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Abstract—In this treatise, we focus our attention on the cooper- TABLE |

ative uplink transmissions of systems beyond the LTE-Advaced ACRONYMS: 2-L

initiative. We commence a unified treatment of the principle 2G second generation

of single-carrier frequency-division multiple-access (BPMA) and 3G third generation

the similarities and dissimilarities, advantages and weahkess of 3GPP third Generation Partnership Project

the localized FDMA, the interleaved FDMA and the orthogonal 4G fourth generation

FDMA systems are compared. Furthermore, the philosophy of AF ~ amplify-and-forward
AWGN additive white Gaussian noise

both user cooperation and of cooperative single-carrier FIMA

: : : : : : BER bit-error ratio
is rewe_wed. They_ are investigated in the context of diverse BICM bit-interleaved coded modulation
topologies, transmission modes, resource allocation andgsal BS base station
processing techniques applied at the relays. Benefits of mling el co-channel interference
in LTE-Advanced are also reviewed. Our discussions demonsite CTF channel transfer function
that these advanced techniques optimally exploit the resagoes in CDMA code-division multiple-access
the context of cooperative single-carrier FDMA system, wtgh is CFO carrier frequency offset
a promising enabler for various uplink transmission scenaios. cp cyclic prefix
. L . . CQI channel quality information
Index Terms—Cooperative Communications, Diversity, Dy- csl channel state information
namic Resource Allocation, Frequency-Domain Equalizatin, CIR channel impulse response
LTE-Advanced, MIMO, Opportunistic Relaying, SC-FDMA DF decode-and-forward
DFE decision-feedback equalization
DFT discrete Fourier transform
[. INTRODUCTION DRA dynamic resource allocation
HE worldwide growth in both the number of mobile DRS dynamic relay selection
. . . . DSA dynamic subband allocation
subscribers and their demand for increased rate mobile pt direct transmission
broadband services provided further impetus for the mobile = FD frequency-domain
telecommunication operators to improve both the capacity a ~ FPP frequency-division duplexing
- FDE frequency-domain equalization
the reliability of cellular networks. Hence, the_zy have been  rpua frequency-division multiple-access
upgraded from theecond generatio(2G) to thethird genera- FEC forward error correction
tion (3G) globally, namely from the narrowbartiche-division FHQA first-hop-quality-aware
.( ) 9 Y, y . GSM Global System for Mobile communications
multiple-access(TDMA) based Global System for Mobile aic hybrid interference cancellation
communications(GSM) to the 3G code-division multiple- HSPA high speed packet access
accesgCDMA) basedUniversal Mobile Telecommunications IC interference cancellation
Systems(UMTS). Both the 2G and 3G systems rely on Il inter-carrier interference
Yy ) . - y ] y IDFT inverse discrete Fourier transform
frequency-division duplexin@~DD) in Europe and oriime- IFDMA interleaved frequency-division multiple-access
division duplexing(TDD) mode in China. Meanwhile, the 'JSD'RA R inter-symbol 'menflefef;_ce
. . . Joint dynamic resource allocation
ngr?‘dmg of t.he cellular networks in North Am_erlca. from JFDEC | joint frequency-domain equalization and combining
the single-carrier (SC) modulated CDMA tomulti-carrier LE inear equalization
(MC) modulated CDMA has also taken place. Recently, fur-  LFDMA localized frequency-division multiple-access
LTE Long Term Evolution

ther enhancements and extensions of the above-mentioned
UMTS systems have been created in the context of the so-
called High Speed Packet AccefidSPA) techniques and its

evolved version HSPA+, for the sake of improving tingink
Copyright ©2015 IEEE. Personal use of this material is peedj but and downlink performance at a minimum cost based on the
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Fortunately, it was shown in [5] that this problem may be
circumvented by employing the DFT and IDFT operations,

MQPRS maXimn;JSl‘tié;gg:;‘;”r%ﬁ;pfgglgt'ii% which carry out the modulation/demodulation in a singlgste
MC muﬁi_carrier Mor(_a_explicitly, the implementation complexity of OFDM is
MF - matched-filtering significantly lower than that of the parallel banks of modu-
m’/\l"SOE m;'itr:?r'ﬁ&'gpumtgr‘:'ts'p'lj;?:tgr“rgr lators and the demodulators/equalizers. A plethora ohéurrt
MT mobilgterminal OFDM system improvements, such as various combinations
MU multi-user of OFDM and CDMA, leading to MC-CDMA systems have
or i ey been investgated in 5], 7).
MU-RS multi-user relay selection _ The OFDM 5|gn§\I|ng technique of Flg._l(a_\)_ has the f(_)llow-
MWR multi-way relaying ing advantages. Firstly, the ISI can be significantly mikgh
OFDM orthogonal frequency-division multiplexing with the aid of relatively low signal processing complexity
OFDMA orthogonal frequency-division multiple-access at the receiver. Secondlv. in OFDM sianalin sing overla
OR opportunistic relaying . Iver. Yl ) ignail 9' using ov p
PAPR peak-to-average power ratio ping but orthogonal subcarriers leads to an increased rgpect
PAM pulse-amplitude modulation efficiency [4]. Thirdly, the FD channel fluctuations may be ac
PIC parallel interference cancellation . . . .
P/ parallel-to-serial _commodated by invoking subband-based adaptive m_odulann
OAM quadrature amplitude modulation in OFDM, where each subband of parallel subcarriers may
R-D relay-to-destination be modulated using a FlBhannel transfer functiofCTF)-
Sg resor‘érscfuﬁlfcb"’l‘ggl’(‘ dependent number of bits, depending on #ignal-to-noise
RS relay selection ratio (SNR) of the individual subbands. As a result, the
SC single-carrier throughput of OFDM systems may be increased with the aid
S-D source-to-destination ; ;

of adaptive modulation.
S-R source-to-rela; . . .
SDR Sing|e_dedicated_re|ayin); H_owever, it is a d|sadvan_tage that in the abs_en_ce of_ channel
SFBC space-frequency block code coding, the OFDM system is incapable of achieving diversity
2:\ICR successive '”tif‘;raelntcoen‘;éi‘ggig?g’” When channel coding, such dut-interleaved coded mod-
SSR Singﬁe_shared_raaying ulat?on (BICM) [8], is appligd on an in<_jivi<_:iual s_ubcgrrier _
STBC space-time block coding basis, the system may achieve a certain time-diversity gain
28 Sseltnpf‘eftﬁ'é’gr as a benefit of channel coding and interleaving, but no
SU-RS single-user re|aygse|ection frequency_-diversity may be attained, u_nles_s the_ same symbo
D time-domain is transmitted several times by mapping it to independently
TDD __time-division duplexing fading subcarriers, which have to reside outside the cHanne
oA time-division multiple-access coherent bandwidth. A better way of achieving frequency-
TFD time-frequency-domain - ; Wi " W Yy . 1evi g qu h Yy
UMTS Universal Mobile Telecommunications Systems diversity for OFDM is to exploit coding and interleaving
ZF Zer0-f0(rj%:ng applied right across all the subcarriers [9].
ZP Zero-padding Owning to transmitting multiple signals in parallel, OFDM

signaling also has some disadvantages. Firstly, due touthe s
perposition of a high number of modulated subcarrier sgnal

A. Single-Carrier versus Multi-Carrier Modulation ! ' >
a highpeak-to-average power ratiiPAPR) may be exhibited

When communicating over broadband channels imposiffg. The PAPR problem imposes substantial challenges on the
frequency-selective fading, conventional SC modulatiaseal practical design of power amplifiers, which have a limited
systems require high-complexityne-domain(TD) equalizers linear range. In case of non-linear amplification, the rasul
having a large number of taps, in order to suppressdrtteg- high out-of-band harmonic distortion power may contarénat
symbol interferencgISI) due to time-dispersion. However,the adjacent channels, when the TD signal evolves from a
this disadvantage can be overcome by the family of MOw-power waveform to a high-power waveform [6]. Diverse
modulation techniques, such aghogonal frequency-division techniques of PAPR reduction have been investigated in the
multiplexing(OFDM), which was originally introduced in [3]. literature [10]-[15]. A beneficial low-complexity techniq is
In the context of MC communications, the origirzit stream based on employing a so-called block-coding [16], whereesom
is divided into numerous low-ratsubstreamgransmitted in of the subcarriers do not convey useful data - instead, theey a
parallel, which are mapped teubcarriers or subchannels simply set to a value, which reduces the peak-power. Segondl
When using a high number of substreams, each subcharfurther impediment of OFDM is that it is very sensitive to
nel becomes sufficiently narrow compared to ttwherence both frequency and time offsets [4].
bandwidthof the channel. Therefore, the signal transmitted
over each non-dispersive subchannel experiences freguere State-of-the-Art of SC-FDMA
flat fading. As a result, the ISI of eacliequency-domain  Although MC modulation has some advantages over the
(FD) substream becomes lower and a low-complexity FEonventional SC modulation, it suffers from the above-
equalizer having a single tap may be employed [4]. Howevenentioned PAPR problem. Naturally, SC modulation having
this parallel transmission scheme would potentially regjai a significantly lower PAPR is more suitable for uplink trans-
bank of modulators and demodulators operating in parallehissions than MC modulation, since the battery-sizenobile
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Fig. 1. Block diagram of baseband OFDM and SC-FDE systems: (a) ORDMSC-FDE

terminal (MT) is limited, hence requiring power-efficient non-(DFT)-spread OFDMA are compared. Enhanced signal recep-
linear amplifiers. In order to take advantage of the benefits tion and equalization techniques are also conceived fgingl
both SC and MC modulation, the SC received signal may lb@ both the linear and iterative approaches. In Sectiormil,
transformed to and equalized in the FD with the aid of thievestigate a variety of cooperative relaying schemegjdesi
IDFT and DFT operations. This arrangement is referred for the SC-FDMA uplink, when a number of inactive MT as
as SC modulation relying ofrequency-domain equalizationpotential relays, which are either geographically disiié#al or
(FDE), which is seen in Fig. 1(b) [17]-[19]. Furthermorego-located in a cell. Specifically, the resource allocatonl

by combining the SC-FDE and FDMA principles, SC-FDMAsignal processing schemes are designed at relays for tiee sak
may rely either on TD or on FD signal generation [20]. Thef power reduction. Finally, we conclude and discuss some
important development mile-stones of SC-FDMA are shown mpen problems set aside for future work in Section V.

Tables Ill 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 adwhc . ] ) o
versions (e.g. LTE-Advanced Release 11) [22] for SC-FDMA In this section, we review the principles of SC-FDE and

based uplink transmissions within the 4G wide area cellul&C-FDMA. Two types of SC-FDMA schemes are considered
broadband wireless systems [1], [2], [23]-[25]. as the evolution of SC-FDMA. In the first type, the transnditte

) . ) _signals are only processed in the TD, which is hence referred
In this treatise, we focus our attention on the cooperatiy§ 55 TpD processing aided SC-FDMA, or TD SC-FDMA
uplink transmissions of systems beyond the LTE-Advancgg short, By contrast, in the second type of SC-FDMA, the
initiative. Main contributions of this paper can be summed  ansmitted signals are processed in both the TD and FD with

as follows. A unified treatment of the principle of SC-FDMAne aid of the DFT/IDFT. Hence, this type is referred to as
is offered. The relationship between the TD and thee- TEpD SC-EDMA for the sake of distinction.

frequency-domair{TFD) signal generation of SC-FDMA is

detailed, by considering both thecalized FDMA (LFDMA)

[93] and theinterleaved FDMA (IFDMA) [28] schemes. A. Key Modules in OFDM-Style Transceivers

Finally, the similarities and dissimilarities, advantagand Let us initially review the key signal processing modules in
weaknesses of the LFDMA, IFDMA and OFDMA systems areFDM-style transceiver structures. Specifically, we cdesi
compared. The cooperative SC-FDMA philosophy is revieweghgle-use(SU) OFDM system employing/ subcarriers. The
and investigated in the context of diverse uplink topolsgieplock diagrams of the OFDM transmitter/receiver are shown
relay resource allocation and signal processing techsiqug Fig. 1(a). We describe each module as follows.

applied at the relays. BICM and BICM-ID: In the context of BICM in Fig.
1, the bit streand® is encoded, interleaved and modu-

IIl. INTRODUCTION TOSINGLE-CARRIER FDMA

The rest of this paper is organized as follows. In Sec-

tion Il, 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 adiscrete Fourier transform

lated to generate thquadrature amplitude modulation
(QAM) based symbol frame in the transmitter. Let the
symbols to be transmitted by theth symbol block
be expressed as'[i] = [af[i],z\[i,--- %y [i]]",
which is a N-length vector fori = 0,1,---. At the
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TABLE Il

MAJOR CONTRIBUTIONS ONSC-FDEAND SC-FDMA TECHNIQUES

Year || Authors

Contributions

1995 || Sariet al. [17] discussed the OFDM signaling limitations and inherent |@ols 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 schemeilevthe receiver invokes TD equalization.
Galdaet al. [29] proposed the DFT-spreading aided OFDM scheme, which camimdined with FDMA as the TFD signal
generation of IFDMA, while the receiver invokes LE and détetin the FD.
2002 Falconeret al. [18] discussed the SC-FDE arrangement using FD LE or TD DFE. Thgadson between SC-FDE and OFDM
systems and their coexistence were addressed.
Benvenutoet al. [30] proposed the block-wise hybrid DFE structure for SC systgnuding a FD feedforward filter and a TD
feedback filter, and compared it to the OFDM system.
2003 Gusmacet al. [31] investigated the CP-assisted SC-FDE as well as diversitybgung and provided both numerical results
and the analytical performance bound.
Wang [32] compared OFDM to SC-FDE systems using either ZP or CP ovgquérmcy-selective fading channels, and
2004 considered the performance versus complexity for both ded¢and coded transmissions.
Dinis et al. [33] proposed a FD SC signal generation scheme, which is equividlehe OFDM-FDMA using the DFT-
spreading of [29].
2005 Benvenutoet al. [34], [35] proposed a block-wise DFE, where both the feedforward aedabdback filters were implemented in the
FD relying on the MMSE criterion.
Myung et al. [36], [37] generalized the DFT-spread OFDM scheme of [29] by combibioth the IFDMA and LFDMA solutions,
2006 PAPR comparisons of IFDMA, LFDMA and of OFDMA signals wereopided.
Lim et al. [38], [39] investigated the various types of MU scheduling schemeseaieed for SC-FDMA systems.
2007 Franket al. [40] reviewed and discussed the IFDMA principle as a combinatib®FDMA as well as CDMA and compared
IFDMA, LFDMA, OFDMA as well as the SC- or MC-CDMA schemes.
Myung et al. [41] a book on the topic of SC-FDMA design for LTE uplink combine@¢habeamforming, MU scheduling and
2008 PAPR evaluation.
Berardinelli et al. [42]-[44] | investigated MU scheduling schemes for SC-FDMA in comparito OFDMA in LTE-Advanced.
Adachi et al. [45], [46] overviewed the SC-FDE schemes and that with the aid of ICnigale in order to mitigate the residual ISI.
Various combinations of SC-FDE with FDMA and CDMA were alswdstigated.
Lim et al. [47] proposed opportunistic scheduling for SC-FDMA with itemtmulti-user detection (MUD).
Dinis et al. [48] proposed a high throughput FD multi-packet detection forFBE systems.
2009 Yang [7] investigated the subband mapping in SC-FDMA and discudsedrade-off between achieving a frequency
diversity gain and mitigating the residual 1SI.
Wong et al. [49] investigated optimal resource allocation in uplink SC-FBMystems.
Yoshidaet al. [50] analyzed the compensation of transmitter 1Q imbalancesABI@A and SC-FDMA Systems.
Nouneet al. [51] proposed FD implementation @omlinson-Harashima precodin@HP) and investigate thbit error rate
(BER) and the PAPR performance for SC-FDMA using THP.
Al-kamali et al. [52] studied on transceiver scheme for SC-FDMA invoking the Pevieansform and PAPR reduction.
Benvenutoet al. [19] historically reviewed the various non-linear FDE schenmrethe context of SC-FDE and SC-FDMA.
Choi et al. [63]-[55] investigated the adaptive multi-level BICM using iteratiMUD combined with FDE fointerleaver-division
multiplexing (IDM) aided SC-FDMA.
2010 Ma et al. [56], [57] studied oninter-carrier interference(ICl) and MAI suppression and cancellation techniques iRFEBIA

Liu et al. [58]

Nam et al. [59]
Zhanget al. [60], [61]
Kim et al. [62]

with carrier frequency offset§CFO) due to Doppler effect.

proposed a low-complexity subcarrier-power allocatiohesge for both OFDMA and SC-FDMA systems.
investigated the interpolation-based SC-FDMA transmittéh localized resource allocation.

proposed novel low-complexity FD DFE structures for SC-F&i&tems and MU SC-FDMA systems.
investigated inter-subcarrier interference compensatiothe frequency-hopped SC-FDMA systems.

receiver, the BICM decoder carries out the symbol-to-

1 1 .. 1
1 1 exp (—j%r) exp (—jL(%_l))
~ : , (1)
1 exp (—j 27r(]]\\/[—1)) exp (—j 27r(N—]1V)(N—1))
hé Ot 0 A%, hIL_Q hzl i
hy hy - 0 0 hy_4 hs
h:sz h:l h? (1 0 nt_, 1, (2)
hy_4 hg hy ho e 0 0
0 0 oo Ry hp, hy ho

bindpping, deinterleaving and channel decoding, in



ZHANG et al. ADVANCES IN COOPERATIVE SINGLE-CARRIER FDMA COMMUNICATONS: BEYOND LTE-ADVANCED 5

TABLE IV
MAJOR CONTRIBUTIONS ONSC-FDEAND SC-FDMA TECHNIQUES(CONTINUED)
Year || Authors | Contributions
Yamamotoet al. [63] | designed a phase rotation sequence selection method fédARDith decision directed channel estimation in fast
time-varying fading channel.
Nwamadiet al. [64] investigated dynamiphysical resource blockPRB) allocation algorithms for LTE uplink SC-FDMA.
Ma et al. [65] proposed optimal orthogonal precoding for power leakaggpassion for SC-FDMA systems.
Al-kamali et al. [66] investigated joint equalization and CFO compensation fofFBMA uplink.
Gaoet al. [67] proposed CP-based orthogonal QAM aided OFDM and its apjgitdao SC-FDMA systems.
2011 Songet al. [68] studied on localized and interleaved subband allocatior5f0-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 preegdior OFDMA which requires a slightly lower
power back-off than that for DFT precoding adopted in SC-FbM
Wylie et al. [70] proposed aontinuous phase modulatiq€PM) aided SC-FDMA transmission for PAPR reduction.
Sanchezt al. [71] analyzed the performance faero-forcing(ZF) FDE based SC-FDMA over Nakagami-m Fading Channels.
Ranaet al. [72] investigatedleast mean square(LMS) based blind channel estimation of SC-FDMA systemsigisiariable step
size and phase information.
Sanchezt al. [73] applied the student’s t and behrens-fisher distributionthéoanalysis of enhanced noise after FDE.
Choi et al. [74], [75] | investigated spectral efficient MU techniques with charteglendent resource allocation for SC-FDMA.
Ochiai [76] studied on instantaneous power distributions of SC-FDMfxalis.
Yaacoubet al. [77] surveyed the uplink resource allocation schemes in OFDM#eless networks.
Zhanget al. [78] analyzed various turbo FDE receivers in coded SC-FDMA usixtginsic information transfe(EXIT) charts.
Geleset al. [79] analyzed performance bounds foaximum likelihoodML) detection of SC-FDMA.
2012 || Kim et al. [80] proposed iterative channel estimation with frequencyasghent for SC-FDMA systems.
Denget al. [81] designed a low PAPR transceiver with enhanced link quatitycbded SC-FDMA.
Fanet al. [82] jointly optimized user pairing and resource allocation &2-FDMA LTE uplink.
Yang et al. [83] proposed fast time-varying channel estimation techniqueSC-FDMA LTE uplink.
Yuen et al. [84] analyzed optimum precoder for SC-FDMA in order to reduce RAP
Azurdia et al. [85] investigated PAPR Reduction in SC-FDMA by pulse shapinggigiarametric linear combination pulses.
Sridharanet al. [86] analyzed the performance of SC-FDMA in the presence of vecgihase noise and ICI.
Wen et al. [87], [88] | analyzed BER performance of ZF based interleaved SC-FDM& blakagamim multi-path fading channel and
proposed a general framework for BER analysis of OFDMA andFB®A with arbitrary Nakagami factom.
2013 Zhanget al. [89] investigated an enhanced Greedy algorithm based resollmcat®n for localized SC-FDMA systems.
Sanchez [90] analyzed spectral efficiency of SC-FDMA with adaptive madioh and coding over Nakagamm-fading channels.
Lei et al. [91] proposed a unified graph labeling algorithm for consectiileek channel allocation in SC-FDMA transmission.
Cruzet al. [92] investigated SC- and MC- transceivers based on discretaecamnsform in the presence of CFO.

order to generate the bit streabft from the equalized

o Insert and remove cyclic prefix: In the DFT/IDFT

symbol frame containing thieth eqpuallzed symbol vector

2'i) = [0, 24[d), - 2N ] for i = 0,1,

Additionally, the attalnable error correction performanc

aided multi-carrier system of Fig. 1 experienciligear
time invariant(LTI) multi-path fading channels, the linear
convolution between the channel’s input sequence, i.e. the

ZLEt {IE(O), "E(l)7 T
and IDFT are defined as [7]

DFT: X[n/] =

IDFT:

may be improved, when BICM invoking iterative decod-
ing (BICM-ID) is used [8].

S/P and P/S converterin Fig. 1(a), theserial-to-parallel
(S/P) converter converts the serial symbol stream ixito
parallel symbols hosted in theth vector. By contrast, the
parallel-to-serial (P/S) converter converts th¥ parallel
elements in thé-th symbol vector into dV-times higher-
rate serial symbol stream, fér=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 The N-point DFT matrixF y is given

by Eq. (1), which is an orthogonal matrix, satisfying the
property FnFiE = FILFn = Iy. Furthermore, we
have F' = FHZ. Multiplying the vectorz’ by FI
implements the IDFT, as also seen in Fig. 1.

z(N —1)} be anN-length sequence, then the DFT

2mn'n

N—
TZ) noxp(
—1
Z n]cxp(

)7”’20717"'7]\[_1;

ZETL

) n=01,---,N—1.

transmitted signal containing'[i] for i = 0,1,--- after
P/S conversion, and the discrete- t|mbannel impulse
response(CIR) associated having a finite number of
taps L, results in ISI between each consecutive serial
data sequences'i] and z'[i + 1] represented in the
TD. One solution to this problem is to insertcgclic
prefix (CP), which copies the ladicp > L samples, i.e.
{a'y Lol 2N _peopald], -+ 2ty [i]}, from the end to
the beginning of the serial sequendg]. 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 agero-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 that)(t) represents a TD signaling waveform
defined over the interval of0,Ty,) satisfying the nor-
malization condition off0 Y %(t)dt = Ty. Since each
DFT block transmitsN samples, the duration of each
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sample is given by, = T/N, whereT denotes the 1) Single-User Version: SC-FDEThe schematic of SC-
OFDM block duration. Furthermore, the band-limited-DE system [18], [46] is shown in Fig. 1(b). At the transnritte
transmitted pulse)(t) is convoluted with the CIR:(t) of Fig. 1(b), let the data symbols be divided im-symbol
and the matched filtep* () at the receiver, resulting blocks expressed as[i] = [« [i],24[i],- -, 2% _1[i]] . i =
in the effective received pulse given by the convolution af, 1, - - -. Then, each block![:] is transmitted in a conventional
¥(t) x c(t) x1p*(—t) prior to sampling, as seen in Fig. 1.serial fashion in the TD within a duration @,. In order to
Naturally, theNyquist criterion[95] must be satisfied by suppress the ISI between consecutive symbol blocks at the
the sampling of effective received pulse for the sake @fansmitter, as shown in Fig. 1(b), a CP is inserted between
avoiding ISI between consecutive samples of the receivadpair of successive symbol blocks. Hence, the durafipn
signal. includes that of CP. At the receiver side, as shown in Fig.
« Channel and equalization: When the above-mentionedi(b), the TD observations are firstly transformed to FD with
CP is employed and when it is sufficiently long, the selfthe aid of DFT block, where the FDE is invoked. Then, the
interference of OFDM symbol and the ISI between a patesults are converted to the TD again using the IDFT of
of consecutive OFDM symbols is mitigated. Let th¢ap Fig. 1(b), where the transmitted symbols are detected. When

CIR be expressed as [4] comparing the OFDM schematic of Fig. 1(a) to Fig. 1(b), we
L1 can see that in OFDM transceivers, the transmitter relighen

h(t) = Z RYS(t —IT,), (3) IDFT-based modulator, while the receiver invokes a DFTeblas

=0 demodulator. By contrast, in the SC-FDE of Fig. 1(b), both th

IDFT and DFT are required at the receiver. More explicitly,
I = 0,1,---,L — 1. For example, Fig. 2(a) demon-given the low PAPR and the low-complexity single-tap FDE

strates a Rayleigh distributed multi-path fading chann@ SC-FDMA, we exploit the fact that IDFT/DFT operations

represented by0 consecutive time-correlated samples Ofr';luhtate moderate-complexity transformations betweha
the TD CIR modeled by @apped-delay lingTDL) for TD and FD.
L = 4 CIR taps associated with a normalized Doppler According to Fig. 1(b), after the CP was removed and
frequency offy = 0.01. For the given number of Samp|es,followi_ng the N-point DFT operation, the received FD ob-
the time-correlation of the CIR taps decreases up&§rvation vector may be expressed as
increasing the Doppler spread, which is quantified by
the normalized Doppler frequency. Then, after sampling, y' = FyH's' + Fyn!, )
the channel matrix in the TD may be represented by
a (N x N)-element circulant matrix given by Eq. (2)wheren! = [ng,ntl,--- ,ntN,l]T represents theV-length
[7], which has the property thdl' = FXH'F y, where complex-valuecadditive white Gaussian noiSBWGN) vec-
H' = diag{h), hY,--- ,hly_,}. Therefore, after applying tor having a zero mean and a variancesffat each element,
the DFT-based detection operation at the receiver adénoted byCA/(0,07). Since the channel matrix obeys the
having in mind that IDFT-based modulation was appliegirculant property of H' = f%Hf}‘N, Eq. (5) may be
at the transmitter, the equivalent FEhannel transfer rewritten agy’ = H'z'+n', whereH' represents afV x N)-
function(CTF) can be represented ag/§ x V)-element element diagonal FD channel matrix, whité = F yz! and
diagonal matrix given by n' = Fyn'. The corresponding FD CTF associated with
o — FyH'FH (4) frequency-sel_ective fadirlwglwill be further disgussed i th
context of Fig. 9(c). Similar to OFDM, a single-tap FD
For instance, Fig. 2(b) depicts the = 4-path Rayleigh equalizer may be employed in each subband. Finally, the
distributed frequency-selective fading channel repreesultant FD equalized symbol vectet is transformed by
sented by50 consecutive time-correlated samples ofhe N-point IDFT to the estimated TD decision variable
the FD CTF overU = 32 subcarriers associated withvector representing thé/ transmitted symbols, which may
fa = 0.01, corresponding to the TD CIR seen in Fighe expressed as
2(a). For the given number of subcarriers, the frequency
correlation of the CTF decreases upon increasing the A= FEWHH ' + FHWHy'. (6)
Delay spread, which is quantified in terms of the number

oOfFrDeI\s/loIvaliIe pathls seen inl th.? C.IR'I Ctonsequelntly, _Einally, the iterative detectionaided BICM (BICM-ID) de-
systems, a low-complexity single-tap equalizer 1z, o o Fig. 1(b) is invoked for channel decoding. Note that

required. As a benefit of the DFT/IDFT operation, thc?n Eq. (6) the FDE weight-matri# is a diagonal matrix
high complexity TD convolution-based equalization mayi o H' is diagonal '

be replaced by the FBubcarrier-by-subcarrierbased .

multiplication operation in a linear time-invariant syste fA.galn, We assume that t’he perfect knowledge of the FD.CTF

Therefore, the computational complexity is significantl Is available at the BS's receiver. In the SC'F.DE' various

reduced. DE approaches may b_e employed base(_ll on diverse criteria.
When the matched-filtering(MF), zero-forcing (ZF) or the

minimum mean-square-errdMMSE) criterion is employed,

the equalizer-weight matril/ may be expressed as [7], [45],

where £} is the gain of thei-th resolvable path for

B. Transceiver of Time-Domain SC-FDMA
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TD Channel Impluse Respondé=32,L=4, fd:()_ol) FD Channel Transfer Functiou§32L=4,fd:0.01)

Amplitude (dB)
Amplitude (dB)
A

) Time Slot Index 0 o )
Tap-Delay Line Index Time Slot Index Subcarrier Index

(@) TD CIR Tap-Delay Line (o) FD CTF in Subcarriers

Fig. 2. An example of multi-path fading for in the context of our OFIBC-FDE system versus both the time-slots, and the TDL imal¢a)
and versus the subcarriers index in (b), respectively. Kaenple characterizes the fading channel withinconsecutive time-slots associated
with L = 4 taps and a total system bandwidth (6f= 32 subcarriers. Thesg0 samples of the TD fading envelope are time-correlated in
conjunction with a normalized Doppler frequency f6f = 0.01.

[46]. s

@ k-th user's ' (a) Localised FDMA
f 1 _ 1
H, MF-FDE | B SC-FDE frequency band (b) Interleaved FDMA

w2 HY, ZF-FDE @ T G

_ )

1
foprfH | 1 f )
[H (H") +WIN} Hf, MMSE-FDE @ - /ﬂ ['/2—\ s

where 4 = P/o denotes the average SNR. It can be
seen from Eq. (6) and Eqg. (7) that the symbols within
interfere with each other, when invoking the MF- and MMSE{®) | o\/ 11/ 2\/ 3\/ o\/ 1| 2
based FDE (MF-FDE, MMSE-FDE) schemes, which results
in a residual ISI. By contrast, the residual I1SI is completel
eliminated by the ZF based FDE (ZF-FDE), but as a priceig. 3. An example of band-conversion and bandwidth-expansion

the noise may be amplified by a factor bfhf , when a deep for the TD SC-FDMA systems using (a) LFDMA and (b) IFDMA,

FD fade is encountered in the-th subband, for eXamp|e_respectively. Both the systems have a total bandwidth/d® = 4B,

As a benefit, the MMSE-FDE strikes a trade-off between tr‘{%‘h a symbol rate off3 for supporting” < M = 4 users,

residual ISI suppression and noise enhancement imposed on

2! [7], [45]. In Fig. 9(d) a snapshot of the FD weight values _ . . .
using both the MF as well as the ZF and MMSE algorithm%sas's after S/P conversion at the transmitter. In summagy, w

for SC-FDE is captured, when communicating over frequencgl(-)mpare the features of OFDM and SC-FDE in Table V [41].

selective fading channels associated with= 4 CIR taps. _ 2) Multi-User Version: TD SC-FDMA:Above the SC-
The ISI mitigation effects may be observed in Fig. 9(e) arld®E Scheme has only been considered in the context of SU
Fig. 9(f) by comparingy and z, which represent the Signa|transm|SS|on. Let us now focus our attention wwlti-user

waveform or spectrum both before and after FDE in the TEY) FDMA scenarios. In order to suppof users in the
or FD, respectively. uplink, two TD signaling schemes using SC-FDE have been

The differences between OFDM and SC-FDE transceiv‘é?nSiderEd by the 3GPP-LTE standardization body [961,,[97]
structures lead to different features during signal traasmnamely thelocalized FDMA (LFDMA) and the interleaved

sions. For example, the data detection of the SC-FDE rercei\'/:@MA (”_:DMA) schemes. Let us assume that the sympol
ation isTs. Then, the duration of a SC-FDE block is

depends on the FD CTF of all the subbands, hence any d h h block ; bol
fade of a specific subband may be mitigated. By contrag, ~ N_TS’ when eac SC-FDE bloc contathsym_ ols. As
own in Fig. 3, we assume that the symbol ratBis- 1/7s.

in OFDM, individually applying data detection on a pe? ; ) .
subcarrier basis may result in decision errors for the suieca Hen<l:)e, i ;[he total system dbabndW|dth IfB’ thf maximum
symbols suffering from deep FD fading. Furthermore, the s@UMber ol users suppo.rte. ecomes= M. Let us now
FDE signal cannot readily invoke adaptive bit- and IOOWeg_etall the operatlonal principles of the LFDMA and IFDMA
loading depending on the subchannel qualities. By comtra%‘fhemes using SC-FDE.

adaptive bit- and power-loading is feasible in OFDM, sifeet « TD localized FDMA93], [96]: The transmitter schematic

bit-to-symbol mapping may be carried out on a per-subaarrie  of the TD LFDMA is shown in Fig. 4(a), which is

MB



TABLE V
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CoOMPARISON 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 subcarrie 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 adaptatig

>

Not applicable

(a) TD localised FDMA

T-domain
b1 axhfi] Pulse | s (t)
i i BICM i Insert &\ shaping
| | cp N ()

s, User:k
: /& | carrier modulation

............................. T—-domain
b, 1 'ai]i [Compressioh (2] Pulse | sy (t)
L -iBICM and @ 5 '”Se“_.®_> shaping
| | ©| repetiion : cp (1)

Sku

e - !

1

(a) Localized FDMA

TD

Symbol index
n

N=4M=4 .

)

Ft ~41
A ‘L‘k.n € T

'y

Chip index

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,

phase vector

respectively. Both the systems have a block duratiorilgf with

a symbol duration of7s and the chip duration of IFDMA is
Tc = Ts/M = Ts/4. The system may suppok < 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).

f T carrier modulation

Fig. 4. Transmitter schematic of the TD SC-FDMA signaling schemee Torresponding waveforms are seen in Fig. 5.

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 @8 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 & distributed sub-
bands, each having a bandwidth Bf N Hz, which are
equally distributed across the entire system bandwidth of
M B Hz, as shown in Fig. 3(b). Therefore, each user still
occupiesB Hz and the system is capable of supporting a
maximum of K = M users. Observe in the TD IFDMA
transmitter of Fig. 4(b) that the origindV/ symbols of
userk having a symbol duratiofis are first compressed
into N chips with a chip duration ofs/M. Then, thek-

th user’s resultaniV-chip segment is repeated times,
while being subjected to the user-specific phase rotation
factor of k /T, for k =0,1,--- , K — 1. As shown in Fig.
5(b), the resultant symbol vector having a duration of
T, is denoted ag! [i], which containd/ = M N chips,
namely N chips from each of thd{ users. Finally, the
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u-th,u =0,1,---,U — 1, chip in &} [i] is expressed as ! :
1 2r(mN +n)k : AAAA i users (a) Localised FDMA

n ' '

A = {L] Ul (8) iR DFT-spread OFDM |

= —=—=¢Xp U E,n ' |
N = 4 subbands signal 1 (b) Interleaved FDMA

v o0 U P 7 b [N—dsubbands signal
if w = mN + n; otherwise} ,[i] = 0, for m =
0,1,---,M —1landn=0,1,--- ,N — 1, wherez} . [i] @ [0/ 0\ 0\ o\ 1/ 1/ 1/ 1 3
represents then-th symbol of thei-th symbol vector
z![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 the users ®) Yol 1) 2\ 3l o) 1 2/ 3 1
transmits its signals in the form of Eq. (8), the received U=NM=16 subbands
signal vector will be de-spread with the aid of the user-
specific phase de-rotation vector [28]. Hence, applyirfdgd- 7. An example to illustrate the bandwidth expansion and suthban
the DFT to transform the TD signal to the FD, it maynapplng in the TFD SC-FDMA system of Fig. 6 using a total of
be expressed in the form of Eq. (5), which is beneficiai[ = 16 subbands, andv = 4 subbands per user. The system can
> ) pportK < M = 4 users.
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-et us assume that the TFD SC-FDMA system employs
vantage of TD LFDMA which is explicitly shown in Fig. 5(a) U = M N subbands to suppo#®” < M uplink users, where
is that the different MTs map each user’s signals to differerach user occupied’ subbands. According to [7], after S/P
carrier frequencies using different timing, hence synolm@ conversion, the:-th user's N symbols may be expressed in
tion is not necessary, which facilitates asynchronousniplithe TD as
communications. However, using guard bands reduces the, . t T B
spectral efficiency of the LFDMA. Additionally, the LFDMA T+ = [Th0 @k1s s T v-p] s k=010, )
system may not achieve frequency-diversity, if each user’ﬁ1 . (9) .
signal is a narrow-band signal. By contrast, the TD IFDMA(Vt gre_the superscript t.refer-s to the TD' anh elem_ent n
system characterized in Fig. 5(b) transmits the differesetrsf Ty 1S |_ndependent_an_d |dent|cally-d|str|b_uted (ii.d.) V\."m
signals at the same carrier frequency in conjunction witr-us normalized _transrr_ussmn powep. F(_)Ilowmg t_he N-pon:t
specific phase rotation. However, accurate timing should B)é:T-spreadlng using the D.FT. matriFy of Fig. 6(b),
guaranteed. Hence, it requires tight synchronization i e transformed to the FD, yielding
uplink, which constitutes a challenge for MTs roaming at :,;L - [352_07552_17"' 7551;6_(N71)]T = Fyat, (10)
different distances and at a high speed. However, as a henefit ' ' ’
the IFDMA system does not require a guard band betwehiere the superscript f refers to the FD. Note that a conven-
the adjacent subbands. Therefore, the bandwidth efficiehcytional OFDMA system may be formed, whéfy is replaced
the IFDMA scheme may be higher than that of the LFDMAY the identity matrixl .
scheme. On the down-side again, when the MTs of the IFDMA As shown in Fig. 6(b), following the DFT operation, theth
system roam at a high velocity, the frequency offset due #§er's FD symbols irj, are mapped to the most appropriate
the Doppler frequency shift may significantly degrade th&/ subbands, which are selected from the= (M x N)

K-1

performance of IFDMA systems. subbands of the SC-FDMA system with the aid of the subband
mapping matrixP;, of userk. Following subband mapping,
C. Transmitter of Time-Frequency-Domain SC-FDMA the U-length FD symbol vector may be expressed as

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 Again, in the context of SC-FDMA typically two subband
DFT/IDFT at the transmitter, the transmitter of the TFD SOMapping schemes are used, namely the localized mapping and
FDMA necessitates both the DFT and the IDFT. The DFdistributed mapping schemes shown in Fig. 7.
operation of the TFD SC-FDMA scheme is referred to as « Localized subband mappingds shown in Fig. 7(a),
DFT-based spreading [29], [36], which transforms and sggea  the localized mapping allows each users symbols
each TD symbol to the FD as a feature of DFT, yielding to be transmitted ordV consecutive subbands of tlié
a modulated signal in the form of the OFDM modulated subbands. It can be shown that the entrie®Pgfseen in
signal. Then, as shown in Fig. 7, the subcarrier signals are Fig. 6 are defined as
mapped to different subbands according to the ma@jxof

z, = [SNCI’CO? 575615 T 752(U—1)]T = Pk“’;q- (11)

Fig. 6(a). Following mapping to the subbands, the results ar Pr,(un) = { (1)’ gtﬁe?wli{s]\e] tn (12)
transformed back to the TD by the IDFT, where the signals are ’
transmitted following the principles of OFDM, after indag forn=0,1,--- ,N—-1andu=0,1,--- ,U — 1.

the CP and pulse-shaping, as seen in Fig. 6(a). Let us now Distributed subband mappingVhen the distributed map-
describe some of the components portrayed in Fig. 6(a) in ping of Fig. 7(b) is employed, th& symbols of a user
more detail. are spread across the entire bandwidtliodubbands. A
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T-domain ; F-domain ; T-domain
by 1 zifi ! [i]| Subband & [i] 7] Pulse
LA BICM :ﬁkL» DFT |7k mapper E|IDFT | 71 fInsert »sshaping

L _vsip By P Fi P/S cp w(t) | sk(t)

(a) Transmitter block diagram

T-domain | F-domain | T-domain
| ]kl Thold]
% i) L o1 . -
:’0 ] f’o ] Subban xfe 1[Z] x}c,l[l]
2 Ty [1] DFT Ty [1] mapper IDET] 7
—|S/P : : P 1 1 P/ISF—
frame : Fu : k : F : frame
Ty (-1 1] l‘i,(zv N U= MN
S ] [ MR

(b) Baseband signal processing in the transmitter

Fig. 6. Transmitter structure of the TFD SC-FDMA signaling adogtihe principle of DFT-spread OFDMA. In contrast to the pu@ T
LFDMA/IFDMA schemes of Fig. 4, in the TFD SC-FDMA we have thédi&tional DFT - subband mapper - IDFT processing chain, tvhic
facilitates the flexible mapping of the symbols to subbands.

typical distributed symbol-to-subband mapping scheme a$ i';c from the FD to TD, yielding

the so-callednterleaved subband mappingoposed in . ..+ t H
[29], [33], which allocates theV symbols of a user to % — [To> T, 7%((]_1)] = Fii), = fUP’“]:Nx(’“M)
renq;[:?;séan;rseuzzzzgz, a\ghere the entries of the mapplggeuﬂcally, when considering TFD LFDMA and substituting
k Eq. (12) into Eq. (14), it can be shown in Fig. 9(b) that thth
1. foru=nM+k element ol becomes zero, provided that we han¢k N +n,
Pr,(un) = { 0: otherwise (13)  while thew/-th, v’ = 0,1,--- ,U — 1, element of#!, can be
expressed as [7]
forn=0,1,---,N—-1andu=0,1,--- ,U — 1. B 1 2mu'k\
. L R exXp | J xk,nv (153)
In the context of TFD SC-FDMA scheme, the system invok- VM M

ing localized subband mapping is referred to as the LEDM@ .,/ — 77, and
arrangement of Fig. 4(a), which has now been adopted by 1 i’k
the 3GPP-LTE and LTE-Advanced standards [1], [2], [21], ! = exp <7—)
[22]. By contrast, the TFD SC-FDMA system using the \/M M
interleaved subband mapping is referred to as the TD IFDMA % {1 —exp <]-27TU/)]
arrangement of Fig. 4(b). In TFD SC-FDMA, the DFT-spread T M
OFDMA structure allows the user signals to be transmitted NX: .
with a high flexibility. For example, the length of transreits - ;
DFT/IDFT may be adaptively reconfigured for the sake of =0 L= exp(j2mu!/U) exp(—j2mn’ [N)
accommodating diverse time-varying channel environmients (15b)
order to achieve frequency diversity. The length of DFT/IDF otherwise. Observe in Eq. (15a), Eq. (15b) as well as Fig, 9(a
can also be adjusted, in order to support variable-ratécgesy that theV symbols ofz}, o, zj, ;. -+, 2} v, are transmitted
When comparing the IDFMA scheme to LFDMA, it becomeas the chipsz, ,, of Fig. 9(a) within the chlp durations of
plausible that the IFDMA system is capable of achieving th¢ = 0, M, --- , (N —1)M, respectively, at the same subcarrier
maximum attainable frequency diversity in dispersive multfrequencykN/T,, which corresponds téu’/M in both Eq.
path fading channels, since each symbol of a user carriéd by(15a) and in Fig. 9(a), when we havé = n). Otherwise,
subcarriers is distributed evenly across the entire tr&ssom  whenu’ # nM, the original symbols ix!, are transmitted by
band. By contrast, owing to experiencing correlated fadinghree subcarriers at the frequencied/T,, N/T, and1/T,
the LFDMA system can only achieve frequency diversityorresponding toku’/M, u'/M and ' /U, as seen both in
when using eithedynamic subband allocatiof®8] or MU  Eq. (15b) and in Fig. 9(a). Therefore, the spectrum of the
scheduling[41]. TFD LFDMA signal is similar to that of the conventional TD
As seen in Fig. 6(b), following the symbol-to-subband map-FDMA signal, as shown in Fig. 4(a). However, in the TFD
ping, theU-point IDFT is invoked to transform the symbolsLFDMA the guard band between the adjacent MU channels

t
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e | Feedforward
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or FD-DFE = 5= e e iabili ! A
7 | per |5t [Subband yfl o--- \ ot Yk {IDFT ¢ PIS | %k ordering Wt =w
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Fig. 10. PIC or HIC aided turbo FD-DFE receiver for SC-FDMA v TDET Y prs | 2tV [Reliability _(s+1) demappe
’ Y /I/W(S)T ordering |-
. . . YN _ Wy Y(s+1) !
that used in the conventional TD LFDMA is not necessary. Feodfack :
Hence, the bandwidth efficiency of TFD LFDMA may be Residua PREETEEE 40 stage s + 1
enhanced. Since the TFD LFDMA scheme only transmits thre& h(_S)TP AOFT
subcarriers regardless of the valueMdfandU, TFD LFDMA patrols 2L L |
is capable of attaining a much lower PAPR, in comparison to ) o
ig. 11. Schematic of the reliability-aided real-value -

OFDMA Fig. 11. Sch tic of th liability-aided I-valued MMSE-SIC

) _relying on soft-outputs. This arrangement involves a simfroce-
By contrast, in the context of TFD IFDMA, when substiyre to that used for detection in the classic CDMA and SDMA

tuting Eqg. (13) into Eq. (14), we find that theth element of systems [99]. The real and imaginary partsabf , are allowed to

# is zero for anyu#nM + k as shown in Fig. 9(a), while be equalized separately, on the basis of SIC during a totalNof
we have [7] consecutive stages, where each stage equalizes half a lsyaﬁ'))o,p
which is the most reliable one of those that have not as yet bee
t 1 27(mN + n)k] ¢ detected.
f t

Ty = ——— €X Ty s 16
ko /—M p |:-] U k,n ( )
Yi Zk

when ' = mN +n, for m = 0,1,---,M — 1 and HH SIP next stage
n=20,1,---,N — 1. Observe from Eqg. (16) that for thie- ME _L P
th user only a single subcarrier located at the frequency of | H, 5 Zho

k/T is activated to convey each &f symbols inz!, which is : Fe

transmitted repeatedly/ times within a TD segment duration z,* " [gicum|z." A rE: 7] c pIS 2" [sicm] 2,
of T,,. Hence, it can be shown that the transmitted signal’s -ID /:/j : -ID
spectrum in the TFD IFDMA of Fig. 9(b) is equivalent to that P b l L)

of the TD IFDMA signal, as seen in Fig. 3(b). Since TFD Residual IS! v, T

IFDMA only transmits a single carrier at any time, it does not - -

impose any of the severe PAPR problems of OFDM. Fig. 12. Schematic diagram of the iterative MF-PIC.

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 Apart form the above-mentioned linear equalization (LE)
the receiver. schemes as discussed in Section 1I-B, non-linear equializat
methods, such as decision-feedback equalization (DFE) may
. ) . also be considered for the SC-FDMA systems [19]. The
D. Receiver of Time-Frequency-Domain SC-FDMA MMSE basedsuccessive interference cancellati@®iC) style

The receiver schematic of TFD SC-FDMA is shown iFD-DFE (MMSE-SIC FD-DFE) of [78], [98] relys on the
Fig. 8(a). More details are illustrated in Fig. 8(b). Exjfilic reliability-aided real-valued MMSE-SIC philosophy of Fitl
the receiver typically carries out the inverse operatiohs {99], [100], which determines the SIC-ordering based on the
the transmitter. Since the symbols are transmitted in Islockaximuma posterioriprobability (MAP) criterion. It unlikes
within TFD SC-FDMA systems, they are also detected onthe conventional MMSE-SIC, which guantifies the relialskt
block-by-block basis. Following the matched-filtering cpe of the detected symbols in terms of the SINR. Therefore, the
tion, the CP is removed. The/-point DFT is carried out impact of both the fading and that of random noise is takem int
to transform the TD observations to the FD, where subbaadcount during the SIC process. Performance results o8 [7
demapping and FDE are invoked. Specifically for ugér [98] show that the reliability-aided MMSE-SIC FD-DFE is
kK =0,1,---, K — 1, we exploit the property of [7] capable of suppressing the residual I1SI and hence sigrtifican
I for k — &/ outperforms the single-tap MMSE FDE benchmark for both
ON’ for keth! ' (17) the uncoded and channel coded SC-FDMA system for trans-

N ’ mission over frequency-selective fading channels, reshe
Finally, following the N-point IDFT, which transforms the For the sake of further improving the achievable perfor-
equalized FD signals to the TD, the decision variables camance, joint equalization and decoding has been invoked for
be formed for theN transmitted symbols of a specific userdesigning FEC coded SC-FDMA systems [54], [101], where
Additionally, channel decoding using BICM-ID may be cadrie either hard- or soft-decisions may be fed back to the eqeraliz
out. by FEC decoder. Most recently, three different types ofdurb

PLP) = {
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Fig. 8. Receiver structure of the TFD SC-FDMA scheme. The corredipgntransmitter was shown in Fig. 6, while the associatedefeams
and spectrum in Fig. 9.

FDEs were designed for BICM-aided SC-FDMA in [78]. E. Comparison of OFDMA and SC-FDMA

The first type is the soft-MMSE based turbo FD-LE re- |n Table VI, the major differences of OFDMA and the TFD
lying on exchanging extrinsic information in a number o§C-FDMA schemes are summarized, where both the LFDMA
consecutive iterations between the MMSE FD-LE and thgéhd IFDMA schemes are considered. Let us elaborate on the
FEC decoder [102]. Hence the MMSE weight matrix igaple in a little more detail [7], [40], [41], [44].
updated based on tlzepriori information gleaned during each 1y g1 OFpMA and SC-FDMA adopt the IDFT/DFT for
lteration. T_h|s regime further reduces the residual ISlosgu MC modulation/demodulation at the transmitter/receiver,
on the estimated symbols. respectively. However, in SC-FDMA, the DFT-based

The second type is referred to as tparallel interference spreading operation seen in the transmitter of Fig. 6
cancellation (PIC)-assisted turbo FD-DFE, which combines results in SC transmission for SC-FDMA. By contrast,
iterative PIC with FEC deCOding. Specifically, the PIC aided the OFDMA scheme Simu'taneous'y transmits all the
turbo FD-DFE of Fig. 10 may employ a LE based on the  supcarriers in parallel.

MMSE principle, invoked for the initial filtering of the re-  2) Both the OFDMA and SC-FDMA schemes are free from
ceived signal in the FD, before FEC decoding takes place. MUy interferencgMUI), owing to the orthogonal subcar-
Then, this PIC aided turbo FD-DFE carries out the MF based rier/subband mappmg scheme of the users Supported'
PIC (MF-PIC) operation as shown in Fig. 12 on a block-by- 3) The CP-based technique is employed by both OFDMA
block basis Using the FEC decoded bit stream during each and SC-FDMA transmissions in order to suppress the
iteration. effects of ISI.

Additionally, the third type referred to as the hybrid IC 4) Symbols within one data block do not interfere with
(HIC)-assisted turbo FD-DFE of Fig. 10 invokes the MMSE- each other in the OFDMA system. However, due to
SIC FD-DFE of Fig. 11 to suppress the ISl as its first stage. the IDFT operation used at the receiver of Fig. 8, the
Then the PIC-aided turbo FD-DFE of Fig. 12 becomes active, symbols in one block may interfere with each other
in order to further improve the attainable performance.theo in the SC-FDMA systems, when the channel’s fading
words, as shown in Fig. 10, the PIC turbo FD-DFE scheme  becomes frequency selective.
becomes a HIC turbo FD-DFE, when the MMSE-SIC FD- 5) As seen in Fig. 13, both the LFDMA and IFDMA
DFE replaces the MMSE FD-LE in PIC turbo FD-DFE of schemes may achieve a certain diversity gain in the pres-
Fig. 10. The MF-PIC operation invoked in the turbo FD- ence of frequency-selective fading. Nevertheless, this
DFE may be carried out by usingpftdecisions, where the frequency-diversity gain is only achievable, when the
number of iterations carried out in the PIC turbo FD-DFE may  residual ISl is efficiently mitigated, for example with the
be varied, based upon the extrinsic information improvemen  aid of the MMSE based FDE schemes of Fig. 8 and Fig.
of consecutive iterations between the demodulator and the 11. By contrast, frequency-diversity is not inherent in the
decoder. The results of [78] show that the soft MMSE turbo  OFDM(A) as shown in Fig. 13, unless the same symbols
FD-LE is capable of providing a better performance than the  are mapped to several independently fading subcarriers,
PIC- and HIC-aided turbo FD-DFE schemes, while all the IC ~ which reduces the throughput. Similar to OFDM, a
techniques considered strike an attractive trade-off betvthe frequency diversity gain may be also achieved, when
bit-error ratio (BER) achieved and the complexity imposed. OFDMA is combined with channel coding/interleaving
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Fig. 9. Examples of thet = 0-th user’s transmitted and received signal waveforms aedtggms of the TFD SC-FDMA signaling systems
using either LFDMA or IFDMA in comparison to SC-FDE, respeely. Snapshots of the FD CTF and FDE weight values at a singl
block of the OFDM or SC-FDE, LFDMA and IFDMA transmissionseovfrequency-selective fading channels subject to a SNR0dB,
respectively. All the systems involE = 32-point DFT and IDFT having an equivalent FD CTF over a totaBafsubcarriers/subbands.
Both the systems have a block durationfGfwith a symbol duration ofs and the chip duration i$c = 7s/M = Ts/4, regarding a system
bandwidth of M/ B a subband bandwidth aB/N. The system may suppoi’ < 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
1SI 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="Ty | Ts (M chip duration) | 7s/M (1 chip duration)
Symbol bandwidth B/N (compressed) B (localized) M B (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]. ’ TFD SC-FDMA DT FDE (=1, N=M=K =8, U=64)

In th_e IFDMA scheme,_ each user's symbols are evenly . [ Non-FEC, 4-QAM (Gray), Raylew _‘ —— OFDMA
distributed over the entire frequency band of the system, '—7 ¢ — | L=1
while in LFDMA, the symbols of a user are conveyed | T ii

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 beﬁm2 i
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, LFDMA:

MU scheduling may be invoked by the LFDMA scheme ~ 1°° 8 ;"FF

in order to attain a higheMU diversity gain than that A MMSE

of the IFDMA system. 158 LD MMSE SIC ‘ ‘ ‘ 2
MU scheduling may be carried out, when communicat- 0 5 10 Eb/N;5(dB) 0 = %0

ing over slowly fading correlated channels correspond-
ing to a relatively low Doppler frequency. Otherwise, (2) LFDMA

the overhead imposed by the reference symbols or TFD SC-FDMA DT FDE (=1, N=M=K =8, U=64)

pllots, whlc_h are required fc_)r channel estimation will be [ Non-FEC, -0AM (Gray). Ray|eig|+ _‘ — OFDVA
increased in order to obtain an accurateannel state @ @—F—7—7—-—7—  |... L=1
information (CSI) estimate. As a result, the spectral --- k=2

efficiency of the LFDMA or OFDMA system may -
degrade, when the MTs travel at a higher speed.

In order to carry out the FDE operation of Fig. 8, channel
estimation is required. It can be shown that in a giveny 10°
mobility scenario associated with a specific multi-path i
power delay profile, the LFDMA system may require a
lower channel estimation overhead than IFDMA, since

10°

the co-located subbands of LFDMA experience corre- IFDMA:

lated fading, while the distributed subbands of IFDMA ~ 10*| 9 UF

may experience independent fading. A MMSE

In the OFDMA system all the subcarriers are transmitted e ¢ MMSE-SIC ‘

simultaneously, leading to a high PAPR. In comparison 0 5 10 15 L S 30
to OFDMA, the PAPR of LFDMA is substantially E/No (dB)

decreased, since either one or three subcarriers are (b) IFDMA

taasnsmlttgdé aslsseenAn Fig. ta(azhm the ;Omethg};DE%g. 13. BER performance versug,/N, of TFD SC-FDMA systems
(15a) and Eq. (15a). Among the three schemes, N = M = 8 supporting K = 8 users over a total ot/ =

guarantees the |0_W€_5t PAPR, _Since accord_ing to Eq. (¥0) subbands, when the BS invokes various FDE receivers, i.e. MF
only one subcarrier is transmitted at any time as shova, MMSE and MMSE-SIC [7], in comparison with OFDMA. The
in Fig. 9(a). The PAPR of the OFDMA, IFDMA and thesystem experiences frequency-selective Rayleigh fadsspaated
LFDMA schemes was quantified in [41]. with L = 1,2 and4 paths, respectively.

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], wheROmmunications. However, the channel capacity of conven-
no other BER enhancement techniques are invokdtpnalsingle-input single-outputystems is severely limited by
The IFDMA arrangement outperforms LFDMA in termgthe logarithmic low ofC' = Blog, (1 + SN R). As a remedy,

of its BER performance, when operating without thé&ltiple-antenna aided systems have been conceived [106],

assistance of other techniques [104]. [107]. The single-input multiple-outpu{SIMO) architecture
employs a single transmit antenna and multiple receivenante

nas for uplink transmission, while thaultiple-input single-

output(MISO) architecture invokes multiple transmit antennas
C OOPERATIVE COMMUNICATIONS FOR SC-FDMA and a single receive antenna for downlink transmission.nJpo

combining the SIMO and MISO architectures, we arrive at

A. Multiple-Input Multiple-Output Techniques the multiple-input multiple-outpuMIMO) concept relying on

Since the pioneering work of Shannon [105] in 194gliverse multi-antenna aided systems [108]-[115].
researchers have endeavored to improve the capacity, th&1IMO techniques are capable of achieving diversity gains
integrity as well as thejuality-of-service(QoS) of wireless without increasing the transmission power. Specifically, a
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transmit diversitygain is achieved by MISO transmissions TABLE VIII

with the aid of space-time codindSTC) techniques, while ILL‘IL'JI-?I-?I—EI?-T'I!(ISS IVIO”F\IIPF?\;E'E;AE'E‘L%F(’Féﬂ;%%‘;ts[ig%mE
a receive diversity gain is achieved by SIMO reception re-

lying on maximum ratio combinindMRC) at the receiver

: . Protocol | | Protocol Il Protocol Il
[106],_ [110], [111], [123], [116], [117]. Multl—antennadae:d TSI broadeast phase SR D SR D o~
techniques have also been employed at the transmitter OfS-2: refay/coop. phas§ S—D, R—D R—D | 5=D R=D
OFDM-based systems, namedpace-frequency codingFC) _Equivalent model MIMO SIMO MISO

for the sake of achieving a transmit diversity gain [11418}%

[122]. Previous studies on extending the context of STC/SFC

schemes to SC-FDE and to SC-FDMA systems are listed in o _ ) o

Table VILI. eration is capable of achieving substantial gains by pinogid
Nevertheless, the most valuable bandwidth used for mobffe following benefits [131], [132]:

communications lies in the range @00 MHz to 3.8 GHz 1) achieving an improved energy/power efficiency:

[123]. In order to guarantee the independent fading of thez) increasing the attainable system throughput;
physical wireless channels at multiple antennas, a suitigie 3) improving the cell-edge coverage:

high minimum distancg ha§ to be mai.ntained be_tween_ the4) guaranteeing a given QoS, etc.
adjacent antennas, which is not practically feasible, mive
the limited size of the MT. However, most of the benefits Recently, the cooperative concepts have been introduced
of MIMO techniques relying on multiple co-located antennagto OFDM-based systems associated with approprigte
potentially erode in the context of compact, shirt-pockiged namic resource allocatio(DRA) for exploiting the benefits of
MTs, owning to the correlation of signal received by th&equency-selective fading [133]-[138]. Although the oréty
insufficiently widely spaced antennas. Fortunately, tinglsi- of the signal processing in OFDM and OFDMA systems
antenna-aided MTs can cooperate by sharing their antenisagsarried out in the FD, no frequency-selection diversity
in order to form a virtual MIMO system, where the MTs argain can be achieved without FD spreading or subcarrier-
carefully selected by the resource allocation algorithravoid repetition when experiencing frequency-selective fadiBy
their correlation. contrast, TFD SC-FDMA is capable of exploiting the benefits
of frequency-selection diversity with the aid of DFT-spteay,
which spreads the TD symbols right across the FD before
OFDM modulation. This DFT-spreading principle is similar t
The conventional relaying technique known from the classihe effect of MC-CDMA experienced in broadband channels,
telegraph simply repeats a weak signal received at the endndfere the FD spreading sequence spreads each subcarrier’s
a long wire-section in order to extend the coverage. Siftyilarsymbol across the entire bandwidth. Furthermore, SC-FDMA
the relay of a wireless back-haul is capable of amplifying attains a similar overall performance as OFDMA, but it is enor
weak signal in order to compensate for the path-loss effestsitable for uplink transmission due to its lower PAPR, vbhic
during radio propagation. The philosophy of three-terming typically high in MC systems. Moreover, in comparison
communication channel model was introduced by van der TD SC-FDMA and SC-DS-CDMA using FDE, the TFD
Meulen et al. in 1970’s [124], [125]. Forty years later, thisSSC-FDMA scheme can be adaptively reconfigured in order
concept of relay-assisted transmission has been adoptib byto mitigate the effects of time-dispersive channels. Tioeeg
3GPP-LTE Advancedtandard for commercial employmenby invoking relays, the cooperative SC-FDMA system also
[126]-[128]. benefits from cooperative communications. The cooperative
With the aid of relaying, the so-callediser cooperation relaying designs conceived for the SC-FDMA uplink are tiste
concept relying on 'antenna sharing’ and relaying was proy Table VII.
posed by Sendonarist 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 asCa Cooperative Relaying Protocols
cooperating partner, where the cooperating MT may relay the
source information and additionally it may also transmst it As mentioned in Section IllI-A, user cooperation may be
own information to the destination [131], [132]. Note thhét regarded as a specific manifestation ofidual or distributed
source and the destination might be the BS or another MWIMO scenario, where the cooperating single-antennaehide
depending on whether uplink or downlink transmissions aMTs may be treated as the external antennas of cooperating
considered. partners [181], [182]. Therefore, user cooperation is bbpa
Furthermore, user cooperation allows the collaborativesMDf providing acooperative diversitgain in the form ofspatial
to be distributed across the terrain and may be able to aehieliversity, since the destination may receive the replicas of
a power reduction by reducing the path-loss. Furthermoresignal via both the direct- and relay-aided links. Accogdin
is capable of eliminating the spatial correlation of shadot® [181], the classic three-terminal fading relay channels
fading, since the cooperative MTs are typically selecteddo may be converted into equivalent MIMO, SIMO and MISO
at geographically separated locations. Ultimately, usmpe channel models with the aid of the differetitne-division-

B. Relay-Assisted Transmission and Cooperation
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TABLE VI
MAJOR CONTRIBUTIONS ONTRANSMIT/COOPERATIVE DIVERSITY AIDED SC-FDEAND SC-FDMA TECHNIQUES

Year || Authors | Contributions
2001 || Al-Dhabhir et al. [139] investigated SC-FDE with STBC system over frequency-seiedading channels.
2004 Zhu et al. [140]-[142] propos_edllayered linear, adaptive and semi-blind spacpi#mcy equalization for MIMO aided SC block
transmissions.
2005 Zhu et al. [143] studied SC-FDE with decision-feedback processing for dieversal STBC system.
Coonet al. [144] proposed adaptive FDE for STBC aided SC transmissions aspeidive channel.
2006 || Janget al. [145] investigated CP-based SC transmissions with SFBC overlentdding channel.
Mheidatet al. [146] proposed SC-FDE techniques for distributed STBC with ARyielg.
2007 || Seolet al. [147]-[151] proposed spectral efficient cooperative diversity schefmeSC-FDMA uplink and analyzed their performance
over fading relay channels.
Yune et al. [152]-[154] proposed iterative MUD for both the SFBC aided SC transmiissind spectral efficient relay aided SC-FDE.
2008 Li et al. [155] proposed SFBC SC systems with turbo FDE receiver.
Li et al. [156] designed block adaptive equalization and diversity combirfior STBC-aided SC transmission.
2009 Zhanget al. [157] proposed subband-based AF relaying schemes for SC-FDMiAkupl MU scenario.
Ciochinaet al. [158] proposed a PAPR-preserving mapping methods for SC-FDMA ®KBC.
Zhanget al. [159], [160] proposed power-Efficient opportunistic AF-relaying sclesnfor MU SC-FDMA uplink.
Kim et al. [161] investigated decision-directed channel estimation forFBXE in AF relaying networks.
2010 || Woo et al. [162] proposed an efficient receive-diversity-combining tegbei for SC-FDMA-based cooperative relays.
Chenet al. [163] studied precoding-based blind channel estimation for SERed SC-FDE system.
Zhanget al. [164] proposed joint estimation and suppression of phase no$eC&® for SFBC-aided SC-FDMA .
2011 Eghbaliet al. [165], [166] | proposed a novel receiver for SC-FDE with the aid of AF reigyusing distributed STBC and studied on relay
selection and resource allocation in the distributed SE&@&d multi-relay network.
Zhanget al. [98], [167] investigated energy-efficient dynamic resource allocafar opportunistic relaying assisted SC-FDMA using
turbo equalizer aided soft DF.
Nakadaet al. [168] proposed power allocation schemes for direct/cooperdtivaelay switched SC-FDMA.
Taoet al. [169] overview the cooperative techniques for LTE/LTE-Advanceavnlink transmission, such as relaistributed
2012 antennas systen(@AS)! multi-cell pr_ocessing (MCP), coordinated multigdeint transmission and reception (CoMP),
and proposed several joint processing schemes for CoMP.
Wu et al. [170] investigated cooperative FD beamforming for SC-FDE systexrith aid of single- or multiple relays.
Hassaret al. [171] proposed energy-efficient hybrid opportunistic coopeeatirotocol for SC-FDMA.
Kuchi et al. [172] proposed MMSE-prewhitened ML equalizer for MIMO DFT-reeddOFDMA.
Luo et al. [173] combined STBC and spatial multiplexing with quadrature ®FBtructure using ZF and MMSE FDE schemes for
OFDMA/SC-FDMA systems.
Kadir et al. [174] proposedspace-time shift keyin¢STSK) for OFDMA and SC-FDMA in dispersive fading channels.
Adachiet al. [175] proposed joint cooperative-transmit/receive FDE with &R froadband SC transmission under the source-relay
total and individual transmit power constraint.
2013 Kha et al. [176], [177] proposed joint optimization of source power allocation aodperative beamforming for MU SC-FDMA in
multi-relay networks.
Rajashekaet al. [178] consider SBTC based spatial modulation operating in a &egytselective ZP-aided SC transmission scenario.
Guvenseret al. [179] proposed a general framework for optimum iterative bloslemtqualization of MIMO SC transmission and
analyzed its asymptotic performance.
Li et al. [180] proposed a high-throughput adaptive modulation and coslahgme for cooperative SC-FDMA transmissions.
duplex(TDD) relaying protocolsof Table VI3, respectively. ™ ranoe % secont-non "

First-=hop Second-hop

Moreover, when multiple source nodes exchange their in-
formation and then act as relays for assisting each other, &
beneficial cooperative diversity gain may be achieved by the:
cooperative/distributed STC schemes studied in [146]4]15
[165], [183]-[190]. (a) Single-dedicated-relaying  (b) Single-shared-relaying
_ The_d|verS|ty versus mult|pIeX|_ng trade_—off is an |mporftanFig. 14. Topologies for single-relay aided MU SC-FDMA uplink
issue in the context of cooperative relaying [191]. Natyral transmissions.
relaying requires two-hop or multi-hop transmissions,deeits
achievable throughput is lower than that of direct transiois
(DT). In order to improve the the achievable throughput aklays to alternately receive the signal transmitted frow t
cooperative relaying, a range of advanced schemes have bsmurce node, which does not pause its transmissions as in the
proposed. For example, the near-capacity space-time codedventional half-duplex mode. The network-coded two-way
cooperation schemes of [116], [187] employs the irregulaelaying of [192], [193], as well as the linear dispersivelicg
channel coded space-time diversity schemes for cooperatiided cooperation of [117], [174], etc.
nodes, while successive relaying [188] allows two or more

Slllustration of TDD relaying protocols for the three-temal fading relay D. Cooperative Relaylng TOpOlOgleS
channel of [\81] over two fime siats (TSs). ”am("";"adlcaszpf)‘asedf’(‘j”de' Let us elaborate on the cooperative relaying topologies
ay/cooperationphase, constituted by the source (S), relay (R) and destnat . . . -
(D), each of which employs a single antenna. The notationr-B denotes de5|gned in the context of the SC-FDMA Uplmk a little funthe

the signals transmitted from terminal A to terminal B. In [157], the authors conceived two single-relay assisted
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M7 A/MM\A BS SC-FDMA(IFDMA) 4-QAM SDR MMSE-JFDECN=M=K=L =8,n=4, SNR=6dB)
2N
\‘0‘/
(a) Serial multi-relaying

Relays Relays

MT BS MT BS

(b) Parallel multi-relaying (c) Generalized multi-relaying

Fig. 15. Topologies of multi-relay aided cooperative networks far S
uplink transmissions

topologies for the sake of exploiting the achievable coates

dlver§|ty, as shown in Fig. _14' E>_(p|'c'tly’ 'B'nglle'ded'cated' Fig. 16. BER performance versus both the normalized transmit power
relaying (SDR) each relay is dedicated to a single user, whilg;$ at the source MT and versus the normalized R-D distaifte
in single-shared-relayingSSR) a single relay assists multipleof subband-based AF SDR aided SC-FDMA (IFDMA) systems for
users. N = M = 8 supporting K = 8 users over a total ot/ = 64

By contrast, when multiple relays are invoked, the resultafi/PPands, when the BS invokes an MMSE JFDEC receiver [160],

. . . - 15]. The system experiences frequency-selective Ratyléding
cooperative relaying topologies may be classified follows. ;<cociated with, — 8 paths and a path-loss exponentrpf= 4 in

o Serial multi-relaying: As shown in Fig. 15(a), the the absence of shadowing, whéh/No = 6 dB.
source’s signals were forwarded with the aid rofilti-
hop relaying/cooperationdepending on the absence or

presence of cooperative diversity combining at each hopGeneraIIy, the AF relays jointly increase both the signal
[194], [195] power and the noise power. By contrast, DF relays are capable

. — — . of eliminating the effects of noise, provided that the setsc
* gga;g?\l/v:rlélg driiﬂﬁ%évgir&”;&l?_%r ;Eéﬁ)éggizlrgggf signals are decoded without error. However, at low SNR, they
for the sake of maximizing the achievable diversity ord orften result in decoding error propagation, which degratles
[196], [197] eoit—error rate (BER) performance at the destination. Hence,
. Genéralized multi-relaying: Observe in Fig. 15(c), a for the sake of achieving an improved link reliability, it
L : ~ ool s suggested to appoint AF relay(s) roaming close to the
comb|nat_|on of both multi-hop refaying and mult branc'ﬁqestination, as shown in Fig. 16. By contrast, it is bendficia
. . : . . .o employ DF relay(s) near to the source for the sake of
relaying-aided path-loss reduction and for diversity ga”Ir]educiEg )t/he decod)i/rsg)error propagation [160], [167], [203
Considering .the network deploymept, the serial muItiyeIeIzOS]. In order to mitigate the effects of error propagatite
network is suitable for further extending the cellular 0@g®, pE ejays are also capable of carrying out soft-decisiotiera
albeit this |s_ach|eved at the expense of increasing theydelg,, hard-decisions, where the soft-information is fockear
and decreasing the throughput. By_cpntra_\st, the paralldii-mu[206]_ A more sophisticated solution is constituted dnded-
relay r]etwprk may be use to bengﬁmally increase the. new"oégoperation[207]—[209] as a form of enhanced DF relaying,
capacity without coverage extension. Although the gered| \ hich allows the joint design oforward-error-correction
multi-relay network inherits the advantages of both abeau t (FEC) coding of both the source's and the relay’s informatio

the architecture design is complicated. [210], [211]. In this scenario, the presence of the diredt In
the distributed coding aided cooperative network may tevi
E. Transmission Modes at the Relay additional gains by improving the error-correction cafigbi

There are two main transmission modes operated at {igs the sake of near capacity operation [187], [188], [212],
relays, namely themplify-and-forward(AF) mode and the [213]_. Anothgr ext_ensmn of DF mode, referredinaremental
decode-and-forwardDF) mode [199]. The AF relays simply €/2¥ing(IR), is to invoke theautomatic repeat-requegARQ),
normalize and amplify the signals received from the sour@@mely hybrid-ARQ, during transmissions for the sake of
prior it is transmission to the destination. In parallele thincreasing the redundancy [175], [199], [214].

DF relays firstly detect, demodulate and decode the source’s _ ) _

signals; after hard- or soft-decision the bit stream is thdn Relay-Assisted Dynamic Resource Allocation

encoded and re-transmitted [200]. Other types of relaying,The OFDM-based LTE air-interface, such as the OFDMA
such as the so-callesbmpress-and-forwarf01], detect-and- downlink scheme and the SC-FDMA uplink, conveniently
forward or demodulate-and-forwarf202] techniques may be facilitate near-instantaneous adaptiveulti-user scheduling
regarded as modified transmission modes of the AF and @Rd subcarrier allocation depending on the CSI of the sub-
modes. carriers, when communicating over frequency-selectidata
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channels [103], [216]-[220]. Compared to classic singlp-h assumed that the transmissions of sberce-to-destinatio(s-
transmissions, optimizing radio resource allocation fay- D), source-to-relay(S-R) andrelay-to-destinatior{R-D) links
assisted dual-hop transmissions involves more substéttla are orthogonal and hence they do not impose an increased
nical challenges, especially, when considering both mleglti MUI.
users and multiple relays sharing the resource in terms ofLet us elaborate on the cooperative diversity oriented RS
time, frequency spaceand power, leading to the cross-layer schemes proposed in [160] a little further. By invoking SS-R
operation problems [221]-[223]. in Fig. 17(a), the BS allocates a beneficial relay to eachcsour
1) Relay SelectioniIn the topologies mentioned in Sec-MT based on the instantaneous SNRs of the links via/thE
tion IlI-D, the assignment of relays is assumed to be fixedandidate relays within a user-specific cluster. Accongirie
However, the availability of inactive mobiles as candidatRS of each source user is different. By contrast, in the MU-RS
relays has the potential of mitigating the effects of fadifige of Fig. 17(b), the BS allows multiple source MTs to access
activation of multiple relays results tooperativeor selection upto J candidate relays. Hence, the instantaneous SNRs are
diversity in the spatial-domain which transforms theelay evaluated at the BS in order to find for each source a single
selection(RS) problem into anulti-relay schedulingcenario desired relay from the shared clusterjotandidate relays with
reminiscent ofmulti-user schedulingRS may be carried out the aid of user-pairing techniques. However, the BS employs
in numerous ways. the MA-RS of Fig. 17(c) by selecting a single shared relay for
« Static RS assigns the relays for the entire duration of gooperation with all source users based on the instantaneou
session, hence the achievable gains depend on the veloSilyRs of the links from each of thé relays to the BS within
of cooperating nodés Besides, other RS schemes a8 cluster.
follows may be regarded adynamic relay selection By comparing the various RS schemes for the sanes a
(DRS). fairness, the cooperative and selection diversity gain may
« Random RS appoints the relays stochastically withoupbserved in Fig. 18. Specifically, in comparison to the RRS,
relying on any channel knowledge, but in this case onfjie fixed relay having an optimal location offers a relaying
a limited gain may be attained. gain, while SU-RS provides a selection diversity gain from
« Distance-dependent RSis capable of maximising the each user-specific relay cluster. Moreover, MU-RS provides
relaying-aided path-loss reduction by appointing relayan additional multi-user diversity gain over and above that
in the optimum locations [203], [204]. of SU-RS, which is an explicit benefit of the RS procedure
« Channel-dependent RS monitors the instantaneousthat avoids the effects of deep shadow fading. Additionally
channel conditions, including the associated path-logbe MA-RS scheme provides a useful selection diversity gain
shadowing and multi-path fading effects. Therefore, bowith the aid of the second hop as it only requires a single R-D
relaying-aided path-loss reduction and a diversity galink. However, by invoking all thg K" x.J) possible S-R links
may be achieved. When the S-D direct link is unavailabléQr supporting allX” source MTs via a single target relay, the
this kind of relaying scheme is referred togsportunistic selection diversity gain glean by the first-hop of MA-RS does
relaying (OR) [167], [224]-[227]; when the S-D directnot improve the link-level reliability in the presence ofege
link is available, the corresponding cooperative relayinghadow fading.
scheme is known apportunistic cooperation(OC) b) Geographically Co-located Relay®8y contrast, Fig.
[160]. 19 illustrates the geographically co-located OR-assisfithk
Therefore, in terms of the locations of relays in a clustee, t f [167], where the K" uplink users of a traffic cell are
cooperative relaying topologies may be investigated irh pogonsidered. The idle terminals located in each other'siitici
geographically distributed and co-located scenarios. may act as members of a relay cluster. These relays are
a) Geographically Distributed Relaysn the geograph- assumed to be located midway between the source MT and
ically distributed OR-assisted uplink, multiple relay® @on- the destination BS. In other words, it is a generalized cdse o
sidered in three typical scenarios, namely when we havel® RS schemes of Fig. 17, while the multiple relays of Fig.
sufficiently high number of relays, a moderate number &€ are assumed to be capable of exchanging the pilot-based
relays and an insufficient number of relays. The correspandichannel quality informatioCQI) of all the users, facilitating
RS schemes, namely tisingle-user relay selectio(SU-RS), cooperation at the relays in order to carry dyhamic resource
multi-user relay selectiofMU-RS) andmultiple-access relay allocation (DRA). The original MU information exchange
selection(MA-RS) regimes are shown in Fig. 17 of [1601_scheme operating with the aid of a single relay was referred
The BS is assumed to be capable of acquiring both the 8| as multi-way relaying (MWR), which is shown in Fig.
at the receiver and the SNR of all the cooperative links bas&8(b).> However, the multiple relays participating in the MWR
on pilot-assisted channel estimation. The power allonagiod Procedure aim for CQI exchange, rather than for payload
RS operations are carried out with the objective of maxingjsi €xchange. _ o
the average received instantaneous SINR of each user at th®) Resource Allocation at the Opportunistic Relayghe

BS for both the direct and relaying branches. Additionatlis ~ Selection diversity may be achieved also in the FD with the
aid of beneficialsubcarrier allocationand power allocation
4The relays having higher velocity communicate over therfagdihannel
with lower time-correlation. In this case, the SRS withinession benefits  5This terminology is reminiscent of the process used in [28BHescribing
from time-diversity gain over a high correlated fading ahelnbut it may also the data-exchange that takes place amongst multiple dataesand destina-
suffer from poor channel quality over a low correlated fadin tions, but again, we only assume the employment of MWR for €xghange.
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(a) SU-RS for SDR

O Source

(b) MU-RS for SDR K-1

[] Bs

(c) MA-RS for SSR

—1
| second-hopirp
| |

O Relay . Target relay K Relay cluster | first-=hop dsgr = 0.5 0.5 |
|

Fig. 17. The snapshot of topologies for OC-aided SC-FDMA upIink(a) Opportunistically relayed SC-FDMA uplink

invoking various RS schemes [160]. We consider a fair compar
using K = 3 users and a total of = 6 relays for all the RS schemes
in subfigures (a), (b) and (c). When the specific relays arectsd

it Cooperative Cluster of ~Relays

depending on the instantaneous SINR, the solid lines in()and S MWR

(c) characterize the corresponding SDR and SSR topologitsaped B BN ol

in Fig. 14, while the dashed lines indicate the other oppustic R -== A’- -
cooperation via SDR/SSR links. The relays roam betweendhece A ~ Head\

and destination, while satisfying the normalized distanokthe S-R LA

and R-D links withdsr+drp = 1. The source/relay power constraints ~—— Multiple-access phase = - - Broadcast phase

are given bydsr + drp = 1 and the source/relay power constraints

. = b) Pilot-aided CQI exch i ti lay clust
areaS + of = 1 for SDR, while we havewr — 25201 aR = 1 for (b) Pilot-aided CQI exchange in a cooperative relay cluster

by assuming multi-way relaying (MWR)

SSR.
Fig. 19. The topology of OR-based MU SC-FDMA Uplink with
SC-FDMA SDR Subband-based AF OPRAM=8, K=4, =8, 7)=4) the aid of CQI exchange [167]. Compared to Fig. 17, the basic
Non-FEC, 4-QAM (Gray), MMSE JFDEG | == DT, Gaussian differences in Fig. 19(a) rely on that (1) the direct trarssiun (DT)
— Rayleigh:o”=4dB link is unavailable; (2) cooperating relays geographicadicalized
in a cluster are capable of exchanging CQI; (3) the BS's vecei
10" - b employs multiple antennas.
This was also referred to asibcarrier pairingin [136],
102 | [232]-[237].
& o Power allocationdetermines the total transmit power of
- . the individual users’ signals shared by the source and
o7y the multiple relays subject to the total power constraint
= DT [133], [238], [239]. In [136], [233], [234], the power
A Fixedégp=0.4 : [y P . :
10* | © RRS | allocation was also jointly optimized with the subcarrier
O SU-RS allocation subject to a specific maximum power constraint
g ngg at the individual nodes, while striking a trade-off between
10° 5 . " " " the cost, the complexity and the achievable performance.

Fig. 18. Performance of various RS schemes for subband-based AF
aided OC uncoded SC-FDMA (IFDMA) uplink foN = M = 8,
K = 4 users and/ = 16 relays, when the BS invokes the MMSE
JFDEC receiver [160]. The systems communicate over fregyuen
selective Rayleigh fading channels associated Wits 8, when the
path-loss exponent is = 4 with a shadowing varianceg = 4dB
for all the S-D, S-R and R-D links [160].

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 theipreilt
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 both different S-R

E/No (dB)

schemes. The optimization cost-function, may be the cHanp@snnels and/ R-D channels. The corresponding complex-

gain, the SNR, the spectral efficiency, etc.

valued fading envelope may be deemed to be independent and

o Subcarrier allocation allows the different users’ signalsidentically distributed (i.i.d) for each of these links bEtresul-

to be assigned to the most appropriate subcarriers ortémt virtual MIMO scheme created from the single antennas of
a subcarrier-group in the LTE system [49], [64], [229]+he MTs. Furthermore, theynamic subband allocatiofDSA)
[231]. In the context of relay-assisted OFDM systemdeneficially rearranges the MU signals for transmissionr ove
the joint optimization of the subcarrier allocation of althe most appropriate subband groups for second-hop relayin
hops is desirable, namely that of the S-R link, of th&loreover, experiencing frequency-selective fading inDfA
S-R link and of the R-D link in the dual-hop scenarioassisted OR scheme may provide an additional MU diversity



20 IEEE COMMUNICATIONS SURVEYS & TUTORIALS: COMST.2014.23684

gain for the system. o SC-FDMA Subband-AF ORN=12, M=K==6, L=4)
A_Ithough the co_nvent_lona_l combm_atlon of DRS and DSA [ Non-FEC, 4-QAM (Gray), MMSE-SIC FD-DFE Rayleigh:

achieves a diversity gain with the aid of beneficial subband — DT Gaussiad | N=1

allocation and RS, the grade-of-freedom associated with be — N=8

SIS

eficially allocating the MU signals across the entire set of 4
(M x J) subband groups of thg relays has not been fully
exploited. Unless near-error-free decoding is possibléhat ,
DF relays, the MU signals received and forwarded by the AF“ﬁu wr
or DF relays may result in error-propagation at the BS, due
to the first-hop transmissions in terms of the S-R CQI. 16°
Therefore, the so-calleHirst-Hop-Quality-Aware(FHQA)
joint dynamic resource allocatio@DRA) schemes were con-
ceived for OR-assisted SC-FDMA in [167] as the solution of 9" [, 5,
the above-mentioned issues. By assuming that these cdopera A JDRA-1
ing relays are capable of exchanging their CQls as mentioned ;g | < °RA2 i
in Section Ill-F1a, thé.J—1) relays of Fig. 19(b) transmit their 10 N 0 EN S(dB) 10 15 20
CQI to an appropriately selected relay that acts auater- °
head which then broadcasts th? caQl _back to the-1) relays. o 20 performance of various DRA schemes for subband-based
Two JDRA schemes were designed in [167], [215], where thg aided uncoded OR SC-FDMA (LFDMA) uplink where the BS's
relevant decision are made at the relay rather than at the B&eiver employs either a single- or multiple antennas Nor= 1
This implies that the BS's receiver does not require the C@nd8, when invoking the MMSE-SIC FD-DFE of Fig. 11 [98].
of the first hop.
As described in [167], [215], both FHQA JDRA schemes
have three main functions, namely the relay selection, sub-

SC-FDMA Soft-DF OR N=12,M=K=J=6,L=4)

band allocation and user assignment. Explicitly, the sndba 1| CONVI2.1,3), 4-QAM (SP)R:=0.5, MMSE Turbo FD-LE 'ter(l’lj
allocation of both JDRA schemes is based on the second-hop AE’;RM
quality, while the user assignment depends on the first-hop . & JDRA-2
quality. The RS of JDRA-1 is based on the second-hop quality,
while that of JDRA-2 relies on the first-hop quality. Thenefo
the JDRA-1 method predominantly relies on the second-hog 10° 1
quality, while JDRA-2 on the first-hop quality. As a result, @
the attainable performance of both JDRA-1 and JDRA-2 is 60k |
limited by the quality of its dominant channels.

Naturally, the diversity gain of a multi-antenna assisted
BS reduces the fading variatiogl®>, with the aid of an 10°  Rayioioh]
increased number d¥, independent channel attentions, which A N=l
are averaged over tha-th subband group of a frequency- 16 — N-=8

- 10 15 20

selective fading channel between thieh relay and the BS.
Hence, the achievable selection diversity gain of usihg

R-D channels is reduced in the absence of shadowing. @?S 21. Performance of various DRA schemes for soft-decision based

observed in Fig. 20, the FHQA JDRA methods applied 8¢ ziged OR SC-FDMA (LFDMA) invoking BICM and turbo FDE,
subband-based AF OR in uncoded SC-FDMA are capable\@ien the relay channels experience uncorrelated fadingh B

achieving an additional gain by rearranging the resouréesBS's and the relay’s receivers invoke the MMSE turbo FD-UE £
ORs by appropriately exploiting the S-R link quality. The) of Fig. 10 [167].
first-hop quality becomes a particularly dominant factor fo
JDRA-2 in determining the achievable performance benefits o
exchanging CQI between the cooperating relays. By contragiibband-based AF scheme combined with subband demapping
observe in Fig. 21, the selection diversity gain of JDRA-and remapping was proposed in [157]. Furthermore, a joint
exceeds that of the multi-antenna assisted Rayleigh fadihBE and diversity-combining scheme (JFDEC) was proposed
benchmarker in the context of soft-decision based DF aid#u[160], which combines the signals received from both the
OR invoked in the BICM SC-FDMA uplink relying on andirect and relaying links for the sake of increasing the ehi
MMSE turbo FD-LE. able cooperative diversity gain. Moreover, joint coopeeat
transmit/receive FDE was conceived for cooperative rakgyi
in broadband SC systems in [175], which satisfied both the
total and the individual transmit power constraints at therse

In order to eliminate both the MUI and for the sake o&nd the relays. Hence joint transmit power allocation may be
mitigating the noise inflicted upon the other users’ sublsandarried out in the MMSE sense in the FD and in the maximal
imposed by AF relaying in the MU uplink, an efficientratio transmission (MRT) sense in the spatial domain.

Ey/N, (dB)

G. Signal Processing at the Relays
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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 proposedTéar L
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 transomssi
modes discussed in Section IlI-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
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-Il relays do not have theimow
cell identifier and hence do not offer BS-like functions. ifhe
main function is that of creating cooperative relaying fink
between the BS and MTs for the sake of achieving cooperative
diversity. In [128], [245], [246], the relay operation tedhues
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 mebi
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], respectly. 6)

2)

5)

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 7
communicating over broadband wireless channels, for the sa
of increasing the achievable power-reduction. A number of
inactive MTs are assumed to act as potential relays, whieé ha
either fixed or time-variant positions in a cell. We focused o
the optimum exploitation of the resources, when considerin
relay selection, power allocation and subband allocatam,
well as novel signal processing algorithms at the relays. Ou
investigation demonstrated that reliability and powetugtion
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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.

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.

) 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.

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
Csl.

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.

) 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.

of the cooperative SC-FDMA systems can be significantjy Suggestions for Future Work

improved.

In this paper, we mainly considered the user cooperation in
a single-cellscenario. However, in multi-cell network [252],

B. Design Guideline

substantialCo-channel interferencéCCIl) may be imposed on

1) The SC-FDMA arrangement benefits from the flexibilitghe received signals at the MT, at the BS as well as at thegelay
of transceiver reconfiguration in the form of eithef253]. In [254], [255], various architectures of statiopaelay
IFDMA or LFDMA, both of which may achieve some deployment have been designed for LTE-Advanced systems
diversity gain in the presence of frequency-selectivey taking into account the MT location, BS sectoring and
fading when the residual IS was efficiently mitigated. Ifrequency-reuse in interference-limited scenarios ad a®l
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coordinated multi-point((CoMP) transmission and reception [12]
schemes. In order to mitigate the CCl and reduce the energy
per bit, a trade-off has to be struck between the energyrs
efficiency and spectral-efficiency.

For the prospective of fifth generation (5G) mobile com-
munications, MIMO and cooperative communications are keyi 4
techniques which are adopted within various technology di-
rections, such as large-scale antenna systems, cogritiie r
networks, device-to-device (D2D) communications, et®[25
[258].

Owning to the beneficial diversity gain by employing alt®l
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 omler {171
realistically apply massive MIMO for LTE-Advanced based
cellular systems, challenges rely on several issues imgjud [18]
channel estimation, system architecture, smart antemmd, a
channel modeling, etc [258]. Various approaches such as
full-dimension MIMO and elevation beamforming techniqued19]
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 disgtuss&o]
its relations to small-cell and heterogeneous networktswis.

Meanwhile, the rapid growth of wireless communicationg21]
faces the increased critical issues of spectrum utilinatio
particularly for transmissions in the licensed bands. &fare, 22]
with the aid of intelligent cooperation and opportunistens-  [23]
missions, cognitive radio becomes emerging technology in
wireless networks [266]-[270]. However, in order to megtin [24
the requirements and limitations for the practical cogaiti
radio based heterogeneous networks in beyond LTE-Advancé!
cellular systems, many challenges and design trade-offs ar
being explored [271]-[277].

(15]

(26]
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