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Abstract—In this treatise, we focus our attention on the cooper-
ative uplink transmissions of systems beyond the LTE-Advanced
initiative. We commence a unified treatment of the principle
of single-carrier frequency-division multiple-access (FDMA) and
the similarities and dissimilarities, advantages and weakness of
the localized FDMA, the interleaved FDMA and the orthogonal
FDMA systems are compared. Furthermore, the philosophy of
both user cooperation and of cooperative single-carrier FDMA
is reviewed. They are investigated in the context of diverse
topologies, transmission modes, resource allocation and signal
processing techniques applied at the relays. Benefits of relaying
in LTE-Advanced are also reviewed. Our discussions demonstrate
that these advanced techniques optimally exploit the resources in
the context of cooperative single-carrier FDMA system, which is
a promising enabler for various uplink transmission scenarios.

Index Terms—Cooperative Communications, Diversity, Dy-
namic Resource Allocation, Frequency-Domain Equalization,
LTE-Advanced, MIMO, Opportunistic Relaying, SC-FDMA

I. I NTRODUCTION

T HE worldwide growth in both the number of mobile
subscribers and their demand for increased rate mobile

broadband services provided further impetus for the mobile
telecommunication operators to improve both the capacity and
the reliability of cellular networks. Hence, they have been
upgraded from thesecond generation(2G) to thethird genera-
tion (3G) globally, namely from the narrowbandtime-division
multiple-access(TDMA) based Global System for Mobile
communications(GSM) to the 3G code-division multiple-
access(CDMA) basedUniversal Mobile Telecommunications
Systems(UMTS). Both the 2G and 3G systems rely on
frequency-division duplexing(FDD) in Europe and ontime-
division duplexing(TDD) mode in China. Meanwhile, the
upgrading of the cellular networks in North America from
the single-carrier (SC) modulated CDMA tomulti-carrier
(MC) modulated CDMA has also taken place. Recently, fur-
ther enhancements and extensions of the above-mentioned
UMTS systems have been created in the context of the so-
called High Speed Packet Access(HSPA) techniques and its
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TABLE I
ACRONYMS: 2-L

2G second generation
3G third generation
3GPP third Generation Partnership Project
4G fourth generation
AF amplify-and-forward
AWGN additive white Gaussian noise
BER bit-error ratio
BICM bit-interleaved coded modulation
BS base station
CCI co-channel interference
CTF channel transfer function
CDMA code-division multiple-access
CFO carrier frequency offset
CP cyclic prefix
CQI channel quality information
CSI channel state information
CIR channel impulse response
DF decode-and-forward
DFE decision-feedback equalization
DFT discrete Fourier transform
DRA dynamic resource allocation
DRS dynamic relay selection
DSA dynamic subband allocation
DT direct transmission
FD frequency-domain
FDD frequency-division duplexing
FDE frequency-domain equalization
FDMA frequency-division multiple-access
FEC forward error correction
FHQA first-hop-quality-aware
GSM Global System for Mobile communications
HIC hybrid interference cancellation
HSPA high speed packet access
IC interference cancellation
ICI inter-carrier interference
IDFT inverse discrete Fourier transform
IFDMA interleaved frequency-division multiple-access
ISI inter-symbol interference
JDRA joint dynamic resource allocation
JFDEC joint frequency-domain equalization and combining
LE linear equalization
LFDMA localized frequency-division multiple-access
LTE Long Term Evolution

evolved version HSPA+, for the sake of improving theuplink
and downlink performance at a minimum cost based on the
currently operational networks. By contrast, in order to meet
the fourth generation(4G) requirement,orthogonal frequency-
division multiple-access(OFDMA) based new air interfaces,
such as theThird Generation Partnership Project’s(3GPP)
Long Term Evolution(LTE) initiative [1], [2] have also been
rolled out in several parts of the globe. In the following
sections, we will review both the advantages and disadvantages
of SC and MC modulation techniques1.

1Acronyms (see Tables I and II).
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TABLE II
ACRONYMS: M-Z

MAP maximum a-posteriori probability
MA-RS multi-access relay selection
MC multi-carrier
MF matched-filtering
MIMO multiple-input-multiple-output
MMSE minimum mean-square error
MT mobile terminal
MU multi-user
MUD multi-user detection
MUI multi-user interference
MU-RS multi-user relay selection
MWR multi-way relaying
OFDM orthogonal frequency-division multiplexing
OFDMA orthogonal frequency-division multiple-access
OR opportunistic relaying
PAPR peak-to-average power ratio
PAM pulse-amplitude modulation
PIC parallel interference cancellation
P/S parallel-to-serial
QAM quadrature amplitude modulation
R-D relay-to-destination
RA resource allocation
RB resource block
RS relay selection
SC single-carrier
S-D source-to-destination
S-R source-to-relay
SDR single-dedicated-relaying
SFBC space-frequency block code
SIC successive interference cancellation
SNR signal-to-noise ratio
SSR single-shared-relaying
STBC space-time block coding
SP set-partition
SU single-user
SU-RS single-user relay selection
TD time-domain
TDD time-division duplexing
TDMA time-division multiple-access
TFD time-frequency-domain
UMTS Universal Mobile Telecommunications Systems
ZF zero-forcing
ZP zero-padding

A. Single-Carrier versus Multi-Carrier Modulation

When communicating over broadband channels imposing
frequency-selective fading, conventional SC modulation based
systems require high-complexitytime-domain(TD) equalizers
having a large number of taps, in order to suppress theinter-
symbol interference(ISI) due to time-dispersion. However,
this disadvantage can be overcome by the family of MC
modulation techniques, such asorthogonal frequency-division
multiplexing(OFDM), which was originally introduced in [3].
In the context of MC communications, the originalbit stream
is divided into numerous low-ratesubstreamstransmitted in
parallel, which are mapped tosubcarriers or subchannels.
When using a high number of substreams, each subchan-
nel becomes sufficiently narrow compared to thecoherence
bandwidthof the channel. Therefore, the signal transmitted
over each non-dispersive subchannel experiences frequency-
flat fading. As a result, the ISI of eachfrequency-domain
(FD) substream becomes lower and a low-complexity FD
equalizer having a single tap may be employed [4]. However,
this parallel transmission scheme would potentially require a
bank of modulators and demodulators operating in parallel.

Fortunately, it was shown in [5] that this problem may be
circumvented by employing the DFT and IDFT operations,
which carry out the modulation/demodulation in a single step.
More explicitly, the implementation complexity of OFDM is
significantly lower than that of the parallel banks of modu-
lators and the demodulators/equalizers. A plethora of further
OFDM system improvements, such as various combinations
of OFDM and CDMA, leading to MC-CDMA systems have
been investigated in [6], [7].

The OFDM signaling technique of Fig. 1(a) has the follow-
ing advantages. Firstly, the ISI can be significantly mitigated
with the aid of relatively low signal processing complexity
at the receiver. Secondly, in OFDM signaling, using overlap-
ping but orthogonal subcarriers leads to an increased spectral
efficiency [4]. Thirdly, the FD channel fluctuations may be ac-
commodated by invoking subband-based adaptive modulation
in OFDM, where each subband of parallel subcarriers may
be modulated using a FDchannel transfer function(CTF)-
dependent number of bits, depending on thesignal-to-noise
ratio (SNR) of the individual subbands. As a result, the
throughput of OFDM systems may be increased with the aid
of adaptive modulation.

However, it is a disadvantage that in the absence of channel
coding, the OFDM system is incapable of achieving diversity.
When channel coding, such asbit-interleaved coded mod-
ulation (BICM) [8], is applied on an individual subcarrier
basis, the system may achieve a certain time-diversity gain
as a benefit of channel coding and interleaving, but no
frequency-diversity may be attained, unless the same symbol
is transmitted several times by mapping it to independently
fading subcarriers, which have to reside outside the channel’s
coherent bandwidth. A better way of achieving frequency-
diversity for OFDM is to exploit coding and interleaving
applied right across all the subcarriers [9].

Owning to transmitting multiple signals in parallel, OFDM
signaling also has some disadvantages. Firstly, due to the su-
perposition of a high number of modulated subcarrier signals,
a highpeak-to-average power ratio(PAPR) may be exhibited
[6]. The PAPR problem imposes substantial challenges on the
practical design of power amplifiers, which have a limited
linear range. In case of non-linear amplification, the resultant
high out-of-band harmonic distortion power may contaminate
the adjacent channels, when the TD signal evolves from a
low-power waveform to a high-power waveform [6]. Diverse
techniques of PAPR reduction have been investigated in the
literature [10]–[15]. A beneficial low-complexity technique is
based on employing a so-called block-coding [16], where some
of the subcarriers do not convey useful data - instead, they are
simply set to a value, which reduces the peak-power. Secondly,
a further impediment of OFDM is that it is very sensitive to
both frequency and time offsets [4].

B. State-of-the-Art of SC-FDMA

Although MC modulation has some advantages over the
conventional SC modulation, it suffers from the above-
mentioned PAPR problem. Naturally, SC modulation having
a significantly lower PAPR is more suitable for uplink trans-
missions than MC modulation, since the battery-size ofmobile



ZHANG et al.: ADVANCES IN COOPERATIVE SINGLE-CARRIER FDMA COMMUNICATIONS: BEYOND LTE-ADVANCED 3

IDFT

F−domain T−domain

BICM
S/P

shaping
PulseInsert

CP
P/S

F−domain T−domain

P/S CP Sampling

Remove Matched
filterEqualiser

S/P

DFTBICM
−ID

T−domain

shaping
PulseInsert

CP
BICM

T−domain

CPS/P

F−domainT−domain

P/S

IDFT Equaliser DFT Remove

Sampling

Matched
filterBICM

−ID

(a) OFDM

(b) SC−FDE

Transmitter

Transmitter

Receiver

Receiver

xxxf[i]bbbo s(t)

ψ(t)

xxxt[i]

FFF
H
N

y(t)

ψ∗(−t) r(t)WWWH

zzzf[i] yyyf[i] yyyt[i]

FFFN

b̂̂b̂bo

s(t)

ψ(t)

xxxt[i]bbbo

y(t)

WWWH
FFF

H
N

zzzt[i] zzzf[i] yyyf[i]

FFFN

yyyt[i]

r(t)

b̂̂b̂bo

ψ∗(−t)

Fig. 1. Block diagram of baseband OFDM and SC-FDE systems: (a) OFDM,(b) SC-FDE

terminal (MT) is limited, hence requiring power-efficient non-
linear amplifiers. In order to take advantage of the benefits of
both SC and MC modulation, the SC received signal may be
transformed to and equalized in the FD with the aid of the
IDFT and DFT operations. This arrangement is referred to
as SC modulation relying onfrequency-domain equalization
(FDE), which is seen in Fig. 1(b) [17]–[19]. Furthermore,
by combining the SC-FDE and FDMA principles, SC-FDMA
may rely either on TD or on FD signal generation [20]. The
important development mile-stones of SC-FDMA are shown in
Tables III and IV. The FD signal generation approach, namely
that of DFT-spread OFDMA, has been adopted by the 3GPP-
LTE initiative (since Release 8) [21] as well as by its advanced
versions (e.g. LTE-Advanced Release 11) [22] for SC-FDMA
based uplink transmissions within the 4G wide area cellular
broadband wireless systems [1], [2], [23]–[25].

In this treatise, we focus our attention on the cooperative
uplink transmissions of systems beyond the LTE-Advanced
initiative. Main contributions of this paper can be summarized
as follows. A unified treatment of the principle of SC-FDMA
is offered. The relationship between the TD and thetime-
frequency-domain(TFD) signal generation of SC-FDMA is
detailed, by considering both thelocalizedFDMA (LFDMA)
[93] and the interleaved FDMA (IFDMA) [28] schemes.
Finally, the similarities and dissimilarities, advantages and
weaknesses of the LFDMA, IFDMA and OFDMA systems are
compared. The cooperative SC-FDMA philosophy is reviewed
and investigated in the context of diverse uplink topologies,
relay resource allocation and signal processing techniques
applied at the relays.

The rest of this paper is organized as follows. In Sec-
tion II, we present a rudimentary introduction to SC-FDMA,
commencing by introducing the SC modulation philosophy
invoking FDE. Based on the SC-FDE scheme, the conventional
signal generation of SC-FDMA and that adopted by the 3GPP-
LTE uplink, which is referred to asdiscrete Fourier transform

(DFT)-spread OFDMA are compared. Enhanced signal recep-
tion and equalization techniques are also conceived for relying
on both the linear and iterative approaches. In Section III,we
investigate a variety of cooperative relaying schemes designed
for the SC-FDMA uplink, when a number of inactive MT as
potential relays, which are either geographically distributed or
co-located in a cell. Specifically, the resource allocationand
signal processing schemes are designed at relays for the sake
of power reduction. Finally, we conclude and discuss some
open problems set aside for future work in Section IV.

II. I NTRODUCTION TOSINGLE-CARRIER FDMA

In this section, we review the principles of SC-FDE and
SC-FDMA. Two types of SC-FDMA schemes are considered
as the evolution of SC-FDMA. In the first type, the transmitted
signals are only processed in the TD, which is hence referred
to as TD processing aided SC-FDMA, or TD SC-FDMA
for short. By contrast, in the second type of SC-FDMA, the
transmitted signals are processed in both the TD and FD with
the aid of the DFT/IDFT. Hence, this type is referred to as
TFD SC-FDMA for the sake of distinction.

A. Key Modules in OFDM-Style Transceivers

Let us initially review the key signal processing modules in
OFDM-style transceiver structures. Specifically, we consider a
single-user(SU) OFDM system employingN subcarriers. The
block diagrams of the OFDM transmitter/receiver are shown
in Fig. 1(a). We describe each module as follows.

• BICM and BICM-ID: In the context of BICM in Fig.
1, the bit streambbbo is encoded, interleaved and modu-
lated to generate thequadrature amplitude modulation
(QAM) based symbol frame in the transmitter. Let the
symbols to be transmitted by thei-th symbol block
be expressed asxxxf [i] =

[

xf
0[i], x

f
1[i], · · · , xf

N−1[i]
]T

,
which is a N -length vector fori = 0, 1, · · · . At the
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TABLE III
MAJOR CONTRIBUTIONS ON SC-FDEAND SC-FDMA TECHNIQUES

Year Authors Contributions

1995 Sari et al. [17] discussed the OFDM signaling limitations and inherent problems of OFDM emphasized the benefits of
SC-FDE for digital TV broadcasting.

1998
Clark [26] proposed adaptive FDE and diversity combining.
Sorgeret al. [27], [28] proposed the original TD IFDMA signal generation scheme, while the receiver invokes TD equalization.

2002

Galdaet al. [29] proposed the DFT-spreading aided OFDM scheme, which can be combined with FDMA as the TFD signal
generation of IFDMA, while the receiver invokes LE and detection in the FD.

Falconeret al. [18] discussed the SC-FDE arrangement using FD LE or TD DFE. The comparison between SC-FDE and OFDM
systems and their coexistence were addressed.

Benvenutoet al. [30] proposed the block-wise hybrid DFE structure for SC system by using a FD feedforward filter and a TD
feedback filter, and compared it to the OFDM system.

2003 Gusmãoet al. [31] investigated the CP-assisted SC-FDE as well as diversity combining and provided both numerical results
and the analytical performance bound.

2004

Wang [32] compared OFDM to SC-FDE systems using either ZP or CP over frequency-selective fading channels, and
considered the performance versus complexity for both uncoded and coded transmissions.

Dinis et al. [33] proposed a FD SC signal generation scheme, which is equivalent to the OFDM-FDMA using the DFT-
spreading of [29].

2005 Benvenutoet al. [34], [35] proposed a block-wise DFE, where both the feedforward and the feedback filters were implemented in the
FD relying on the MMSE criterion.

2006
Myung et al. [36], [37] generalized the DFT-spread OFDM scheme of [29] by combiningboth the IFDMA and LFDMA solutions,

PAPR comparisons of IFDMA, LFDMA and of OFDMA signals were provided.
Lim et al. [38], [39] investigated the various types of MU scheduling schemes conceived for SC-FDMA systems.

2007 Franket al. [40] reviewed and discussed the IFDMA principle as a combinationof OFDMA as well as CDMA and compared
IFDMA, LFDMA, OFDMA as well as the SC- or MC-CDMA schemes.

2008
Myung et al. [41] a book on the topic of SC-FDMA design for LTE uplink combined with beamforming, MU scheduling and

PAPR evaluation.
Berardinelli et al. [42]–[44] investigated MU scheduling schemes for SC-FDMA in comparison to OFDMA in LTE-Advanced.

2009

Adachi et al. [45], [46] overviewed the SC-FDE schemes and that with the aid of IC technique in order to mitigate the residual ISI.
Various combinations of SC-FDE with FDMA and CDMA were also investigated.

Lim et al. [47] proposed opportunistic scheduling for SC-FDMA with iterative multi-user detection (MUD).
Dinis et al. [48] proposed a high throughput FD multi-packet detection for SC-FDE systems.
Yang [7] investigated the subband mapping in SC-FDMA and discussed the trade-off between achieving a frequency

diversity gain and mitigating the residual ISI.
Wong et al. [49] investigated optimal resource allocation in uplink SC-FDMA systems.
Yoshidaet al. [50] analyzed the compensation of transmitter IQ imbalances in OFDMA and SC-FDMA Systems.
Nouneet al. [51] proposed FD implementation ofTomlinson-Harashima precoding(THP) and investigate thebit error rate

(BER) and the PAPR performance for SC-FDMA using THP.

2010

Al-kamali et al. [52] studied on transceiver scheme for SC-FDMA invoking the wavelet transform and PAPR reduction.
Benvenutoet al. [19] historically reviewed the various non-linear FDE schemes in the context of SC-FDE and SC-FDMA.
Choi et al. [53]–[55] investigated the adaptive multi-level BICM using iterative MUD combined with FDE forinterleaver-division

multiplexing (IDM) aided SC-FDMA.
Ma et al. [56], [57] studied oninter-carrier interference(ICI) and MAI suppression and cancellation techniques in SC-FDMA

with carrier frequency offsets(CFO) due to Doppler effect.
Liu et al. [58] proposed a low-complexity subcarrier-power allocation scheme for both OFDMA and SC-FDMA systems.
Nam et al. [59] investigated the interpolation-based SC-FDMA transmitter with localized resource allocation.
Zhanget al. [60], [61] proposed novel low-complexity FD DFE structures for SC-FDEsystems and MU SC-FDMA systems.
Kim et al. [62] investigated inter-subcarrier interference compensation in the frequency-hopped SC-FDMA systems.
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receiver, the BICM decoder carries out the symbol-to- bit demapping, deinterleaving and channel decoding, in
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TABLE IV
MAJOR CONTRIBUTIONS ONSC-FDEAND SC-FDMA TECHNIQUES(CONTINUED)

Year Authors Contributions

2011

Yamamotoet al. [63] designed a phase rotation sequence selection method for IFDMA with decision directed channel estimation in fast
time-varying fading channel.

Nwamadiet al. [64] investigated dynamicphysical resource block(PRB) allocation algorithms for LTE uplink SC-FDMA.
Ma et al. [65] proposed optimal orthogonal precoding for power leakage suppression for SC-FDMA systems.
Al-kamali et al. [66] investigated joint equalization and CFO compensation for SC-FDMA uplink.
Gaoet al. [67] proposed CP-based orthogonal QAM aided OFDM and its application to SC-FDMA systems.
Songet al. [68] studied on localized and interleaved subband allocation for SC-FDMA in terms of the trade-off between diversity

and CFO interference in multi-path channels.
Falconeret al. [69] proposed a power variance-minimizing linear block precoding for OFDMA which requires a slightly lower

power back-off than that for DFT precoding adopted in SC-FDMA.
Wylie et al. [70] proposed acontinuous phase modulation(CPM) aided SC-FDMA transmission for PAPR reduction.
Sanchezet al. [71] analyzed the performance forzero-forcing(ZF) FDE based SC-FDMA over Nakagami-m Fading Channels.
Ranaet al. [72] investigatedleast mean squared(LMS) based blind channel estimation of SC-FDMA systems using variable step

size and phase information.

2012

Sanchezet al. [73] applied the student’s t and behrens-fisher distributions tothe analysis of enhanced noise after FDE.
Choi et al. [74], [75] investigated spectral efficient MU techniques with channel-dependent resource allocation for SC-FDMA.
Ochiai [76] studied on instantaneous power distributions of SC-FDMA signals.
Yaacoubet al. [77] surveyed the uplink resource allocation schemes in OFDMA wireless networks.
Zhanget al. [78] analyzed various turbo FDE receivers in coded SC-FDMA usingextrinsic information transfer(EXIT) charts.
Geleset al. [79] analyzed performance bounds formaximum likelihood(ML) detection of SC-FDMA.
Kim et al. [80] proposed iterative channel estimation with frequency replacement for SC-FDMA systems.
Denget al. [81] designed a low PAPR transceiver with enhanced link quality for coded SC-FDMA.
Fanet al. [82] jointly optimized user pairing and resource allocation forSC-FDMA LTE uplink.
Yang et al. [83] proposed fast time-varying channel estimation technique for SC-FDMA LTE uplink.
Yuen et al. [84] analyzed optimum precoder for SC-FDMA in order to reduce PAPR.
Azurdia et al. [85] investigated PAPR Reduction in SC-FDMA by pulse shaping using parametric linear combination pulses.
Sridharanet al. [86] analyzed the performance of SC-FDMA in the presence of receiver phase noise and ICI.

2013

Wen et al. [87], [88] analyzed BER performance of ZF based interleaved SC-FDMA over Nakagami-m multi-path fading channel and
proposed a general framework for BER analysis of OFDMA and SC-FDMA with arbitrary Nakagami factorm.

Zhanget al. [89] investigated an enhanced Greedy algorithm based resource allocation for localized SC-FDMA systems.
Sanchez [90] analyzed spectral efficiency of SC-FDMA with adaptive modulation and coding over Nakagami-m fading channels.
Lei et al. [91] proposed a unified graph labeling algorithm for consecutive-block channel allocation in SC-FDMA transmission.
Cruz et al. [92] investigated SC- and MC- transceivers based on discrete cosine transform in the presence of CFO.

order to generate the bit stream̂b̂b̂bo from the equalized
symbol frame containing thei-th equalized symbol vector
zzzf [i] =

[

zf
0[i], z

f
1[i], · · · , zf

N−1[i]
]T

for i = 0, 1, · · · .
Additionally, the attainable error correction performance
may be improved, when BICM invoking iterative decod-
ing (BICM-ID) is used [8].

• S/P and P/S converter:In Fig. 1(a), theserial-to-parallel
(S/P) converter converts the serial symbol stream intoN
parallel symbols hosted in thei-th vector. By contrast, the
parallel-to-serial(P/S) converter converts theN parallel
elements in thei-th symbol vector into aN -times higher-
rate serial symbol stream, fori = 0, 1, · · · . The S/P and
P/S converters facilitate the processing of serial symbols
in parallel by DFT and IDFT.

• DFT and IDFT: 2 TheN -point DFT matrixFFFN is given
by Eq. (1), which is an orthogonal matrix, satisfying the
propertyFFFNFFFH

N = FFFH
NFFFN = IIIN . Furthermore, we

haveFFF−1
N = FFFH

N . Multiplying the vectorxxxf by FFFH
N

implements the IDFT, as also seen in Fig. 1.

2Let {x(0), x(1), · · · , x(N −1)} be anN -length sequence, then the DFT
and IDFT are defined as [7]

DFT: X[n′] =
1√
N

N−1
X

n=0

x[n] exp

„

−j
2πn′n

N

«

, n′ = 0, 1, · · · , N − 1;

IDFT: x[n] =
1√
N

N−1
X

n′=0

X[n′] exp

„

j
2πn′n

N

«

, n = 0, 1, · · · , N − 1.

• Insert and remove cyclic prefix: In the DFT/IDFT
aided multi-carrier system of Fig. 1 experiencinglinear
time invariant(LTI) multi-path fading channels, the linear
convolution between the channel’s input sequence, i.e. the
transmitted signal containingxxxt[i] for i = 0, 1, · · · after
P/S conversion, and the discrete-timechannel impulse
response(CIR) associated having a finite number of
taps L, results in ISI between each consecutive serial
data sequencesxxxt[i] and xxxt[i + 1] represented in the
TD. One solution to this problem is to insert acyclic
prefix (CP), which copies the lastLCP ≥ L samples, i.e.
{xt

N−LCP
[i], xt

N−LCP+1[i], · · · , xt
N−1[i]}, from the end to

the beginning of the serial sequencexxxt[i]. This is required,
because the inherent assumption facilitating DFT-based
demodulation is that the received TD signal is periodic
- at least for the duration of the channel’s memory.
A theoretically less well justified alternative method of
mitigating the ISI is known aszero-padding(ZP) [4],
[94].

• Pulse shaping and matched filtering:In order to im-
prove the spectral efficiency of the OFDM modulated
signals, typically a pulse shaping technique using a
raised-cosine filter is adopted at the transmitter. Let us
assume thatψ(t) represents a TD signaling waveform
defined over the interval of[0, Tψ) satisfying the nor-
malization condition of

∫ Tψ

0
ψ2(t)dt = Tψ. Since each

DFT block transmitsN samples, the duration of each
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sample is given byTψ = T/N , whereT denotes the
OFDM block duration. Furthermore, the band-limited
transmitted pulseψ(t) is convoluted with the CIRc(t)
and the matched filterψ∗(−t) at the receiver, resulting
in the effective received pulse given by the convolution of
ψ(t) ∗ c(t) ∗ψ∗(−t) prior to sampling, as seen in Fig. 1.
Naturally, theNyquist criterion[95] must be satisfied by
the sampling of effective received pulse for the sake of
avoiding ISI between consecutive samples of the received
signal.

• Channel and equalization:When the above-mentioned
CP is employed and when it is sufficiently long, the self-
interference of OFDM symbol and the ISI between a pair
of consecutive OFDM symbols is mitigated. Let theL-tap
CIR be expressed as [4]

h(t) =
L−1
∑

l=0

ht
lδ(t− lTc), (3)

where ht
l is the gain of thel-th resolvable path for

l = 0, 1, · · · , L − 1. For example, Fig. 2(a) demon-
strates a Rayleigh distributed multi-path fading channel
represented by50 consecutive time-correlated samples of
the TD CIR modeled by atapped-delay line(TDL) for
L = 4 CIR taps associated with a normalized Doppler
frequency offd = 0.01. For the given number of samples,
the time-correlation of the CIR taps decreases upon
increasing the Doppler spread, which is quantified by
the normalized Doppler frequency. Then, after sampling,
the channel matrix in the TD may be represented by
a (N × N)-element circulant matrix given by Eq. (2)
[7], which has the property thatHHH t = FFFH

NHHH
fFFFN , where

HHH f = diag{hf
0, h

f
1, · · · , hf

N−1}. Therefore, after applying
the DFT-based detection operation at the receiver and
having in mind that IDFT-based modulation was applied
at the transmitter, the equivalent FDchannel transfer
function(CTF) can be represented as a(N×N)-element
diagonal matrix given by

HHH f = FFFNHHH
tFFFH

N (4)

For instance, Fig. 2(b) depicts theL = 4-path Rayleigh
distributed frequency-selective fading channel repre-
sented by50 consecutive time-correlated samples of
the FD CTF overU = 32 subcarriers associated with
fd = 0.01, corresponding to the TD CIR seen in Fig.
2(a). For the given number of subcarriers, the frequency
correlation of the CTF decreases upon increasing the
Delay spread, which is quantified in terms of the number
of resolvable paths seen in the CIR. Consequently, in
OFDM systems, a low-complexity single-tap equalizer is
required. As a benefit of the DFT/IDFT operation, the
high complexity TD convolution-based equalization may
be replaced by the FDsubcarrier-by-subcarrierbased
multiplication operation in a linear time-invariant system.
Therefore, the computational complexity is significantly
reduced.

B. Transceiver of Time-Domain SC-FDMA

1) Single-User Version: SC-FDE:The schematic of SC-
FDE system [18], [46] is shown in Fig. 1(b). At the transmitter
of Fig. 1(b), let the data symbols be divided intoN -symbol
blocks expressed asxxxt[i] =

[

xt
0[i], x

t
1[i], · · · , xt

N−1[i]
]T

, i =
0, 1, · · · . Then, each blockxxxt[i] is transmitted in a conventional
serial fashion in the TD within a duration ofTv. In order to
suppress the ISI between consecutive symbol blocks at the
transmitter, as shown in Fig. 1(b), a CP is inserted between
a pair of successive symbol blocks. Hence, the durationTv

includes that of CP. At the receiver side, as shown in Fig.
1(b), the TD observations are firstly transformed to FD with
the aid of DFT block, where the FDE is invoked. Then, the
results are converted to the TD again using the IDFT of
Fig. 1(b), where the transmitted symbols are detected. When
comparing the OFDM schematic of Fig. 1(a) to Fig. 1(b), we
can see that in OFDM transceivers, the transmitter relies onthe
IDFT-based modulator, while the receiver invokes a DFT-based
demodulator. By contrast, in the SC-FDE of Fig. 1(b), both the
IDFT and DFT are required at the receiver. More explicitly,
given the low PAPR and the low-complexity single-tap FDE
of SC-FDMA, we exploit the fact that IDFT/DFT operations
facilitate moderate-complexity transformations betweenthe
TD and FD.

According to Fig. 1(b), after the CP was removed and
following the N -point DFT operation, the received FD ob-
servation vector may be expressed as

yyyf = FFFNHHH
txxxt +FFFNnnn

t, (5)

where nnnt =
[

nt
0, n

t
1, · · · , nt

N−1

]T
represents theN -length

complex-valuedadditive white Gaussian noise(AWGN) vec-
tor having a zero mean and a variance ofσ2

N at each element,
denoted byCN (0, σ2

N). Since the channel matrix obeys the
circulant property ofHHH t = FFFH

NHHH
fFFFN , Eq. (5) may be

rewritten asyyyf =HHH fxxxf +nnnf, whereHHH f represents an(N×N)-
element diagonal FD channel matrix, whilexxxf = FFFNxxx

t and
nnnf = FFFNnnn

t. The corresponding FD CTF associated with
frequency-selective fading will be further discussed in the
context of Fig. 9(c). Similar to OFDM, a single-tap FD
equalizer may be employed in each subband. Finally, the
resultant FD equalized symbol vectorzzzf is transformed by
the N -point IDFT to the estimated TD decision variable
vector representing theN transmitted symbols, which may
be expressed as

zzzt = FFFHWWWHHHH fxxxf +FFFHWWWHnnnf. (6)

Finally, the iterative detectionaided BICM (BICM-ID) de-
coder of Fig. 1(b) is invoked for channel decoding. Note that
in Eq. (6) the FDE weight-matrixWWW is a diagonal matrix,
sinceHHH f is diagonal.

Again, we assume that the perfect knowledge of the FD CTF
HHH f is available at the BS’s receiver. In the SC-FDE, various
FDE approaches may be employed based on diverse criteria.
When thematched-filtering(MF), zero-forcing (ZF) or the
minimum mean-square-error(MMSE) criterion is employed,
the equalizer-weight matrixWWW may be expressed as [7], [45],
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Fig. 2. An example of multi-path fading for in the context of our OFDM/SC-FDE system versus both the time-slots, and the TDL indexin (a)
and versus the subcarriers index in (b), respectively. The example characterizes the fading channel within50 consecutive time-slots associated
with L = 4 taps and a total system bandwidth ofU = 32 subcarriers. These50 samples of the TD fading envelope are time-correlated in
conjunction with a normalized Doppler frequency offd = 0.01.

[46].

WWW =











HHH f , MF-FDE
(HHH f)−1, ZF-FDE
[

HHH f(HHH f)H + 1
γ̄
IIIN

]

−1

HHH f, MMSE-FDE
, (7)

where γ̄ = P/σ2
N denotes the average SNR. It can be

seen from Eq. (6) and Eq. (7) that the symbols withinxxxt

interfere with each other, when invoking the MF- and MMSE-
based FDE (MF-FDE, MMSE-FDE) schemes, which results
in a residual ISI. By contrast, the residual ISI is completely
eliminated by the ZF based FDE (ZF-FDE), but as a price,
the noise may be amplified by a factor of1/hf

n, when a deep
FD fade is encountered in then-th subband, for example.
As a benefit, the MMSE-FDE strikes a trade-off between the
residual ISI suppression and noise enhancement imposed on
zzzt [7], [45]. In Fig. 9(d) a snapshot of the FD weight values
using both the MF as well as the ZF and MMSE algorithms
for SC-FDE is captured, when communicating over frequency-
selective fading channels associated withL = 4 CIR taps.
The ISI mitigation effects may be observed in Fig. 9(e) and
Fig. 9(f) by comparingy and z, which represent the signal
waveform or spectrum both before and after FDE in the TD
or FD, respectively.

The differences between OFDM and SC-FDE transceiver
structures lead to different features during signal transmis-
sions. For example, the data detection of the SC-FDE receiver
depends on the FD CTF of all the subbands, hence any deep
fade of a specific subband may be mitigated. By contrast,
in OFDM, individually applying data detection on a per
subcarrier basis may result in decision errors for the subcarrier
symbols suffering from deep FD fading. Furthermore, the SC-
FDE signal cannot readily invoke adaptive bit- and power-
loading depending on the subchannel qualities. By contrast,
adaptive bit- and power-loading is feasible in OFDM, since the
bit-to-symbol mapping may be carried out on a per-subcarrier

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

(a)

(b)

10 2 3

(b) Interleaved FDMA

(a) Localised FDMA

Guard band

SC−FDE frequency band
user’sk-thk

B

B B

MB

Fig. 3. An example of band-conversion and bandwidth-expansion
for the TD SC-FDMA systems using (a) LFDMA and (b) IFDMA,
respectively. Both the systems have a total bandwidth ofMB = 4B,
with a symbol rate ofB for supportingK ≤ M = 4 users.

basis after S/P conversion at the transmitter. In summary, we
compare the features of OFDM and SC-FDE in Table V [41].

2) Multi-User Version: TD SC-FDMA:Above the SC-
FDE scheme has only been considered in the context of SU
transmission. Let us now focus our attention onmulti-user
(MU) FDMA scenarios. In order to supportK users in the
uplink, two TD signaling schemes using SC-FDE have been
considered by the 3GPP-LTE standardization body [96], [97],
namely thelocalized FDMA (LFDMA) and the interleaved
FDMA (IFDMA) schemes. Let us assume that the symbol
duration is Ts. Then, the duration of a SC-FDE block is
Tv = NTs, when each SC-FDE block containsN symbols. As
shown in Fig. 3, we assume that the symbol rate isB = 1/Ts.
Hence, if the total system bandwidth isMB, the maximum
number of users supported becomesK = M . Let us now
detail the operational principles of the LFDMA and IFDMA
schemes using SC-FDE.

• TD localized FDMA[93], [96]: The transmitter schematic
of the TD LFDMA is shown in Fig. 4(a), which is
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TABLE V
COMPARISON OFOFDM AND SC-FDESYSTEMS

OFDM SC-FDE
Implementation Similar, DFT/IDFT-aided, SC-FDE transmitter is simpler.
ISI Similar, non ISI by using CP
Complexity Similar, lower than that of the TD equalizer
Modulation MC SC
Transmission Parallel Serial
Symbol duration N times per subcarrier Unchanged
Bandwidth 1/N per subcarrier 1/N per subband at receiver
Frequency offset Sensitive Less sensitive
Against deep FD fading Weak Robust
Bit/power loading Frequency-selective adaptation Not applicable

Insert
CP

BICM shaping
Pulse

carrier modulation

T−domain

T−domain

repetition
and

Compression
BICM shaping

PulseInsert
CP

carrier modulation
user−specific
phase vector

(a) TD localised FDMA

(b) TD interleaved FDMA

xxxt
k[i]bbbok

ψ(t)

sk(t)

User k
fk

bbbok

ψ(t)

sk(t)

f

x̃̃x̃xt
k[i]

sk,u

xxxt
k[i]

Fig. 4. Transmitter schematic of the TD SC-FDMA signaling scheme. The corresponding waveforms are seen in Fig. 5.

TD

Symbol index

xt
k,n ∈ xxxt

k

Tv

Ts

n

N = 4, M = 4

(a) Localized FDMA

TD

Chip index

x̃t
k,n ∈ x̃̃x̃xt

k
Tv

Tc u

M = 4, U = 16

(b) Interleaved FDMA

Fig. 5. An example of transmitted signal waveforms of the TD
SC-FDMA signaling systems using (a) LFDMA and (b) IFDMA,
respectively. Both the systems have a block duration ofTv, with
a symbol duration ofTs and the chip duration of IFDMA is
Tc = Ts/M = Ts/4. The system may supportK ≤ M = 4 users.
The corresponding spectrum are seen in Fig. 3.

the conventional FDMA-based SC-FDE. The transmitted
TD signal waveform of LFDMA is shown in Fig. 5(a).

The signals of different users are transmitted in differ-
ent frequency bands associated with different carriers.
Specifically, thek-th user’s signal is conveyed by the
k-th subband with a bandwidth ofB Hz, as shown in
Fig. 4(a). As shown in Fig. 3(a), in order to guarantee
the orthogonality between the different users’ signals, a
guard band is inserted between two adjacent bands.

• TD interleaved FDMA[27], [28]: The corresponding
transmitter schematic is shown in Fig. 4(b). In contrast
to the above-mentioned TD LFDMA signaling, which
allocates localized frequency bands to each of the users,
the idea behind the TD IFDMA scheme is to disperse
each user’s signal equidistantly toN distributed sub-
bands, each having a bandwidth ofB/N Hz, which are
equally distributed across the entire system bandwidth of
MB Hz, as shown in Fig. 3(b). Therefore, each user still
occupiesB Hz and the system is capable of supporting a
maximum ofK = M users. Observe in the TD IFDMA
transmitter of Fig. 4(b) that the originalN symbols of
userk having a symbol durationTs are first compressed
into N chips with a chip duration ofTs/M . Then, thek-
th user’s resultantN -chip segment is repeatedM times,
while being subjected to the user-specific phase rotation
factor ofk/Tv for k = 0, 1, · · · ,K−1. As shown in Fig.
5(b), the resultant symbol vector having a duration of
Tv is denoted as̃x̃x̃xt

k[i], which containsU = MN chips,
namelyN chips from each of theK users. Finally, the
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u-th, u = 0, 1, · · · , U − 1, chip in x̃̃x̃xt
k[i] is expressed as

x̃t
k,u[i] =

1√
M

exp

[

j
2π(mN + n)k

U

]

xt
k,n[i], (8)

if u = mN + n; otherwise x̃t
k,u[i] = 0, for m =

0, 1, · · · ,M − 1 andn = 0, 1, · · · , N − 1, wherext
k,n[i]

represents then-th symbol of thei-th symbol vector
xxxt
k[i] of user k. Finally, the different users’ signals

can be transmitted orthogonally using the same carrier
frequency. It can be shown that if each of theK users
transmits its signals in the form of Eq. (8), the received
signal vector will be de-spread with the aid of the user-
specific phase de-rotation vector [28]. Hence, applying
the DFT to transform the TD signal to the FD, it may
be expressed in the form of Eq. (5), which is beneficial,
because it is capable of employing FDE.

Both the TD LFDMA and IFDMA schemes characterized in
Fig. 5 have their advantages and disadvantages. The main ad-
vantage of TD LFDMA which is explicitly shown in Fig. 5(a)
is that the different MTs map each user’s signals to different
carrier frequencies using different timing, hence synchroniza-
tion is not necessary, which facilitates asynchronous uplink
communications. However, using guard bands reduces the
spectral efficiency of the LFDMA. Additionally, the LFDMA
system may not achieve frequency-diversity, if each user’s
signal is a narrow-band signal. By contrast, the TD IFDMA
system characterized in Fig. 5(b) transmits the different users’
signals at the same carrier frequency in conjunction with user-
specific phase rotation. However, accurate timing should be
guaranteed. Hence, it requires tight synchronization in the
uplink, which constitutes a challenge for MTs roaming at
different distances and at a high speed. However, as a benefit,
the IFDMA system does not require a guard band between
the adjacent subbands. Therefore, the bandwidth efficiencyof
the IFDMA scheme may be higher than that of the LFDMA
scheme. On the down-side again, when the MTs of the IFDMA
system roam at a high velocity, the frequency offset due to
the Doppler frequency shift may significantly degrade the
performance of IFDMA systems.

C. Transmitter of Time-Frequency-Domain SC-FDMA

The transmitter schematic of TFD SC-FDMA is shown in
Fig. 6(a). In comparison to the OFDM scheme of Fig. 1(a) and
to the TD SC-FDMA arrangement of Fig. 4, which requires no
DFT/IDFT at the transmitter, the transmitter of the TFD SC-
FDMA necessitates both the DFT and the IDFT. The DFT
operation of the TFD SC-FDMA scheme is referred to as
DFT-based spreading [29], [36], which transforms and spreads
each TD symbol to the FD as a feature of DFT, yielding
a modulated signal in the form of the OFDM modulated
signal. Then, as shown in Fig. 7, the subcarrier signals are
mapped to different subbands according to the matrixPPP k of
Fig. 6(a). Following mapping to the subbands, the results are
transformed back to the TD by the IDFT, where the signals are
transmitted following the principles of OFDM, after inserting
the CP and pulse-shaping, as seen in Fig. 6(a). Let us now
describe some of the components portrayed in Fig. 6(a) in
more detail.

30 0 0 0 1 1 1 1 2 2 2 2 3 3 3

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

subbands

(a)

(b)

subbands

DFT−spread OFDM

user’s

(b) Interleaved FDMA

(a) Localised FDMA

signal

k k k k

N = 4

m = 0 m = 1 m = 2 m = 3

U = NM = 16

k-th

Fig. 7. An example to illustrate the bandwidth expansion and subband
mapping in the TFD SC-FDMA system of Fig. 6 using a total of
U = 16 subbands, andN = 4 subbands per user. The system can
supportK ≤ M = 4 users.

Let us assume that the TFD SC-FDMA system employs
U = MN subbands to supportK ≤ M uplink users, where
each user occupiesN subbands. According to [7], after S/P
conversion, thek-th user’sN symbols may be expressed in
the TD as

xxxt
k = [xt

k,0, x
t
k,1, · · · , xt

k,(N−1)]
T , k = 0, 1, · · · ,K − 1,

(9)
where the superscript t refers to the TD. Each element in
xxxt
k is independent and identically-distributed (i.i.d.) witha

normalized transmission powerP . Following the N -point
DFT-spreading using the DFT matrixFFFN of Fig. 6(b), xxxt

k

is transformed to the FD, yielding

xxxf
k = [xf

k,0, x
f
k,1, · · · , xf

k,(N−1)]
T = FFFNxxx

t
k, (10)

where the superscript f refers to the FD. Note that a conven-
tional OFDMA system may be formed, whenFFFN is replaced
by the identity matrixIIIN .

As shown in Fig. 6(b), following the DFT operation, thek-th
user’s FD symbols inxxxf

k are mapped to the most appropriate
N subbands, which are selected from theU = (M × N)
subbands of the SC-FDMA system with the aid of the subband
mapping matrixPPPk of userk. Following subband mapping,
theU -length FD symbol vector may be expressed as

x̃̃x̃xf
k = [x̃f

k0, x̃
f
k1, · · · , x̃f

k(U−1)]
T = PPPkxxxf

k. (11)

Again, in the context of SC-FDMA typically two subband
mapping schemes are used, namely the localized mapping and
distributed mapping schemes shown in Fig. 7.

• Localized subband mapping: As shown in Fig. 7(a),
the localized mapping allows each user’sN symbols
to be transmitted onN consecutive subbands of theU
subbands. It can be shown that the entries ofPPPk seen in
Fig. 6 are defined as

Pk,(u,n) =

{

1, if u = kN + n
0, otherwise

(12)

for n = 0, 1, · · · , N − 1 andu = 0, 1, · · · , U − 1.
• Distributed subband mapping: When the distributed map-

ping of Fig. 7(b) is employed, theN symbols of a user
are spread across the entire bandwidth ofU subbands. A
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Fig. 6. Transmitter structure of the TFD SC-FDMA signaling adopting the principle of DFT-spread OFDMA. In contrast to the pure TD
LFDMA/IFDMA schemes of Fig. 4, in the TFD SC-FDMA we have the additional DFT - subband mapper - IDFT processing chain, which
facilitates the flexible mapping of the symbols to subbands.

typical distributed symbol-to-subband mapping scheme is
the so-calledinterleaved subband mappingproposed in
[29], [33], which allocates theN symbols of a user to
equidistant subbands, where the entries of the mapping
matrixPPPk are defined as

Pk,(u,n) =

{

1, for u = nM + k
0, otherwise

(13)

for n = 0, 1, · · · , N − 1 andu = 0, 1, · · · , U − 1.

In the context of TFD SC-FDMA scheme, the system invok-
ing localized subband mapping is referred to as the LFDMA
arrangement of Fig. 4(a), which has now been adopted by
the 3GPP-LTE and LTE-Advanced standards [1], [2], [21],
[22]. By contrast, the TFD SC-FDMA system using the
interleaved subband mapping is referred to as the TD IFDMA
arrangement of Fig. 4(b). In TFD SC-FDMA, the DFT-spread
OFDMA structure allows the user signals to be transmitted
with a high flexibility. For example, the length of transmitter’s
DFT/IDFT may be adaptively reconfigured for the sake of
accommodating diverse time-varying channel environmentsin
order to achieve frequency diversity. The length of DFT/IDFT
can also be adjusted, in order to support variable-rate services.
When comparing the IDFMA scheme to LFDMA, it becomes
plausible that the IFDMA system is capable of achieving the
maximum attainable frequency diversity in dispersive multi-
path fading channels, since each symbol of a user carried byN
subcarriers is distributed evenly across the entire transmission
band. By contrast, owing to experiencing correlated fading,
the LFDMA system can only achieve frequency diversity,
when using eitherdynamic subband allocation[98] or MU
scheduling[41].

As seen in Fig. 6(b), following the symbol-to-subband map-
ping, theU -point IDFT is invoked to transform the symbols

of x̃̃x̃xf
k from the FD to TD, yielding

x̃̃x̃xt
k = [x̃t

k0, x̃
t
k1, · · · , x̃t

k(U−1)]
T = FFFH

U x̃̃x̃x
f
k = FFFH

UPPPkFFFNxxx
t
k.
(14)

Specifically, when considering TFD LFDMA and substituting
Eq. (12) into Eq. (14), it can be shown in Fig. 9(b) that theu-th
element of̃x̃x̃xf

k becomes zero, provided that we haveu 6=kN+n,
while theu′-th, u′ = 0, 1, · · · , U − 1, element ofx̃̃x̃xt

k can be
expressed as [7]

x̃t
k,u′ =

1√
M

exp

(

j
2πu′k

M

)

xt
k,n, (15a)

if u′ = nM , and

x̃t
k,u′ =

1√
M

exp

(

j
2πu′k

M

)

×
[

1 − exp

(

j
2πu′

M

)]

× 1

N

N−1
∑

n′=0

xt
k,n

1 − exp(j2πu′/U) exp(−j2πn′/N)
,

(15b)

otherwise. Observe in Eq. (15a), Eq. (15b) as well as Fig. 9(a),
that theN symbols ofxt

k,0, x
t
k,1, · · · , xt

k,(N−1) are transmitted
as the chips̃xt

k,u′ of Fig. 9(a) within the chip durations of
u′ = 0,M, · · · , (N−1)M , respectively, at the same subcarrier
frequencykN/Tv, which corresponds toku′/M in both Eq.
(15a) and in Fig. 9(a), when we haveu′ = nM . Otherwise,
whenu′ 6= nM , the original symbols inxxxt

k are transmitted by
three subcarriers at the frequencieskN/Tv, N/Tv and 1/Tv,
corresponding toku′/M , u′/M and u′/U , as seen both in
Eq. (15b) and in Fig. 9(a). Therefore, the spectrum of the
TFD LFDMA signal is similar to that of the conventional TD
LFDMA signal, as shown in Fig. 4(a). However, in the TFD
LFDMA the guard band between the adjacent MU channels
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Fig. 10. PIC or HIC aided turbo FD-DFE receiver for SC-FDMA

that used in the conventional TD LFDMA is not necessary.
Hence, the bandwidth efficiency of TFD LFDMA may be
enhanced. Since the TFD LFDMA scheme only transmits three
subcarriers regardless of the value ofN andU , TFD LFDMA
is capable of attaining a much lower PAPR, in comparison to
OFDMA.

By contrast, in the context of TFD IFDMA, when substi-
tuting Eq. (13) into Eq. (14), we find that theu-th element of
x̃̃x̃xf
k is zero for anyu 6=nM + k as shown in Fig. 9(a), while

we have [7]

x̃t
k,u′ =

1√
M

exp

[

j
2π(mN + n)k

U

]

xt
k,n, (16)

when u′ = mN + n, for m = 0, 1, · · · ,M − 1 and
n = 0, 1, · · · , N − 1. Observe from Eq. (16) that for thek-
th user only a single subcarrier located at the frequency of
k/Tv is activated to convey each ofN symbols inxxxt

k which is
transmitted repeatedlyM times within a TD segment duration
of Tv. Hence, it can be shown that the transmitted signal’s
spectrum in the TFD IFDMA of Fig. 9(b) is equivalent to that
of the TD IFDMA signal, as seen in Fig. 3(b). Since TFD
IFDMA only transmits a single carrier at any time, it does not
impose any of the severe PAPR problems of OFDM.

Finally, as seen in Fig. 6(b), the TFD SC-FDMA (LFDMA,
IFDMA) signals are transmitted after P/S conversion, CP con-
catenation and chip waveform filtering. Let us now consider
the receiver.

D. Receiver of Time-Frequency-Domain SC-FDMA

The receiver schematic of TFD SC-FDMA is shown in
Fig. 8(a). More details are illustrated in Fig. 8(b). Explicitly,
the receiver typically carries out the inverse operations of
the transmitter. Since the symbols are transmitted in blocks
within TFD SC-FDMA systems, they are also detected on a
block-by-block basis. Following the matched-filtering opera-
tion, the CP is removed. Then,U -point DFT is carried out
to transform the TD observations to the FD, where subband
demapping and FDE are invoked. Specifically for userk′,
k′ = 0, 1, · · · ,K − 1, we exploit the property of [7]

PPPTk′PPPk =

{

IIIN , for k = k′,
000N , for k 6=k′, (17)

Finally, following the N -point IDFT, which transforms the
equalized FD signals to the TD, the decision variables can
be formed for theN transmitted symbols of a specific user.
Additionally, channel decoding using BICM-ID may be carried
out.
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Apart form the above-mentioned linear equalization (LE)
schemes as discussed in Section II-B, non-linear equalization
methods, such as decision-feedback equalization (DFE) may
also be considered for the SC-FDMA systems [19]. The
MMSE basedsuccessive interference cancellation(SIC) style
FD-DFE (MMSE-SIC FD-DFE) of [78], [98] relys on the
reliability-aided real-valued MMSE-SIC philosophy of Fig. 11
[99], [100], which determines the SIC-ordering based on the
maximuma posterioriprobability (MAP) criterion. It unlikes
the conventional MMSE-SIC, which quantifies the reliabilities
of the detected symbols in terms of the SINR. Therefore, the
impact of both the fading and that of random noise is taken into
account during the SIC process. Performance results of in [78],
[98] show that the reliability-aided MMSE-SIC FD-DFE is
capable of suppressing the residual ISI and hence significantly
outperforms the single-tap MMSE FDE benchmark for both
the uncoded and channel coded SC-FDMA system for trans-
mission over frequency-selective fading channels, respectively.

For the sake of further improving the achievable perfor-
mance, joint equalization and decoding has been invoked for
designing FEC coded SC-FDMA systems [54], [101], where
either hard- or soft-decisions may be fed back to the equalizer
by FEC decoder. Most recently, three different types of turbo
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Fig. 8. Receiver structure of the TFD SC-FDMA scheme. The corresponding transmitter was shown in Fig. 6, while the associated waveforms
and spectrum in Fig. 9.

FDEs were designed for BICM-aided SC-FDMA in [78].

The first type is the soft-MMSE based turbo FD-LE re-
lying on exchanging extrinsic information in a number of
consecutive iterations between the MMSE FD-LE and the
FEC decoder [102]. Hence the MMSE weight matrix is
updated based on thea-priori information gleaned during each
iteration. This regime further reduces the residual ISI imposed
on the estimated symbols.

The second type is referred to as theparallel interference
cancellation (PIC)-assisted turbo FD-DFE, which combines
iterative PIC with FEC decoding. Specifically, the PIC aided
turbo FD-DFE of Fig. 10 may employ a LE based on the
MMSE principle, invoked for the initial filtering of the re-
ceived signal in the FD, before FEC decoding takes place.
Then, this PIC aided turbo FD-DFE carries out the MF based
PIC (MF-PIC) operation as shown in Fig. 12 on a block-by-
block basis using the FEC decoded bit stream during each
iteration.

Additionally, the third type referred to as the hybrid IC
(HIC)-assisted turbo FD-DFE of Fig. 10 invokes the MMSE-
SIC FD-DFE of Fig. 11 to suppress the ISI as its first stage.
Then the PIC-aided turbo FD-DFE of Fig. 12 becomes active,
in order to further improve the attainable performance. In other
words, as shown in Fig. 10, the PIC turbo FD-DFE scheme
becomes a HIC turbo FD-DFE, when the MMSE-SIC FD-
DFE replaces the MMSE FD-LE in PIC turbo FD-DFE of
Fig. 10. The MF-PIC operation invoked in the turbo FD-
DFE may be carried out by usingsoft-decisions, where the
number of iterations carried out in the PIC turbo FD-DFE may
be varied, based upon the extrinsic information improvement
of consecutive iterations between the demodulator and the
decoder. The results of [78] show that the soft-MMSE turbo
FD-LE is capable of providing a better performance than the
PIC- and HIC-aided turbo FD-DFE schemes, while all the IC
techniques considered strike an attractive trade-off between the
bit-error ratio (BER) achieved and the complexity imposed.

E. Comparison of OFDMA and SC-FDMA

In Table VI, the major differences of OFDMA and the TFD
SC-FDMA schemes are summarized, where both the LFDMA
and IFDMA schemes are considered. Let us elaborate on the
table in a little more detail [7], [40], [41], [44].

1) Both OFDMA and SC-FDMA adopt the IDFT/DFT for
MC modulation/demodulation at the transmitter/receiver,
respectively. However, in SC-FDMA, the DFT-based
spreading operation seen in the transmitter of Fig. 6
results in SC transmission for SC-FDMA. By contrast,
the OFDMA scheme simultaneously transmits all the
subcarriers in parallel.

2) Both the OFDMA and SC-FDMA schemes are free from
MU interference(MUI), owing to the orthogonal subcar-
rier/subband mapping scheme of the users supported.

3) The CP-based technique is employed by both OFDMA
and SC-FDMA transmissions in order to suppress the
effects of ISI.

4) Symbols within one data block do not interfere with
each other in the OFDMA system. However, due to
the IDFT operation used at the receiver of Fig. 8, the
symbols in one block may interfere with each other
in the SC-FDMA systems, when the channel’s fading
becomes frequency selective.

5) As seen in Fig. 13, both the LFDMA and IFDMA
schemes may achieve a certain diversity gain in the pres-
ence of frequency-selective fading. Nevertheless, this
frequency-diversity gain is only achievable, when the
residual ISI is efficiently mitigated, for example with the
aid of the MMSE based FDE schemes of Fig. 8 and Fig.
11. By contrast, frequency-diversity is not inherent in the
OFDM(A) as shown in Fig. 13, unless the same symbols
are mapped to several independently fading subcarriers,
which reduces the throughput. Similar to OFDM, a
frequency diversity gain may be also achieved, when
OFDMA is combined with channel coding/interleaving
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Fig. 9. Examples of thek = 0-th user’s transmitted and received signal waveforms and spectrums of the TFD SC-FDMA signaling systems
using either LFDMA or IFDMA in comparison to SC-FDE, respectively. Snapshots of the FD CTF and FDE weight values at a single
block of the OFDM or SC-FDE, LFDMA and IFDMA transmissions over frequency-selective fading channels subject to a SNR of10dB,
respectively. All the systems involveU = 32-point DFT and IDFT having an equivalent FD CTF over a total of32 subcarriers/subbands.
Both the systems have a block duration ofTv with a symbol duration ofTs and the chip duration isTc = Ts/M = Ts/4, regarding a system
bandwidth ofMB a subband bandwidth ofB/N . The system may supportK ≤ M = 8 users. The corresponding subband mapping are
seen in Fig. 7.

TABLE VI
COMPARISON OFOFDMA, TFD SC-FDMA (LFDMA AND IFDMA) SCHEMES

OFDMA LFDMA IFDMA

Transmitter IDFT DFT, IDFT
Receiver DFT DFT, IDFT
Complexity Similar
MUI Non
ISI Non-ISI between two OFDMA/SC-FDMA symbols by using CP
Residual ISI Absence Presence, unless using ZF-FDE
Transmission Parallel Serial
Carrier modulation MC SC
Involved subcarriers U subcarriers 1 or 3 subcarriers 1 subcarrier
PAPR Highest Very low Lowest
Symbol duration NTs = Tv Ts (M chip duration) Ts/M (1 chip duration)
Symbol bandwidth B/N (compressed) B (localized) MB (distributed)
Frequency diversity gain Non, unless FEC Limited Significant
Multiuser scheduling gain Significant Sufficient Limited
Mobility scenario (speed) Depends (scheduling) Low (scheduling) High
Channel estimation Depends (subc. mapp.) Low overhead High overhead
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[6] or MU scheduling [103].
6) In the IFDMA scheme, each user’s symbols are evenly

distributed over the entire frequency band of the system,
while in LFDMA, the symbols of a user are conveyed
by a set of consecutive subbands. Therefore, the achiev-
able frequency-diversity gain of the IFDMA system is
typically higher than that of the LFDMA system as
seen in Fig. 13. By contrast, MU scheduling can be
efficiently carried out in the context of the LFDMA
system, since the co-located subbands may be allocated
to the most appropriate frequency bands associated with
a high channel gain. Additionally, similar to OFDMA,
MU scheduling may be invoked by the LFDMA scheme
in order to attain a higherMU diversity gain than that
of the IFDMA system.

7) MU scheduling may be carried out, when communicat-
ing over slowly fading correlated channels correspond-
ing to a relatively low Doppler frequency. Otherwise,
the overhead imposed by the reference symbols or
pilots, which are required for channel estimation will be
increased in order to obtain an accuratechannel state
information (CSI) estimate. As a result, the spectral
efficiency of the LFDMA or OFDMA system may
degrade, when the MTs travel at a higher speed.

8) In order to carry out the FDE operation of Fig. 8, channel
estimation is required. It can be shown that in a given
mobility scenario associated with a specific multi-path
power delay profile, the LFDMA system may require a
lower channel estimation overhead than IFDMA, since
the co-located subbands of LFDMA experience corre-
lated fading, while the distributed subbands of IFDMA
may experience independent fading.

9) In the OFDMA system all the subcarriers are transmitted
simultaneously, leading to a high PAPR. In comparison
to OFDMA, the PAPR of LFDMA is substantially
decreased, since either one or three subcarriers are
transmitted, as seen in Fig. 9(a) in the context of Eq.
(15a) and Eq. (15a). Among the three schemes, IFDMA
guarantees the lowest PAPR, since according to Eq. (16)
only one subcarrier is transmitted at any time as shown
in Fig. 9(a). The PAPR of the OFDMA, IFDMA and the
LFDMA schemes was quantified in [41].

10) As a benefit of its diversity gain, SC-FDMA - especially
the IFDMA scheme - outperforms the OFDMA scheme
in terms of its achievable BER performance [7], when
no other BER enhancement techniques are invoked.
The IFDMA arrangement outperforms LFDMA in terms
of its BER performance, when operating without the
assistance of other techniques [104].

“

III. C OOPERATIVE COMMUNICATIONS FOR SC-FDMA

A. Multiple-Input Multiple-Output Techniques

Since the pioneering work of Shannon [105] in 1948,
researchers have endeavored to improve the capacity, the
integrity as well as thequality-of-service(QoS) of wireless
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Fig. 13. BER performance versusEb/N0 of TFD SC-FDMA systems
for N = M = 8 supportingK = 8 users over a total ofU =
64 subbands, when the BS invokes various FDE receivers, i.e. MF,
ZF, MMSE and MMSE-SIC [7], in comparison with OFDMA. The
system experiences frequency-selective Rayleigh fading associated
with L = 1, 2 and4 paths, respectively.

communications. However, the channel capacity of conven-
tional single-input single-outputsystems is severely limited by
the logarithmic low ofC = B log2(1 + SNR). As a remedy,
multiple-antenna aided systems have been conceived [106],
[107]. The single-input multiple-output(SIMO) architecture
employs a single transmit antenna and multiple receive anten-
nas for uplink transmission, while themultiple-input single-
output(MISO) architecture invokes multiple transmit antennas
and a single receive antenna for downlink transmission. Upon
combining the SIMO and MISO architectures, we arrive at
themultiple-input multiple-output(MIMO) concept relying on
diverse multi-antenna aided systems [108]–[115].

MIMO techniques are capable of achieving diversity gains
without increasing the transmission power. Specifically, a
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transmit diversitygain is achieved by MISO transmissions
with the aid of space-time coding(STC) techniques, while
a receive diversity gain is achieved by SIMO reception re-
lying on maximum ratio combining(MRC) at the receiver
[106], [110], [111], [113], [116], [117]. Multi-antenna aided
techniques have also been employed at the transmitter of
OFDM-based systems, namelyspace-frequency coding(SFC)
for the sake of achieving a transmit diversity gain [114], [118]–
[122]. Previous studies on extending the context of STC/SFC
schemes to SC-FDE and to SC-FDMA systems are listed in
Table VII.

Nevertheless, the most valuable bandwidth used for mobile
communications lies in the range of700 MHz to 3.8 GHz
[123]. In order to guarantee the independent fading of the
physical wireless channels at multiple antennas, a sufficiently
high minimum distance has to be maintained between the
adjacent antennas, which is not practically feasible, given
the limited size of the MT. However, most of the benefits
of MIMO techniques relying on multiple co-located antennas
potentially erode in the context of compact, shirt-pocket-sized
MTs, owning to the correlation of signal received by the
insufficiently widely spaced antennas. Fortunately, the single-
antenna-aided MTs can cooperate by sharing their antennas
in order to form a virtual MIMO system, where the MTs are
carefully selected by the resource allocation algorithm toavoid
their correlation.

B. Relay-Assisted Transmission and Cooperation

The conventional relaying technique known from the classic
telegraph simply repeats a weak signal received at the end of
a long wire-section in order to extend the coverage. Similarly,
the relay of a wireless back-haul is capable of amplifying a
weak signal in order to compensate for the path-loss effects
during radio propagation. The philosophy of three-terminal
communication channel model was introduced by van der
Meulen et al. in 1970’s [124], [125]. Forty years later, this
concept of relay-assisted transmission has been adopted bythe
3GPP-LTE Advancedstandard for commercial employment
[126]–[128].

With the aid of relaying, the so-called ’user cooperation’
concept relying on ’antenna sharing’ and relaying was pro-
posed by Sendonariset al. in 1998 [129], which was then
further developed by Laneman and Wornell in 2000 [130].
The basic idea in the context of cellular systems is that a
MT may be assigned by the BS to assist another MT as a
cooperating partner, where the cooperating MT may relay the
source information and additionally it may also transmit its
own information to the destination [131], [132]. Note that the
source and the destination might be the BS or another MT,
depending on whether uplink or downlink transmissions are
considered.

Furthermore, user cooperation allows the collaborative MTs
to be distributed across the terrain and may be able to achieve
a power reduction by reducing the path-loss. Furthermore, it
is capable of eliminating the spatial correlation of shadow
fading, since the cooperative MTs are typically selected tobe
at geographically separated locations. Ultimately, user coop-

TABLE VIII
ILLUSTRATION OF TDD RELAYING PROTOCOLS FOR THE

THREE-TERMINAL FADING RELAY CHANNEL [181]

Protocol I Protocol II Protocol III
TS-1: broadcast phase S→R, D S→R, D S→R
TS-2: relay/coop. phase S→D, R→D R→D S→D, R→D
Equivalent model MIMO SIMO MISO

eration is capable of achieving substantial gains by providing
the following benefits [131], [132]:

1) achieving an improved energy/power efficiency;
2) increasing the attainable system throughput;
3) improving the cell-edge coverage;
4) guaranteeing a given QoS, etc.

Recently, the cooperative concepts have been introduced
into OFDM-based systems associated with appropriatedy-
namic resource allocation(DRA) for exploiting the benefits of
frequency-selective fading [133]–[138]. Although the majority
of the signal processing in OFDM and OFDMA systems
is carried out in the FD, no frequency-selection diversity
gain can be achieved without FD spreading or subcarrier-
repetition when experiencing frequency-selective fading. By
contrast, TFD SC-FDMA is capable of exploiting the benefits
of frequency-selection diversity with the aid of DFT-spreading,
which spreads the TD symbols right across the FD before
OFDM modulation. This DFT-spreading principle is similar to
the effect of MC-CDMA experienced in broadband channels,
where the FD spreading sequence spreads each subcarrier’s
symbol across the entire bandwidth. Furthermore, SC-FDMA
attains a similar overall performance as OFDMA, but it is more
suitable for uplink transmission due to its lower PAPR, which
is typically high in MC systems. Moreover, in comparison
to TD SC-FDMA and SC-DS-CDMA using FDE, the TFD
SC-FDMA scheme can be adaptively reconfigured in order
to mitigate the effects of time-dispersive channels. Therefore,
by invoking relays, the cooperative SC-FDMA system also
benefits from cooperative communications. The cooperative
relaying designs conceived for the SC-FDMA uplink are listed
in Table VII.

C. Cooperative Relaying Protocols

As mentioned in Section III-A, user cooperation may be
regarded as a specific manifestation of avirtual or distributed
MIMO scenario, where the cooperating single-antenna-aided
MTs may be treated as the external antennas of cooperating
partners [181], [182]. Therefore, user cooperation is capable
of providing acooperative diversitygain in the form ofspatial
diversity, since the destination may receive the replicas of
signal via both the direct- and relay-aided links. According
to [181], the classic three-terminal fading relay channels
may be converted into equivalent MIMO, SIMO and MISO
channel models with the aid of the differenttime-division-
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TABLE VII
MAJOR CONTRIBUTIONS ONTRANSMIT/COOPERATIVE DIVERSITY AIDED SC-FDEAND SC-FDMA TECHNIQUES

Year Authors Contributions

2001 Al-Dhahir et al. [139] investigated SC-FDE with STBC system over frequency-selective fading channels.

2004 Zhu et al. [140]–[142] proposed layered linear, adaptive and semi-blind space-frequency equalization for MIMO aided SC block
transmissions.

2005
Zhu et al. [143] studied SC-FDE with decision-feedback processing for time-reversal STBC system.
Coonet al. [144] proposed adaptive FDE for STBC aided SC transmissions over dispersive channel.

2006 Janget al. [145] investigated CP-based SC transmissions with SFBC over mobile fading channel.

2007
Mheidat et al. [146] proposed SC-FDE techniques for distributed STBC with AF relaying.
Seolet al. [147]–[151] proposed spectral efficient cooperative diversity schemesfor SC-FDMA uplink and analyzed their performance

over fading relay channels.

2008

Yune et al. [152]–[154] proposed iterative MUD for both the SFBC aided SC transmission and spectral efficient relay aided SC-FDE.
Li et al. [155] proposed SFBC SC systems with turbo FDE receiver.
Li et al. [156] designed block adaptive equalization and diversity combining for STBC-aided SC transmission.

2009
Zhanget al. [157] proposed subband-based AF relaying schemes for SC-FDMA uplink in MU scenario.
Ciochinaet al. [158] proposed a PAPR-preserving mapping methods for SC-FDMA with SFBC.

2010

Zhanget al. [159], [160] proposed power-Efficient opportunistic AF-relaying schemes for MU SC-FDMA uplink.
Kim et al. [161] investigated decision-directed channel estimation for SC-FDE in AF relaying networks.
Woo et al. [162] proposed an efficient receive-diversity-combining technique for SC-FDMA-based cooperative relays.
Chenet al. [163] studied precoding-based blind channel estimation for STBCaided SC-FDE system.
Zhanget al. [164] proposed joint estimation and suppression of phase noise and CFO for SFBC-aided SC-FDMA .

2011 Eghbali et al. [165], [166] proposed a novel receiver for SC-FDE with the aid of AF relaying using distributed STBC and studied on relay
selection and resource allocation in the distributed STBC-aided multi-relay network.

2012

Zhanget al. [98], [167] investigated energy-efficient dynamic resource allocation for opportunistic relaying assisted SC-FDMA using
turbo equalizer aided soft DF.

Nakadaet al. [168] proposed power allocation schemes for direct/cooperativeAF relay switched SC-FDMA.
Tao et al. [169] overview the cooperative techniques for LTE/LTE-Advanceddownlink transmission, such as relay,distributed

antennas systems(DAS), multi-cell processing (MCP), coordinated multiplepoint transmission and reception (CoMP),
and proposed several joint processing schemes for CoMP.

Wu et al. [170] investigated cooperative FD beamforming for SC-FDE systems with aid of single- or multiple relays.
Hassanet al. [171] proposed energy-efficient hybrid opportunistic cooperative protocol for SC-FDMA.
Kuchi et al. [172] proposed MMSE-prewhitened ML equalizer for MIMO DFT-recoded OFDMA.
Luo et al. [173] combined STBC and spatial multiplexing with quadrature OFDM structure using ZF and MMSE FDE schemes for

OFDMA/SC-FDMA systems.

2013

Kadir et al. [174] proposedspace-time shift keying(STSK) for OFDMA and SC-FDMA in dispersive fading channels.
Adachi et al. [175] proposed joint cooperative-transmit/receive FDE with IR for broadband SC transmission under the source-relay

total and individual transmit power constraint.
Kha et al. [176], [177] proposed joint optimization of source power allocation andcooperative beamforming for MU SC-FDMA in

multi-relay networks.
Rajashekaret al. [178] consider SBTC based spatial modulation operating in a frequency-selective ZP-aided SC transmission scenario.
Guvensenet al. [179] proposed a general framework for optimum iterative blockwise equalization of MIMO SC transmission and

analyzed its asymptotic performance.
Li et al. [180] proposed a high-throughput adaptive modulation and codingscheme for cooperative SC-FDMA transmissions.

duplex(TDD) relaying protocolsof Table VIII3, respectively.
Moreover, when multiple source nodes exchange their in-

formation and then act as relays for assisting each other, a
beneficial cooperative diversity gain may be achieved by the
cooperative/distributed STC schemes studied in [146], [154],
[165], [183]–[190].

The diversity versus multiplexing trade-off is an important
issue in the context of cooperative relaying [191]. Naturally,
relaying requires two-hop or multi-hop transmissions, hence its
achievable throughput is lower than that of direct transmission
(DT). In order to improve the the achievable throughput of
cooperative relaying, a range of advanced schemes have been
proposed. For example, the near-capacity space-time coded
cooperation schemes of [116], [187] employs the irregular
channel coded space-time diversity schemes for cooperative
nodes, while successive relaying [188] allows two or more

3Illustration of TDD relaying protocols for the three-terminal fading relay
channel of [181] over two time-slots (TSs), namelybroadcastphase andre-
lay/cooperationphase, constituted by the source (S), relay (R) and destination
(D), each of which employs a single antenna. The notation ’A→B’ denotes
the signals transmitted from terminal A to terminal B.

MT

BS

SDRs
Second−hopFirst−hop

(a) Single-dedicated-relaying

MT

BS

First−hop Second−hop

SSR

(b) Single-shared-relaying

Fig. 14. Topologies for single-relay aided MU SC-FDMA uplink
transmissions.

relays to alternately receive the signal transmitted from the
source node, which does not pause its transmissions as in the
conventional half-duplex mode. The network-coded two-way
relaying of [192], [193], as well as the linear dispersive coding
aided cooperation of [117], [174], etc.

D. Cooperative Relaying Topologies

Let us elaborate on the cooperative relaying topologies
designed in the context of the SC-FDMA uplink a little further.
In [157], the authors conceived two single-relay assisted
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MT Relays BS

(a) Serial multi-relaying

MT BS

Relays

(b) Parallel multi-relaying

MT BS

Relays

(c) Generalized multi-relaying

Fig. 15. Topologies of multi-relay aided cooperative networks for SU
uplink transmissions

topologies for the sake of exploiting the achievable cooperative
diversity, as shown in Fig. 14. Explicitly, insingle-dedicated-
relaying (SDR) each relay is dedicated to a single user, while
in single-shared-relaying(SSR) a single relay assists multiple
users.

By contrast, when multiple relays are invoked, the resultant
cooperative relaying topologies may be classified follows.

• Serial multi-relaying : As shown in Fig. 15(a), the
source’s signals were forwarded with the aid ofmulti-
hop relaying/cooperation, depending on the absence or
presence of cooperative diversity combining at each hop
[194], [195].

• Parallel multi-relaying : While in Fig. 15(b), the signals
are forwarded with the aid ofmulti-branch cooperation
for the sake of maximizing the achievable diversity order
[196], [197].

• Generalized multi-relaying: Observe in Fig. 15(c), a
combination of both multi-hop relaying and multi-branch
cooperation was examined in [198] aiming for both
relaying-aided path-loss reduction and for diversity gain.

Considering the network deployment, the serial multi-relay
network is suitable for further extending the cellular coverage,
albeit this is achieved at the expense of increasing the delay
and decreasing the throughput. By contrast, the parallel multi-
relay network may be use to beneficially increase the network
capacity without coverage extension. Although the generalized
multi-relay network inherits the advantages of both above two,
the architecture design is complicated.

E. Transmission Modes at the Relay

There are two main transmission modes operated at the
relays, namely theamplify-and-forward(AF) mode and the
decode-and-forward(DF) mode [199]. The AF relays simply
normalize and amplify the signals received from the source
prior it is transmission to the destination. In parallel, the
DF relays firstly detect, demodulate and decode the source’s
signals; after hard- or soft-decision the bit stream is then
encoded and re-transmitted [200]. Other types of relaying,
such as the so-calledcompress-and-forward[201], detect-and-
forward or demodulate-and-forward[202] techniques may be
regarded as modified transmission modes of the AF and DF
modes.

0
0.2

0.4
0.6

0.8
1

0
0.2

0.4
0.6

0.8
1

−4

−3

−2

−1

0

 

d
RD

SC−FDMA(IFDMA) 4−QAM SDR MMSE−JFDEC (N=M=K=L =8, η=4, SNR=6dB)

αS
k

 

B
E

R
 (

10
(⋅)

)

Fig. 16. BER performance versus both the normalized transmit power
(αS

k at the source MT and versus the normalized R-D distanceδRD
k

of subband-based AF SDR aided SC-FDMA (IFDMA) systems for
N = M = 8 supportingK = 8 users over a total ofU = 64
subbands, when the BS invokes an MMSE JFDEC receiver [160],
[215]. The system experiences frequency-selective Rayleigh fading
associated withL = 8 paths and a path-loss exponent ofη = 4 in
the absence of shadowing, whenEb/N0 = 6 dB.

Generally, the AF relays jointly increase both the signal
power and the noise power. By contrast, DF relays are capable
of eliminating the effects of noise, provided that the source’s
signals are decoded without error. However, at low SNR, they
often result in decoding error propagation, which degradesthe
bit-error rate (BER) performance at the destination. Hence,
for the sake of achieving an improved link reliability, it
is suggested to appoint AF relay(s) roaming close to the
destination, as shown in Fig. 16. By contrast, it is beneficial
to employ DF relay(s) near to the source for the sake of
reducing the decoding error propagation [160], [167], [203]–
[205]. In order to mitigate the effects of error propagation, the
DF relays are also capable of carrying out soft-decisions rather
than hard-decisions, where the soft-information is forwarded
[206]. A more sophisticated solution is constituted bycoded-
cooperation[207]–[209] as a form of enhanced DF relaying,
which allows the joint design offorward-error-correction
(FEC) coding of both the source’s and the relay’s information
[210], [211]. In this scenario, the presence of the direct link in
the distributed coding aided cooperative network may provide
additional gains by improving the error-correction capability
for the sake of near capacity operation [187], [188], [212],
[213]. Another extension of DF mode, referred toincremental
relaying(IR), is to invoke theautomatic repeat-request(ARQ),
namely hybrid-ARQ, during transmissions for the sake of
increasing the redundancy [175], [199], [214].

F. Relay-Assisted Dynamic Resource Allocation

The OFDM-based LTE air-interface, such as the OFDMA
downlink scheme and the SC-FDMA uplink, conveniently
facilitate near-instantaneous adaptivemulti-user scheduling
and subcarrier allocation, depending on the CSI of the sub-
carriers, when communicating over frequency-selective fading
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channels [103], [216]–[220]. Compared to classic single-hop
transmissions, optimizing radio resource allocation for relay-
assisted dual-hop transmissions involves more substantial tech-
nical challenges, especially, when considering both multiple
users and multiple relays sharing the resource in terms of
time, frequency, spaceand power, leading to the cross-layer
operation problems [221]–[223].

1) Relay Selection:In the topologies mentioned in Sec-
tion III-D, the assignment of relays is assumed to be fixed.
However, the availability of inactive mobiles as candidate
relays has the potential of mitigating the effects of fading. The
activation of multiple relays results incooperativeor selection
diversity in the spatial-domain, which transforms therelay
selection(RS) problem into amulti-relay schedulingscenario
reminiscent ofmulti-user scheduling. RS may be carried out
in numerous ways.

• Static RS assigns the relays for the entire duration of a
session, hence the achievable gains depend on the velocity
of cooperating nodes4. Besides, other RS schemes as
follows may be regarded asdynamic relay selection
(DRS).

• Random RS appoints the relays stochastically without
relying on any channel knowledge, but in this case only
a limited gain may be attained.

• Distance-dependent RSis capable of maximising the
relaying-aided path-loss reduction by appointing relays
in the optimum locations [203], [204].

• Channel-dependent RS monitors the instantaneous
channel conditions, including the associated path-loss,
shadowing and multi-path fading effects. Therefore, both
relaying-aided path-loss reduction and a diversity gain
may be achieved. When the S-D direct link is unavailable,
this kind of relaying scheme is referred to asopportunistic
relaying (OR) [167], [224]–[227]; when the S-D direct
link is available, the corresponding cooperative relaying
scheme is known asopportunistic cooperation(OC)
[160].

Therefore, in terms of the locations of relays in a cluster, the
cooperative relaying topologies may be investigated in both
geographically distributed and co-located scenarios.

a) Geographically Distributed Relays:In the geograph-
ically distributed OR-assisted uplink, multiple relays are con-
sidered in three typical scenarios, namely when we have a
sufficiently high number of relays, a moderate number of
relays and an insufficient number of relays. The corresponding
RS schemes, namely thesingle-user relay selection(SU-RS),
multi-user relay selection(MU-RS) andmultiple-access relay
selection(MA-RS) regimes are shown in Fig. 17 of [160].
The BS is assumed to be capable of acquiring both the CSI
at the receiver and the SNR of all the cooperative links based
on pilot-assisted channel estimation. The power allocation and
RS operations are carried out with the objective of maximising
the average received instantaneous SINR of each user at the
BS for both the direct and relaying branches. Additionally,it is

4The relays having higher velocity communicate over the fading channel
with lower time-correlation. In this case, the SRS within a session benefits
from time-diversity gain over a high correlated fading channel but it may also
suffer from poor channel quality over a low correlated fading.

assumed that the transmissions of thesource-to-destination(S-
D), source-to-relay(S-R) andrelay-to-destination(R-D) links
are orthogonal and hence they do not impose an increased
MUI.

Let us elaborate on the cooperative diversity oriented RS
schemes proposed in [160] a little further. By invoking SU-RS
in Fig. 17(a), the BS allocates a beneficial relay to each source
MT based on the instantaneous SNRs of the links via theJ/K
candidate relays within a user-specific cluster. Accordingly, the
RS of each source user is different. By contrast, in the MU-RS
of Fig. 17(b), the BS allows multiple source MTs to access
upto J candidate relays. Hence, the instantaneous SNRs are
evaluated at the BS in order to find for each source a single
desired relay from the shared cluster ofJ candidate relays with
the aid of user-pairing techniques. However, the BS employs
the MA-RS of Fig. 17(c) by selecting a single shared relay for
cooperation with all source users based on the instantaneous
SNRs of the links from each of theJ relays to the BS within
a cluster.

By comparing the various RS schemes for the sameJ as a
fairness, the cooperative and selection diversity gain maybe
observed in Fig. 18. Specifically, in comparison to the RRS,
the fixed relay having an optimal location offers a relaying
gain, while SU-RS provides a selection diversity gain from
each user-specific relay cluster. Moreover, MU-RS provides
an additional multi-user diversity gain over and above that
of SU-RS, which is an explicit benefit of the RS procedure
that avoids the effects of deep shadow fading. Additionally,
the MA-RS scheme provides a useful selection diversity gain
with the aid of the second hop as it only requires a single R-D
link. However, by invoking all the(K×J) possible S-R links
for supporting allK source MTs via a single target relay, the
selection diversity gain glean by the first-hop of MA-RS does
not improve the link-level reliability in the presence of deep
shadow fading.

b) Geographically Co-located Relays:By contrast, Fig.
19 illustrates the geographically co-located OR-assisteduplink
of [167], where theK uplink users of a traffic cell are
considered. The idle terminals located in each other’s vicinity
may act as members of a relay cluster. These relays are
assumed to be located midway between the source MT and
the destination BS. In other words, it is a generalized case of
the RS schemes of Fig. 17, while the multiple relays of Fig.
19 are assumed to be capable of exchanging the pilot-based
channel quality information(CQI) of all the users, facilitating
cooperation at the relays in order to carry outdynamic resource
allocation (DRA). The original MU information exchange
scheme operating with the aid of a single relay was referred
to as multi-way relaying (MWR), which is shown in Fig.
19(b).5 However, the multiple relays participating in the MWR
procedure aim for CQI exchange, rather than for payload
exchange.

2) Resource Allocation at the Opportunistic Relays:The
selection diversity may be achieved also in the FD with the
aid of beneficialsubcarrier allocationand power allocation

5This terminology is reminiscent of the process used in [228]for describing
the data-exchange that takes place amongst multiple data-source and destina-
tions, but again, we only assume the employment of MWR for CQIexchange.
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Source Relay clusterTarget relayRelay BS

(a) SU−RS for SDR (b) MU−RS for SDR (c) MA−RS for SSR

Fig. 17. The snapshot of topologies for OC-aided SC-FDMA uplink
invoking various RS schemes [160]. We consider a fair comparison
usingK = 3 users and a total ofJ = 6 relays for all the RS schemes
in subfigures (a), (b) and (c). When the specific relays are selected
depending on the instantaneous SINR, the solid lines in (a),(b) and
(c) characterize the corresponding SDR and SSR topologies portrayed
in Fig. 14, while the dashed lines indicate the other opportunistic
cooperation via SDR/SSR links. The relays roam between the source
and destination, while satisfying the normalized distances of the S-R
and R-D links withdSR+dRD = 1. The source/relay power constraints
are given bydSR + dRD = 1 and the source/relay power constraints
areαS

k + αR
k = 1 for SDR, while we haveαR =

PK−1
k=0 αR

k = 1 for
SSR.
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Fig. 18. Performance of various RS schemes for subband-based AF
aided OC uncoded SC-FDMA (IFDMA) uplink forN = M = 8,
K = 4 users andJ = 16 relays, when the BS invokes the MMSE
JFDEC receiver [160]. The systems communicate over frequency-
selective Rayleigh fading channels associated withL = 8, when the
path-loss exponent isη = 4 with a shadowing varianceσ2

ξ = 4dB
for all the S-D, S-R and R-D links [160].

schemes. The optimization cost-function, may be the channel
gain, the SNR, the spectral efficiency, etc.

• Subcarrier allocation allows the different users’ signals
to be assigned to the most appropriate subcarriers or to
a subcarrier-group in the LTE system [49], [64], [229]–
[231]. In the context of relay-assisted OFDM systems,
the joint optimization of the subcarrier allocation of all
hops is desirable, namely that of the S-R link, of the
S-R link and of the R-D link in the dual-hop scenario.

MTs BSORs

first−hop second−hop

Head

MWR

Cooperative Cluster of Relays

Multiple−access phase Broadcast phase

(a) Opportunistically relayed SC−FDMA uplink

(b) Pilot−aided CQI exchange in a cooperative relay cluster
by assuming multi−way relaying (MWR)
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gRD
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Nr − 1

J − 1

gSR
k,j

dSR = 0.5 dRD = 0.5

J

Fig. 19. The topology of OR-based MU SC-FDMA Uplink with
the aid of CQI exchange [167]. Compared to Fig. 17, the basic
differences in Fig. 19(a) rely on that (1) the direct transmission (DT)
link is unavailable; (2) cooperating relays geographically localized
in a cluster are capable of exchanging CQI; (3) the BS’s receiver
employs multiple antennas.

This was also referred to assubcarrier pairingin [136],
[232]–[237].

• Power allocationdetermines the total transmit power of
the individual users’ signals shared by the source and
the multiple relays subject to the total power constraint
[133], [238], [239]. In [136], [233], [234], the power
allocation was also jointly optimized with the subcarrier
allocation subject to a specific maximum power constraint
at the individual nodes, while striking a trade-off between
the cost, the complexity and the achievable performance.
Fig. 16 illustrates that an improved performance may
be achieved by an AF relay aided SC-FDMA system,
when the source node is allocated a higher fraction of
power than the relay node, which is roaming close to the
destination [160].

In the OR-channel considered in Fig. 19(a) [167], both the
spatial- and spectral-domain resources offered by the multiple
relays may be explored for the sake of power reduction. In
order to achieve a selection diversity gain, the DRS allows
each user to benefit from exploring bothJ different S-R
channels andJ R-D channels. The corresponding complex-
valued fading envelope may be deemed to be independent and
identically distributed (i.i.d) for each of these links of the resul-
tant virtual MIMO scheme created from the single antennas of
the MTs. Furthermore, thedynamic subband allocation(DSA)
beneficially rearranges the MU signals for transmission over
the most appropriate subband groups for second-hop relaying.
Moreover, experiencing frequency-selective fading in theDRA
assisted OR scheme may provide an additional MU diversity
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gain for the system.
Although the conventional combination of DRS and DSA

achieves a diversity gain with the aid of beneficial subband
allocation and RS, the grade-of-freedom associated with ben-
eficially allocating the MU signals across the entire set of
(M × J) subband groups of theJ relays has not been fully
exploited. Unless near-error-free decoding is possible atthe
DF relays, the MU signals received and forwarded by the AF
or DF relays may result in error-propagation at the BS, due
to the first-hop transmissions in terms of the S-R CQI.

Therefore, the so-calledFirst-Hop-Quality-Aware(FHQA)
joint dynamic resource allocation(JDRA) schemes were con-
ceived for OR-assisted SC-FDMA in [167] as the solution of
the above-mentioned issues. By assuming that these cooperat-
ing relays are capable of exchanging their CQIs as mentioned
in Section III-F1a, the(J−1) relays of Fig. 19(b) transmit their
CQI to an appropriately selected relay that acts as acluster-
head, which then broadcasts the CQI back to the(J−1) relays.
Two JDRA schemes were designed in [167], [215], where the
relevant decision are made at the relay rather than at the BS.
This implies that the BS’s receiver does not require the CQI
of the first hop.

As described in [167], [215], both FHQA JDRA schemes
have three main functions, namely the relay selection, sub-
band allocation and user assignment. Explicitly, the subband
allocation of both JDRA schemes is based on the second-hop
quality, while the user assignment depends on the first-hop
quality. The RS of JDRA-1 is based on the second-hop quality,
while that of JDRA-2 relies on the first-hop quality. Therefore,
the JDRA-1 method predominantly relies on the second-hop
quality, while JDRA-2 on the first-hop quality. As a result,
the attainable performance of both JDRA-1 and JDRA-2 is
limited by the quality of its dominant channels.

Naturally, the diversity gain of a multi-antenna assisted
BS reduces the fading variationgRD

j,m with the aid of an
increased number ofNr independent channel attentions, which
are averaged over them-th subband group of a frequency-
selective fading channel between thej-th relay and the BS.
Hence, the achievable selection diversity gain of usingJ
R-D channels is reduced in the absence of shadowing. As
observed in Fig. 20, the FHQA JDRA methods applied to
subband-based AF OR in uncoded SC-FDMA are capable of
achieving an additional gain by rearranging the resources of
ORs by appropriately exploiting the S-R link quality. The
first-hop quality becomes a particularly dominant factor for
JDRA-2 in determining the achievable performance benefits of
exchanging CQI between the cooperating relays. By contrast,
observe in Fig. 21, the selection diversity gain of JDRA-2
exceeds that of the multi-antenna assisted Rayleigh fading
benchmarker in the context of soft-decision based DF aided
OR invoked in the BICM SC-FDMA uplink relying on an
MMSE turbo FD-LE.

G. Signal Processing at the Relays

In order to eliminate both the MUI and for the sake of
mitigating the noise inflicted upon the other users’ subbands
imposed by AF relaying in the MU uplink, an efficient
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Fig. 20. Performance of various DRA schemes for subband-based
AF aided uncoded OR SC-FDMA (LFDMA) uplink where the BS’s
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and8, when invoking the MMSE-SIC FD-DFE of Fig. 11 [98].
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Fig. 21. Performance of various DRA schemes for soft-decision based
DF aided OR SC-FDMA (LFDMA) invoking BICM and turbo FDE,
when the relay channels experience uncorrelated fading. Both the
BS’s and the relay’s receivers invoke the MMSE turbo FD-LE (ID =
1) of Fig. 10 [167].

subband-based AF scheme combined with subband demapping
and remapping was proposed in [157]. Furthermore, a joint
FDE and diversity-combining scheme (JFDEC) was proposed
in [160], which combines the signals received from both the
direct and relaying links for the sake of increasing the achiev-
able cooperative diversity gain. Moreover, joint cooperative
transmit/receive FDE was conceived for cooperative relaying
in broadband SC systems in [175], which satisfied both the
total and the individual transmit power constraints at the source
and the relays. Hence joint transmit power allocation may be
carried out in the MMSE sense in the FD and in the maximal
ratio transmission (MRT) sense in the spatial domain.
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H. Relay Technology in LTE-Advanced Standards

Relaying was proposed for improving the LTE-Advanced
standard in [240] and the relay architectures proposed for LTE-
Advanced were defined in the LTE Release-9 [241].

The relays of the LTE-Advanced system complying with its
Release-10 [23], [126] are operated in the relay transmission
modes discussed in Section III-E [242]. Specifically, the so-
called Layer-1 relays are simply operated as repeaters in AF
mode, while the Layer-2 relays rely on the DF mode. Finally,
the Layer-3 relays perform DF relaying relying on full user
data regeneration.

Meanwhile, the relays may be operated in two different
access types [243], [244]. Specifically, the so-called Type-I
relays, which possess their own cell identifier, are capable
of supporting the MTs with the aid of similar functions to
those of the BS in order to improve the cell-edge coverage,
when the direct link between the BS and MTs is of low
quality. By contrast, the Type-II relays do not have their own
cell identifier and hence do not offer BS-like functions. Their
main function is that of creating cooperative relaying links
between the BS and MTs for the sake of achieving cooperative
diversity. In [128], [245], [246], the relay operation techniques
were investigated both from a physical layer and a MAC layer
perspective.

Both types relays obeying the LTE-Advanced standards
[247] were designed to form an inherent part of the fixed
infrastructure, hence they are stationary. However, the an
improved performance may be achieved by mobile relays.
Hence, in [248], [249], the networking architecture of mobile
relay was investigated with a view to include them in future
LTE-Advanced releases. For more details on relay and on the
standardization of LTE-Advanced, please refer to [250] and
[127], [128], [241], [246], [247], [249], [251], respectively.

IV. CONCLUSIONS

A. Summary

In this paper, we have reviewed the principles of SC-
FDMA techniques and investigated a variety of cooperative
relaying schemes designed for the SC-FDMA uplink, when
communicating over broadband wireless channels, for the sake
of increasing the achievable power-reduction. A number of
inactive MTs are assumed to act as potential relays, which have
either fixed or time-variant positions in a cell. We focused on
the optimum exploitation of the resources, when considering
relay selection, power allocation and subband allocation,as
well as novel signal processing algorithms at the relays. Our
investigation demonstrated that reliability and power-reduction
of the cooperative SC-FDMA systems can be significantly
improved.

B. Design Guideline

1) The SC-FDMA arrangement benefits from the flexibility
of transceiver reconfiguration in the form of either
IFDMA or LFDMA, both of which may achieve some
diversity gain in the presence of frequency-selective
fading when the residual ISI was efficiently mitigated. In

this case, IFDMA is capable of achieving much higher
attainable frequency-diversity gain than LFDMA, when
the LFDMA scheme does not invoke intelligent resource
allocation schemes.

2) The IFDMA signaling scheme is capable of providing
a significant frequency diversity gain in cooperative
systems, where cooperative diversity may be achieved
in a multi-path environment. The subband-based AF
scheme exploiting the benefit of the noise suppression
capability of the relay is capable of achieving a multi-
user performance, which is better than that of the
conventional SU AF protocol.

3) The cooperative networks may rely on either serial or
parallel multi-relay assisted regimes, as well as on a
generalized model combining both of them. The AF re-
lays benefit from low-complexity implementation, while
the DF relays are capable of achieving higher power
reduction with the aid of FEC coding.

4) The optimal location of the AF relay is close to the
BS and the AF relay requires a lower transmit power
than the source MT. When the relays are dynamically
distributed, the proposed SU-RS, MU-RS and MA-
RS schemes benefit from substantial selection diversity
gains in diverse shadowing scenarios.

5) The resource allocation schemes for the relays may
be invoked in cooperative SC-FDMA system for the
sake of achieving a selection diversity gain in both
the frequency- and spatial-domains as well as for re-
ducing the transmitted power. Specifically, the dynamic
approaches of relay selection, power allocation and sub-
band allocation require the knowledge of instantaneous
CSI.

6) The FHQA aided JDRA-1 and JDRA-2 schemes were
activated depending on whether the second-hop or the
first-hop channel quality dominates the attainable per-
formance. By employing a multi-antenna BS, the JDRA
schemes are capable of achieving a superior performance
in comparison to the DT benchmark, while its counter-
parts consume significantly more power.

7) The channel coded OR systems were found to be capable
of reducing the transmit power as a benefit of its spatial
interleaving gain owing to increasing the number of re-
lays, when communicating over highly correlated fading
channels. Hence, for the sake of decreasing the buffering
delay and increasing the power-reduction, the interleaver
depth of the proposed systems may be shortened, when
the relays invoke the soft-DF protocol.

C. Suggestions for Future Work

In this paper, we mainly considered the user cooperation in
a single-cellscenario. However, in amulti-cell network [252],
substantialCo-channel interference(CCI) may be imposed on
the received signals at the MT, at the BS as well as at the relays
[253]. In [254], [255], various architectures of stationary relay
deployment have been designed for LTE-Advanced systems
by taking into account the MT location, BS sectoring and
frequency-reuse in interference-limited scenarios as well as
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coordinated multi-point(CoMP) transmission and reception
schemes. In order to mitigate the CCI and reduce the energy
per bit, a trade-off has to be struck between the energy-
efficiency and spectral-efficiency.

For the prospective of fifth generation (5G) mobile com-
munications, MIMO and cooperative communications are key
techniques which are adopted within various technology di-
rections, such as large-scale antenna systems, cognitive radio
networks, device-to-device (D2D) communications, etc [256]–
[258].

Owning to the beneficial diversity gain by employing a
large the number of antennas in MIMO systems, large-scale
antenna systems, which is now well known as massive MIMO,
have been proposed and investigated [259], [260]. In order to
realistically apply massive MIMO for LTE-Advanced based
cellular systems, challenges rely on several issues including
channel estimation, system architecture, smart antenna, and
channel modeling, etc [258]. Various approaches such as
full-dimension MIMO and elevation beamforming techniques
have been studied and implemented in various aspects [261]–
[263]. In [264], [265], the authors quantified the number of
massive antennas employed for cellular system and discussed
its relations to small-cell and heterogeneous network solutions.

Meanwhile, the rapid growth of wireless communications
faces the increased critical issues of spectrum utilization,
particularly for transmissions in the licensed bands. Therefore,
with the aid of intelligent cooperation and opportunistic trans-
missions, cognitive radio becomes emerging technology in
wireless networks [266]–[270]. However, in order to meeting
the requirements and limitations for the practical cognitive
radio based heterogeneous networks in beyond LTE-Advanced
cellular systems, many challenges and design trade-offs are
being explored [271]–[277].
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