterises both the single-user and full-load
multiuser BER performance of the SDR FD-AF approach upon vary-
ing the number of multipath components for L = 1, 2, 4, compared to
the corresponding non-cooperative scenarios using N = 4, M = 16.
On one hand, as stated in Subsection III-B, in the SDR FD-AF
scenario only a single RS contaminated the signal by the AWGN.
Thus, the multiuser performance of the SDR FD-AF approach is the
same as that of the single-user case supported by a single relay, where
we have L = 1 and 4. On the other hand, a cooperative diversity gain
is attained also in a multiuser scenario, when communicating over a
single-path fading channel, which can be preserved for transmission
over multipath channels, provided that the SNR is sufficiently high.
Since the FD-AF scheme involves both subband remapping and
subband-based AF processing which has a similar effect to that of a
FDE at the RS, plus the MMSE-FDE at the BS for the entire relay
branch, both the noise imposed by the RS as well as the ISI of the
multipath environment have been suppressed at the BS. Hence, the
achievable performance becomes better than that of the corresponding
single-user performance of the SDR TD-AF scheme, where the same
amplification factor was applied to all the subbands.

Thirdly, the single-user and multiuser performance of the SSR TD-
AF strategy are illustrated in Fig. 4 for N =4, M =16,L =4. A
cooperative diveristy gain of 3 — 6dB is achieved upon varying the
number of users within the system for transmission over single-path
channel for N = 4, M = 16, L. = 4 at BER of 10™*. However, since
the multipath diversity gain is high, when we have N = 4, M =
16, L = 4, the cooperative diversity aided performance is eroded by
the interference infected by the dispersive channel.

Finally, the BER performance of varying the number of users
supported by the SSR FD-AF approach are demonstrated in Fig. 5
for N =4, M = 16, L = 4. Compared to the corresponding SSR
TD-AF protocol, the cooperative diveristy gain is increased by both
the single-user and multiuser system employing the SSR FD-AF
scheme, particularly in a multipath environment, where in addition
to the beneficial fading mitigation effect of multipath diversity, the
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Fig. 4. BER versus E; /Ny performance of the SSR TD-AF scheme
upon varying the number of users for N =4, M =16,L =4

interference imposed by the dispersive channel are also suppressed
by including an subband-based AF at RS and the MMSE-FDE at the
BS. The achievable cooperative diversity gain ranges from 5 — 8dB
for N = 4, M = 16,L = 4 at a BER of 10* in the multiuser
environment, as shown in Fig. 5.

V. CONCLUSIONS

This paper investigated the performance benefits of subband-based
FD-AF compared to the classic TD-AF based SDR and SSR topolo-
gies in the context of cooperative SC-FDMA uplink transmissions,
which are free from any MUI at the RSs, when communicating over

SC-FDMA SSR FD-AF FDE-EGC (N=4, M=16, L=4)
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Fig. 5. BER versus E,/Ng performance of the SSR FD-AF scheme
upon varying the number of users for N =4, M =16,L =4

frequency-selective fading channels. Our simulation results show that
cooperative diversity may be achieved for both the SDR and SSR
strategies in both single-path and multipath scenarios. As a result,
the proposed subband-based FD-AF scheme is capable of achieving
a multiuser performance, which is better than that of the conventional
single-user TD-AF protocol operating in a multipath environment.
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