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ABSTRACT
Orthogonal frequency division multiplexing (OFDM) and glier
carrier frequency domain equalization (SC-FDE) are two -com
monly adopted modulation schemes for frequency-selectan-
nels. Compared to SC-FDE, OFDM generally achieves highter da
rate, but at the cost of higher transmit signal peak-toayepower
ratio (PAPR) that leads to lower power amplifier efficienciisTpa-
per proposes a hew modulation scheme, called flexible rgrdtip

single-carrier (FMG-SC), which encapsulates both OFDM and

SC-FDE as special cases, thus achieving more flexible rsRRP
trade-offs between them. Specifically, a set of frequenbgauiers
are flexibly divided into orthogonal groups based on theanctel

gains, and SC-FDE is applied over each of the groups to sénd di

ferent data streams in parallel. We aim to maximize the aebie
sum-rate of all groups by optimizing the subcarrier-grougpping.
We propose two low-complexity subcarrier grouping methadd
show via simulation that they perform very close to the optim
grouping by exhaustive search. Simulation results alsevsthe
effectiveness of the proposed FMG-SC modulation schemk wit
optimized subcarrier grouping in improving the rate-PARPRIe-off
over conventional OFDM and SC-FDE.

Index Terms— Multicarrier modulation, single-carrier modu-
lation, frequency-domain equalization, peak-to-averageer ratio,
subcarrier grouping.

1. INTRODUCTION
Multicarrier modulation is a promising technique to meet gnow-
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Fig. 1. Frequency-time representation of different modulation
schemes, witlv' = 6,Q = 3, M = 2, andK = 2.

PAPR [16]. Moreover, generalized frequency division npléxing
(GFDM) was recently proposed [17], which includes OFDM and
SC-FDE as two special cases. However, GFDM in general has
non-orthogonal subcarriers, thus requiring complicateiver de-
sign and significantly higher implementation complexitaritboth
OFDM and SC-FDE.

Motivated by the limitations of existing modulation techues,
we propose in this paper a new modulation scheme, named flex-
ible multi-group single-carrier (FMG-SC) modulation, whj like

ing demand for higher data rate and provide enhanced imgnunitGFDM, also encapsulates OFDM and SC-FDE as two special,cases

against multipath interference in broadband communinatiover
frequency-selective channels. Particularly, orthogdneguency
division multiplexing (OFDM) has been adopted in many broad
band wireless standards [1, 2], such as for the Third Gdoarat
Partnership Project Long Term Evolution (3GPP-LTE) dowkli
[3]. OFDM is well known for its flexibility in channel-adape rate
and/or power allocation for performance optimization [A-8ow-
ever, OFDM signals generally have high peak-to-averageepow
ratio (PAPR), which requires costly amplifier at the trartseni Nu-

but in a different way. Fig. 1 compares OFDM, SC-FDE, GFDM,
and proposed FMG-SC modulated signals using the frequimey-
representation. For OFDM, the system total bandwidtis equally
divided by N orthogonal subcarriers, each transmitting a different
data symbol at symbol rate/T" in parallel over time, witl{" denot-

ing the block duration. SC-FDE sequentially transmitslata sym-
bols overT" at symbol rateN /7", all at the same carrier frequency
with bandwidthB. GFDM divides the frequency-time dimension
into @@ subcarriers and/ time symbols, where in totaV. = QM

merous PAPR reduction techniques for OFDM have been raportedata symbols are transmitted over bandwigtand in duratiorr".

in the literature [7—12], but they generally lead to highrapiemen-
tation complexity. To resolve this issue, single-carriesdulation
with frequency-domain equalization (SC-FDE) [13] at theetiger
has been proposed and adopted for LTE uplink to reduce the co
of mobile terminals [3, 14]. Compared with non-adaptive QFD
SC-FDE has significantly lower PAPR and bit error rate (BER) [
However, the achievable rate of SC-FDE is dominated by thestwo
frequency subchannel gain, while SC-FDE with channel-tap
power control provides higher throughput but at the coshofeased

978-1-5386-4658-8/18/$31.00 ©2018 IEEE

3679

By contrast, FMG-SC transmit& groups of SC-FDE modulated
signals simultaneously, where the signals of differentgsoare or-
thogonal in frequency as they are modulated by non-overapp
subsets of theV orthogonal subcarriers (see Fig. 1 where in total
five data symbols are transmitted in two groups, with threbtam
symbols in Group 1 and 2, respectively). Notice that for FI8G;
we consider in general there may be a set of subcarriers riaioa
used for modulation (e.g., due to deep channel fading), téenas
So. Hence, OFDM is a special case of FMG-SC whén= N and
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————————————————————————— Let R denote the achievable sum-rate of all groups in bits per

- My-pt fer second per Hertz s/Hz). e transmitter, all inforioratbits
- Subearrier d Hertz (bps/Hz). At the ti tt. Il inf thit
5 Modulation S/P DET & power  [i¥| . . . . .
Z 1 mapping |; of each transmission block are first demultiplexed idto data
. D= P PP e puppuppeppuppeppn N-pt P/S & CP ; ; K _
e e R streams, each carrying a bit raf,, wherezk_:1 Ri = R. The _
stream § ; Mgt | | Subcarier i K data streams are coded and modulated with SC-FDE modulation
5 K . . .
‘ SP ™ pEr & power Pulse 15], and transmitted simultaneously. To reduce the coriyl@and
mapping shaping Y
; : achieve a low PAPR, we assume equal power allocation amdng al
Transmitter K™ group X i 3 1
Recover Channel used subcarriers in all groups (excludi§g).” Let pr denote the
 Itgowp ) Low-pams power allocated to each subcarrier in grokip Assume the total
; - Myept | filtering ransmission power ig. e power allocatiop,’s shou us
‘ ot L t . Th llocat hould th
5 % Demodulation P/S DFT [ . K ith | I . Il
Bit | 2|t || ' g;th o satisfy> ;" ; Mkpk < P. With equal power allocation among al
stream | £ |, oo O . j:n‘j;;:i‘z; o Por o Removal used subcarriers, we thus have= W, vk e K.
s M- ! & S/P i . k=1 2sn=1%k,n L.
{ Demodutation Jof pis fef A ¢ FDE Without loss of generality, we focus on the transmission of
TKhgroup T T u . T i i
aroup roupk only. Letaz € C+*' denote the information symbol

) . ) ) vector, whose entries are modelled as independent andddiyt
Fig. 2. lllustration of the FMG-SC modulation and demodulation. yistributed (ii.d.) random variables each with zero mead anit
variance. By referring to Fig. 2, the transmitted signahfrgroupk

So = 0, while SC-FDE is another special case wih = 1 and before cyclic prefix (CP) insertion is expressed as

So = 0.
Similar to SC-FDE, the effective receive signal-to-inézeice- &= FyAPFy,z, 2
plus-noise ratio (SINR) of each group in FMG-SC is bottld®et  whereF ., is anM; x M discrete Fourier transform (DFT) matrix,
by the subparner with th.e Wgakest phannel gain. Hence, alFl OP i isanN x N inverse DFT (IDFT) matrixP € ]Rf”M’“ is the
mal grouping of subcarriers is crucial to achieving the maxh  giagonal power allocation matrix with all diagonal entrggen by
average sum-rate of all groups in FMG-SC. As the complexity 0 5= andA e 7N *M* is the subcarrier-group mapping matrix with
exhalu.stllvely searching over all pos&blg subcarrier gr@ is iy = {lan, = 1722': arm = j} andA;; = 0 otherwise,
prohibitive, we propose two low-complexity methods to sothis P N,j=1 "]V} For example, consider the case with
problem approximately. Simulation results show that theppsed N — ’4 M’ _ 9 we7t.1;i.v7e ke '
methods perform very closely to the optimal exhaustive cear Pk '
terms of achievable rate for FMG-SC. It is also shown that the
proposed FMG-SC modulation with optimized subcarrier grou
ing can achieve more practically favorable rate-PAPR t@itie as
compared to conventional OFDM and SC-FDE.

@)

if the first and third subcarriers are allocated to gréupt is worth
noting that to enable the above modulation, there are inrgetveo
2 SYSTEM MODEL sets of parameters for the receiver to feed back to the tritiesm

We consider point-to-point communication in a frequenelestive = ISubca;?e;—g_rolup maﬁ?'ng at each subcarrferi. .}, k =
channel. Both the transmitter and the receiver are assumeée t Crro i T

equipped with a single antenna. We also assume that petfachel 2. Rate assignments for each grogipt.}, k= 1,..., K.

state information (CSI) is available at the receiver, baseavhich ~ However, for the practical case with a small number of grotips

it determines the parameters needed for designing themities ~ feedback complexity is moderate and affordable. For exangain-
signal modulation and sends them back to the transmitteavia  sider K = 1, then the feedback parameters are reduced to only the
liable feedback channel. We consider quasi-static chararad for ~ subcarrier indices i and the transmission rate.

A_1000T
“lo o1 of >

convenience assume that the channel is constant in this, fapet At the receiver, let ¢ CY*¥ denote the complex baseband
stated otherwise. Fig. 2 illustrates the proposed FMG-S@utae  channel in time domain. The use of CP rendé&fsto be a cir-
tion scheme, which is described in detail as follows. culant matrix and thus expressed via eigenvalue deconiposis

Let V' = {1,..., N} denote the set of equally-spaced orthog- F ¥ AF n, whereA € CV*" is a diagonal matrix with eadtn, n)-
onal subcarriers, which are further divided iffonon-overlapping  th entryh,, being the complex channel gain at theh subcarrier in
groups, denoted by the skt = {1,..., K}. Eachkth group is the frequency domain. Let € CV*1 denote the receiver noise,
assumed to consist dff, > 1 subcarriers, withzle M, < N. whose entries are modelled as i.i.d. circularly symmetoimplex

Let ay ,, indicate whether subcarrieris allocated to groug, n = Gaussian (CSCG) random variables each with zero mean and var
1,...,N,k=1,...,K,ie., ances?. Hence, the received signal after CP removal is expressed
as
~ H
1, ifsubcarriern is assigned to group, y=Hz+z=FyAAPFy,x+z. 4)
Ok, = 0 therwi (5] As shown in Fig. 2, an FDE is applied to all subcarriers basetthe
, otherwmise criterion of minimum mean square error (MMSE) [18]. The dqua

We then haVerLl akn = My, Yk € K. In addition, note ized signal of groug in time domain is thus given by
the}t( each subcarrier is assigned to at most one group, whettisy §=F A"TFyy (5)
Y1k < 1,¥n € N. Let S, denote the set of subcarriers " H H H
assigned to groug for SC-FDE transmission, which is given by =Fy, A"TAAPF @+ Fy, A"TFyz, (6)

Sk = {nlakn . 1}, with S, C . The subcarrier allocation INote that power optimization among subcarriers in diffegnoups can
should thus satisf§o US1 U---USk = N andS, NS, = 0,Vk 7 beapplied to further improve the achievable rate, but tieiganly marginal
I, k,l € {0} UK. Notice thatS, denotes the set of subcarriers as verified by our simulation results whék is properly selected: thus it is
without being assigned to any groépwith |So| > 0. not considered in this paper due to the space limitation.
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whereT € CV*¥ is the diagonal MMSE-FDE matrix with the subcarrier SNR. By intuition, subcarriers with similar SN&ues
(n,n)-th entry denoted byp\/ka—hZ n=1,...,N, where(:)* should be grouped together to mitigate the above effect.

2402 . . . . .
represents the complex coﬂj}alg‘aﬁa operation. Therefoeareiteive Motivated by this, we solve (P1) approximately by considgri
SINR of groupk can be shown to be [18] Fhe prpblem qf finding the opt.lmal part!tlon of subcarriers sorted

in an increasing order of their SNRs inf¢ + 1 non-overlapping
1 groups to maximize the sum-rate. We thus term this methoetas s
ve({akn}) = Ly ( ) ) —Lk=1...K partitioning optimal search (SPOS). Equivalently, we needeter-
Wy Zen=1 Yk \ G255, TR 2 mine the locations to inseR bars that separate tfé sorted subcar-
) ] o rier SNRs intoK + 1 bands. The group of subcarriers with the low-
Hence, the achievable rate in bps/Hz atAkiregroup is given by est SNR values belong ), and thus are not used for transmission,
M while the transmission power is equally allocated amongéise of
Ri({axn}) = Tk log, <1 + M) , (8) the subcarriers. This is equivalent tcset partitioning problem in
N r combinatorial optimization. Specifically, there aké locations to

— T K
wherel” > 1 denotes the gap for the achievable rate from the chanP!ace theK bars, denoted by = (b1, bx]" € Z. Hence,

nel capacity owing to the employment of a practical modafatind there are(%) possible divisions, and exhaustively searching over all

coding scheme (MCS) [19]. of them requires a complexity @ (NK). Note that each possible
b determines a unique set of values {ery,,, }, and the complexity
3. PROBLEM FORMULATION of sorting subcarriers i©®(N log N). Thus, the overall complexity

of the proposed SPOS @ (N log N + N**'K), which is lower
éhan that of exhaustively searchifigy,» } since it usually holds that
K < N.

In this paper, we aim to maximize the achievable sum-rate alle
groups for our proposed FMG-SC under a given number of group
K > 1, by optimizing the subcarrier-group mappif@vs,» }-

Hence, the problem is formulated as 4.2. Set Partitioning Gradient-based Search (SPGS)

K Alternatively, we present a more efficient iterative altfum that
(P1) : maximize ZRk({ak,n}) 9) further reduces the complexity of the above SPOS, by leiegag
Fkont T a gradient-based search for solving (P1). Let [I1,...,In]" €

subject to axn, € {0,1}, VkeK, VneN  (10) N]\]rv denote the sorted subg:arrier indices, grrgl lg1,...,gn] €
R’ denote the corresponding sorted subcarrier SNR valueg,i.e

= - N 11 is the SNR value of subcarrier for n. € A in the original or-
Zakﬂl <1, Vne (11) der if I,, = n. In each inner iteration, we moue, at most one
’C:]l position to the direction that maximizes (P1) with otlh¢gs fixed,
i £k, i,k € K,i.e.,by, < by + ok, whered, € {—1,0,1}. This
Zo‘k’” 21, Vkek. (12) is carried out sequentially ovér = 1,..., K, which completes
n=1 an outer iteration. The outer iteration terminates when mnge

Note that (P1) is a non-convex combinatorial optimizaticobp is made to all bar locations. Note that for edgh its domain is
lem due to the binary constraints dav .} in (10). A direct ap- Pounded byby_1 +1,by.41 — 1], whereby = —1 andbx+1 = N.

proach for finding its optimal solution is via searching oa#pos- |t is worth noting that since (P1) is not a convex problem, i.e
sible subcarrier-group mappings and selecting the onethétmax- it may have multiple locally optimal points, the proposegoaithm
imum sum-rate. Note that for each subcarrier, therefarel possi- ~ May terminate at a local optimum. A good choice of the inikial

ble group mappings, since it can be assigned to any oktlggoups 1S thus crucial to its performance. One possible way is tooarty
{Sk }rex, Or t0S, (i.e., unused). The complexity of computing the 9enerate multiple initial points and choose the one thadywes the
sum rate of all groups given any subcarrier-group mappimghea highest sum-rate after convergence. However, this may inpota-
shown to beO(NK), and that of searching over all possible map- tionally inefficient. Alternatively, as the harmonic meanecset of
pings isO ((K + 1)™). Hence, the total computational complexity positive numbers is dominated by the smallest number inghead
of exhaustive search for the optim@ty,... } is © (NK(K T 1)N) the subcarriers with similar SNR values should be groupgéitter,
N 3 T
which is unaffordable for practical systems with lafyje we propose to set the initial set &fas [LKLHJ,..., |25
which partitions theV sorted subcarriers int& equal-size bands.
4. PROPOSED SOLUTION The complexity of the above proposed set partitioning gnaidi
To avoid the prohibitive complexity of exhaustive searcthis sec- based search (SPGS) depends on the number of outer iteration
tion, we present two suboptimal methods with lower compyetd ~ for convergence, which is difficult to analyze in general.eTest

solve (P1). case only needs one outer iteration, while the worst casehaay
o ) the iteration number linear itV as observed from our simulations.
4.1. Set Partitioning Optimal Search (SPOS) Hence, the complexity of SPGS is at m@{ N log N + N?K?),

Notice from (7) that(1 + ;) is the harmonic mean of1+  which is even lower than that of the previous SPOS.

”’C‘f—;‘z}nesk, where”’f‘a”—;‘2 is the signal-to-noise ratio (SNR)

of subcarriern that belongs to groug. The harmonic mean op- 5. SIMULATION RESULTS

eration is known to be dominated by the smallest elementsin it This section presents simulation results to evaluate tHernpeance
arguments. As a result, it can be shown that for a group ofasubc of our proposed FMG-SC modulation with different subcarrie
riers with a minimum subcarrier SNR of), its effective SINR is  grouping methods. The frequency-selective channel isnasgito
upper-bounded byM; (1 + o) — 1). Thus, the achievable rate of consist of L = 8 paths with an exponential power delay profile,
each group with SC-FDE transmission is bottlenecked by @stv  where each tap coefficient is modeled as an independent CSCG
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Fig. 3. Achievable rate comparison of different subcarrier gingp  Fig. 5. Mean PAPR comparison of OFDM, FMG-SC, and SC-FDE
methods for FMG-SC witli{ = 2 andI" = 1. underl” = 4.54dB with 1/3 convolutional code.

random variable with zero mean and variance determined by thProposed subcarrier grouping methods significantly otper the
power delay profile. The total average power of all paths is no two benchmark schemes with equal partition, especiallgwiSNR
malized to unit, and thus the SNR is definedas(No?). We set ~ Values. . .

N = 64, unless stated otherwise. Each simulation result is agerag ___Fi9- 4 and Fig. 5 compare the achievable rate and the mean
over 1000 independent channel realizations. The CP lemgthlf ~ PAPR of different modulation schemes, respectively. Siuedly,
modulation schemes considered (OFDM, SC-FDE, and FMG-SCYFDM with the optimal water-filling (WF) based power and bit a

is set equal td. and the rate loss due to CP is ignored since it is dlocation over all subcarriers is considered, while for SOEFand
constant percentage for all schemes. the proposed FMG-SC witl = 1 or 2 groups, equal power allo-

First, we evaluate the performance of our proposed low-Cation over all/lused subcarriers is assumed. For FMG-SCpiit-

complexity subcarrier arouning for EMG-SC. Fid. 3 Shows theposed SPGS subcarrier grouping method is assumed, sinetdi y
achigvablg rates of diffgereng g?ouping methods \%ifh: 2 and nearly optimal performance with the lowest complexity, beven
I — 1 (0dB). We consider three benchmark schemes, includin in Fig. 3. We assume that a rate-1/3 convolutional code watt ¢
A : - : ! Ltraint length of 3 is used, for which the SNR gap'is= 4.54dB at
exhaustive search (ES)’. .equall pariition with un;orted s a target BER ofl0~°® [20]. With practical modulation and coding
(Ep'l.J.S)’ and equal pgrtltlon with so.rted subcarriers (B)’..-EP- the achievable rate needs to be discrete for each chantightien.
US divides the subcarrier st . . ., N] into K equal bands directly Thus, we consideh-QAM modulation with bit granularity of 1/3
whereas EP-SS operates similarly on sorted subcarriefseirset ' )

I. Notice that we have assumed all the subcarriers are uséisin t Root-ralse_d cosine (RRC) pulse sha_lplng fF”?C“O” with fokac-
. ) ; . . tor of 0.1 is also assumed. From Fig. 4, it is observed thakethe
example, i.e.Sp = ). Due to its high computational complexity,

! L are significant rate gains by using FMG-SC even with= 1 (i.e.,
we only considetN = 16 for ES and compare it with the proposed _. S .
SPOS)\/Nith.N — 16. From Fig. 3, itis obgerved that theppropposed single group) as compared to SC-FDE. This indicates thanalsi
SPOS performs as. 00d as tﬁe 6 timal ES. For other resultsisho transmit adaptation by nulling the weakest subcarriersGAFBE
in Fig p3 we consic?ew — 64 Itpis observ.ed that the proposed leads to significant improvement in achievable rate. Witlréased

SPGS has very close achievable rate compared to the proposé{ (e.g. K = 2), the achievable rate of FMG-SC approaches that

) . ; . of WF-OFDM. However, as observed in Fig. 5, the improvemant i
SPOS, although it requires even lower complexity. Addgibn i ' ) - ! .
it is also observed that benchmark scheme ES-US has thetlow: ata rate by FMG-SC over SC-FDE is at the cost of increaseti mea

achievable rate, while the rate is improved if the subcesrae APR, which is more pronounced whéﬁincrease§ f“’”? lto 2 i.n
sorted based on SNRs as in the benchmark scheme ES-SS. The t\'/:v G'S.C' Hence, the pro_posed FMG'S.C modulation with optadiz
subcarrier grouping provides more flexible rate-PAPR traifie be-

tween conventional SC-FDE and OFDM, which are practically a

pealing.

—%— OFDM

L | —©— FMG-SC, K=1
FMG-SC, K=2

—&— SC-FDE

6. CONCLUSION

This paper proposes a new general modulation scheme termed
FMG-SC for broadband communication over frequency-siekect
channels, which encapsulates conventional OFDM and SC-FDE
modulations as special cases. We study the optimal subcarri
grouping for FMG-SC to maximize the achievable rate, angpse
two low-complexity methods that can find nearly optimal $iolus
_— efficiently. It is shown by simulation that the proposed FN3G-
| 1 modulation with optimized subcarrier grouping has achivaate
A S A N R SR R B! close to that of WF-OFDM yet with lower PAPR. Meanwhile, its
ooz “SN;( ) w118 20 achievable rate significantly outperforms that of SC-FDEhatcost

of moderately higher PAPR. Hence, the proposed FMG-SC pro-

Fig. 4. Achievable rate comparison of OFDM, FMG-SC, and  \jiges more practically favorable rate-PAPR trade-offsrausting
SC-FDE undei” = 4.54dB with 1/3 convolutional code. OFDM and SC-EDE.
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