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Abstract—In order to support high-user-load multiple-access (MPA) [23—-26] assisted detector for achieving near-optimu
(MA), we propose a non-orthogonal MA scheme based on a performance. By contrast, in the conventional CDMA systems

beneficial amalgam of spatial modulation (SM) and sparse code- h rs transmi mbol i r full |
division multiple-access (SCDMA), which is termed as the SM- cac u;e s transmitted S.y. bq .S spread t_)y utly p.opu ated
SCDMA. Hence, SM-SCDMA inherits both the merits of SM spreading codes, hence it is difficult to design practicel-lo

with single radio-frequency MIMO transceiver implementation ~complexity near-optimum detection schemes, especiakgnwv
and the advantages of SCDMA relying on low-complexity signal supporting a high normalized user-load.

detection. In .thiS paper, we e\_/aluate the potential_of SM-SCDMA As a parallel development in multiple-input multiple-outp
as well as its low-complexity near-optimum signal detection. (MIMO) systems, spatial modulation (SM) has drawn a lot

Given these objectives, we consider both the maximum likelihood . . .
detection (MLD) and the message passing algorithm aided of research attention in recent years, as evidenced by [27—

detection (MPAD) that is derived based on the maximuma- 29] and the references therein. These schemes inchate-
posteriori principles. In order to evaluate the performance of large  shift keying (S3K) [30, 31] conveying information solely by the

SM-SCDMA without relying on time-consuming simulations, indices of the transmit antennas (TAs). The SM of [27, 30, 32]
we propose new approaches for analyzing the performance of 4qtjyates one out of several TAs to convey a classic ampitud

SM-SCDMA systems. A range of formulas that are valid in .
the signal-to-noise ratio (SNR) region of practical interest are phase modulation (APM) symbol, such as, quadrature am-

derived. Finally, the performance of SM-SCDMA systems is Plitude modulated (QAM) symbol. By contragjeneralized
investigated by addressing diverse design concerns. Our studiesSM (GSM) [33] simultaneously activates multiple TAs to
and performance results show that SM-SCDMA constitutes a convey multiple APM symbols, whilgpace-time shift-keying
promising MA sgheme for the future ultra Qensg systems. Assisted (STSK) [34] exploits all degrees of freedom in the joint space-
by the MPAD, it is capable of supporting high-user-load MA i d in for inf tion deli Additi I .
transmission associated with a normalized user-load factor of M€ domain forn orma 1on ?'Very' iionatly, OW'D@
two. the recent research interest in NOMA, the authors in [15]

Index Terms—CDMA, NOMA, spatial modulation, low density h‘?“’? proposed gnd_lnvestlgated a NOMA-based_ SM scheme.
signature, maximum a posteriori detection, maximum-likelinood ~ Similarly, by activating one or a subset of receive antennas
detection, message passing algorithm, performance analysis. ~ With the aid of appropriate transmitter preprocessing,rgea

of preprocessing assisted SM (PSM) schemes have been

I. INTRODUCTION proposed. These include the preprocessing-aided SSK [35]

During the 2010s, research interests in multiuser commufRI€ly using receive antenna indices for implicit inforfoat
cations have been focused on non-orthogonal multiplesscc8€!ivery, and the PSM of [35] that conveys information by
(NOMA) [1-15], with the motivation of supporting ultra-de activating a single receive antenna out of sc_averal for cginge
deployment, which faces the problem of supporting moresusé@? APM symbol. By contrast, the generalized PSM (GPSM)
(or devices) than the number of resource units available. F [36] simultaneously activates multiple receive antenaad
uplink communications, sparse code spread CDMA [16, 17], 6Pnveys multiple APM symbols, etc. Various extensions of
simply termed as sparse CDMA (SCDMA), has been propos@? abovg-mentloned SM or PSM schemes have also been
for meeting these objectives. In SCDMA, each spreadirfy’veyed in [28,29]. o
sequence contains only a small number of non-zero entriesMultiple-access (MA) communications has also been stud-
Hence, each user's transmitted symbol is represented byed in association with SM [37-43]. However, in these SM-
small number of non-zero chips in the spreading codes. WittiSsisted MA schemes, users are supported solely by the
this family, the proposed schemes include both low densfpatial-domain resources, which may require an excessive
signature (LDS) assisted CDMA [2] and sparse code multipf¢imber of receive antennas at a base-station (BS) [38, 40~
access (SCMA) [18-21]. The studies in [2, 18] show that b@ﬁ]- ThI.S is becaqse the number of BS _antennas should
exploiting the sparsity of the signatures, SCDMA becomes ditearly increase with the number of users, in order to guar-
pable of supporting more users than conventional CDMA [223ntee the required quality-of-services (QoS) by employing
while relying on relatively low-complexity detectors. ThePractically implementable detectors at the BS. Explicthe
reason behind this is that the employment of low density Sitsnplementatlon of these schemes faces challenges in térms o

nature codes allows us to invoke a message passing algorififienna deployment, channel estimation, pilot-overhetd,
This situation becomes even severer, when a future MA system
Y. Liu, L-L. Yang and L. Hanzo are with School of Electroniesd has to support a huge number of communication devices. In
Computer Science, University of Southampton, SO17 1BJ, UKméi: . . .
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thanks the financial assistance from EPSRC of UK and ERC of EU. 46] is more desirable for practical implementations. T



we intrinsically amalgamate SM and NOMA, resulting in our  the performance of relatively large-scale SM-SCDMA
Spatial Modulated Sparse CDMA (SM-SCDMA) scheme con-  systems is investigated based on the numerical evaluation
ceived for supporting MA communications in heavily loaded of our formulas derived. Furthermore, we address the
communications environments. In summary, the contrilmstio impact of the related parameters on the BER performance
of the paper are as follows: attained, and demonstrate the efficiency of the MPAD.
« Finally, we propose a novel 8QAM scheme. When com-
« A SM-SCDMA scheme is proposed for supporting a  municating over Gaussian channels, it outperforms all
high normalized user-load in uplink communications. We  the existing 8QAM schemes in the relatively low signal-
assume that each user employs a few TAs for supporting to-noise (SNR) € 10 dB) region, while achieving a
the SM, while the BS employs several receive antennas similar BER performance to the best existing 8QAM
for enhancing the detection reliability, where MA is schemes in the relatively high-SNR region. By contrast,
achieved with the aid of SCDMA. Since our SM-SCDMA when communicating over Rayleigh fading channels, it
relies on the principle of NOMA, it has the potential of  outperforms all the existing 8QAM schemes within the
supporting the MA transmission, where the number of SNR region considered.

(active) users is higher than the total number of chips in The rest of this paper is structured as follows. Section II
the spreading codes. describes the proposed SM-SCDMA system model. Then, the
« It has been recognized that employing SM is beneficigktection algorithms are addressed in Section IIl. Sedbn
for the implementation of MIMO using a low numberanalyzes the BER of the SM-SCDMA system, while the BER
of radio-frequency transceivers, and provides lower corperformance of SM-SCDMA systems is investigated in Sec-

plexity receiver implementation options [27,28]. Howtion V. Finally, Section VI summarizes the main conclusions
ever, when there is a high number of users sharing tBe our research.

resources based on CDMA, the design of relatively low-
complexity detectors that are capable of achieving near- II. SM-SCDMA SYSTEM MODEL

qptlmum .performance 'S challgngmg_. In_ this paper, "€ n this section, we describe the transmitter and receiver
first consider the classic maximum-likelihood detection

(MLD) in order to study the best possible potential Ognodels in Sections II-A and 1I-B, respectively. Furthereor

the SM-SCDMA scheme. Then. we derive a maximam ur main assumptions and notations are detailed.
posteriori detector (MAPD), based on which we develop )
a reduced complexity MPA-aided detector (MPAD) thaft Transmitter Model
is suitable for SM-SCDMA systems, which employs SM Let us consider a single-cell wireless uplink, whefe
and exploits receiver diversity. users simultaneously transmit their information to a sngl
« In most existing references on LDS-CDMA or SCMABS. In order to avoid dealing with the trivial cases, but to
the performance study depends mainly on simulatiorf®cus our attention on the important principles, we assume
which can typically deal with tens of users. Howevetthat all users employ the samid; number of TAs satisfying
it is hard to simulate the performance of a MA system/; = 2%, whereb; is an integer. We assume that the BS
supporting hundreds or even thousands of users. HowewsmploysU receive antennas for attaining receiver diversity.
future NOMA systems are expected to support a hudgased on the principles of SM [27], we assume that within
number of users, hence it is interesting to predict ttee symbol duration ofl; seconds, one of thé/; TAs of a
achievable performance of such large-scale MA systenuser is activated for transmitting bits, forming an}; SSK
With this motivation, in this paper, we mathematicallyscheme [31]. Hence, the SSK symbol set can be expressed as
analyze the error performance of SM-SCDMA systemS; = {0, 1, ..., M; — 1} and the correspondinig -bit symbols
by first deriving the single-user bit error rate (BER) boundan be their natural binary representations. In addition to
and then analyzing the approximate BER of multi-uséhe 1/;SSK, the SM also uses the activated TA to transmit
SM-SCDMA systems. By exploiting the specific structuré, = log, M, bits, relying on aMs-ary APM (M2APM),
of SM-SCDMA, a range of formulas are derived, whictsuch asM;-ary QAM (1/2QAM). For convenience, the APM
allow us to estimate the BER performance of the SMsymbol set is expressed @5 = {s2,0,52.1,-, 52, Ms—1}s
SCDMA systems of arbitrary size. Note that in [47]whose elements satisti.‘i“‘;)_1 |32,i|2/MQ = 1. Therefore,
the authors have analyzed the pairwise error probabithen considering both thel; SSK andM>APM, b = (by+bs)
ity (PEP) and upper-bound average symbol error rabéts per symbol can be transmitted by a user to the BS.
(ASER) of the general multidimensional constellationBlote that the SM model considered can be readily extended
with MLD, and considered the LDS-CDMA and SCMAto the generalized SM model of [28], where multiple TAs
as special cases. By contrast, the authors of [48] haaee activated for simultaneously transmitting multiple M\P
derived a lower bound for the ASER of the SCMA.  symbols.
o The performance of SM-SCDMA systems is investigated Fig. 1 depicts the transmitter schematic of tttl user of
both by Monte-Carlo simulations and by the evaluatiothe SM-SCDMA system. During a symbol period, thdoit
of the formulas derived. Based on the SM-SCDMAymbolb; of userk is first partitioned into two sub-symbols,
systems of relatively small size, we verify the formulaghe SSK symbob;; consisting of the firsk; bits and the APM
derived by simulation and find their valid ranges. Thersymbolby., consisting of the remaining, bits. Lets;, € Sy



by Skl Y  wheren, is the Gaussian noise vector of zero mean and having

V(by) . :
' . a covariance matrix 02021y, expressed aSA (0,20°1y),
by = bya|bro —‘a’— with o2 = 1/(270), and~o = by, being the SNR per symbol,
. Y  while , the SNR per bit.
Sk Spars Sk2Ck : Sk Let 'y = [yoT,le, U ’ygfl]T and n =
Ve Sproading a' m&,nT,--- nf_,]7. Then, we can expregsas
T .Y K
e i, S -1 y= Z(IU ® ey )hs,, Sko + 1, 4)
k=1
Fig. 1. Transmitter schematic diagram of thth user in the SM-SCDMA Where® qenOte§ the Kronecker product [49]. Furthermore, we
system. can rewrite (4) in a compact form as
y=H(si)s2 +n (5)

be an integer value obtained from the mappibg(by:),

which determines the TA activated by user Furthermore, Where H(si) = IL(IU e, Ty @ex)hsy], 81 =

let sx2 € S, be obtained from the mappint; (by2), which 311>5217"'75K1}T collects the SSK symbols and, =

is an APM symbol. Following the principles of SCDMA [2], [512: 822, -, k2] collects the APM symbols transmitted by

sko is spread to a maximum af, chips ¢, << N) using theZX users.

the spreading sequeneg = [cko, ck1, ..., ci(v—1)]” assigned

to userk, wherec¢; is of N-length and hasi, non-zero IIl. SIGNAL DETECTION

chipg, satisfyingle|* = 1. Furthgrmore, we assu.me.that the In this section, we address the detection of SM-SCDMA
maximum number of users sharing any of tNechips isd;. signals. We first consider the optimal MLD in Section IlI-A,

In the following analysis, for simplicity, we assume t.m"t whereas Section lI-B derives the MAPD. Then, based on this
anddy are constants. The set of sparse codes achieving thgse \oa is developed in Section I1I-C

are referred to as the regular sparse codes. Finally, assinow
Fig. 1, thekth user's SM-SCDMA signal is transmitted from
the s th TA, following some further transmitter processingd. Maximum-Likelihood Detection (MLD)

that is not shown in the figure. _ Let us express the symbols transmitted by thieusers
Therefore, g|venthe.SM sympe}cﬂsm ofugerk,the unity- a5 a vectorz — (21,22, -, 2x]T, where we express
energy baseband equivalent signal transmitted by ksean Tr = Skilsk2, zx € X. We assume that the BS employs
be expressed as the knowledge of both the channels and of the spreading
tr(sk) = spacr, k=1,2,--- K (1) sequences. Then, the MLD finds the estimate &y solving

the optimization problem 6f
wheret(si1) indicates that the signal is transmitted by the

sk1th antenna. For convenience of description, below we de- {H K

=Y (v @ex)hs,, 5k

k=1

fine X = S, ®S,, which is a set containing thel (= M, M,) %= argzrél}(nx
combinations of the elements &, with those inS,.

2
} (6)

K
=arg max {Z R{5;,hL F1 Iy ®@cx)"y}
k=1

B. Receiver Model FexK
Assume that the channel between any user and the BS 1
experiences flat Rayleigh fadihgLet the channel impulse §ZZSk2h Iy @ex)? (Iy @ ¢;)hs, 52 ¢ (7)
response (CIR) between thg,th TA of userk and theU k=11i=1
receive antennas at the BS be expressed as wherez;, = 551|342 determines the terrh;, , 352, andR{z}
h,, = [h(O) R o pU= 1)] sk =0 M, —1 (2) returns the real part of. In the above equation, we can show
1 Sk1? ' YSk1? Sk1 ) LA
that

whereh?,ji are independent identically distributed (iid) com- U- 1)

plex Gaussian random variables with zero mean and a variance hi, (Iv @) Z hsa)'e 8
of 0.5 per dimension. Therefore, when there dke uplink u=0

users, theN-length observation vector received by théh Furthermore, leC; be a set containing thé, indices ofc;

receive antenna is given by having non-zero entries. Then (8) can be further simplifeed t
K K
Yu = Z h(glgtk(rskl) +n, = Z hgf:z SkoCl + ny, hSkl (IU 29 ck y = Z Z hgzl C;:;myum (9)
k=1 k=1 u=0 meCy
u=0,1,---,U—-1 3)

2Throughout the paper;, # and & represent the symbol transmitted, the
IFrequency-selective fading may be eliminated by multicar®¥l-  specific symbol being tested by the search algorithms and thedatected
SCDMA systems. symbol, respectively.



The second term of (7) can be simplified as where |K;| is the cardinality ofiC;, andz; is of |K;|-length.

In (14), whenzy,, is given, the PDF ofp(y.,|Z,) can be
R (Iy @ep) (Iy ® ¢)hs,, = hE (Iy ® cfle))hs,, expressed as ) )

:hga v Z ChmCim )R, 1 Yum — Ek > h(u)5k2ck ||2
meCrNC; 10 _ - _ Jun €D,, 'sk1 n
( ) p(yun|x[n]) Ino2 eXp ( 202 >

= < Z cltmcim> hgdhg“ (15)

meCrNC;

. . . where we defind,, the set containing the indices of the users
whereC; NC; gives a set containing the |nd]ce§ where bath conveying information using theth chip of the spreading
ande¢; have non-zero entries. Upon substituting (9) and (1Q)) jas

into (7), we obtain Equation (14) shows that the complexity of detecting user

K U-1 1 is O(M®). When regular sparse codes are employed,
& =arg max {Z >N R{55 (W) V¥ i} we have |K;| = d.(d; — 1), which is a constant usually
z€ k=1 u=0 meCs much smaller thank. Hence, employing sparse codes for
K

K spreading is capable of reducing the detection compleXity o
Z( > c;mcim> §,€2h§ilh§ﬂ§i2} (11) MAPD. Furthermore, when the MAPD is implemented by
1i=1 \meCynC; an approximated algorithm, the detection complexity can be

further reduced [2].

From (11) we know that althoug}, has onlyd, non-zero
elements, which can be exploited for significantly reduchne
computation, the MLD’s complexity is stilD(M ). There- C. Message Passing Algorithm Aided Detection (MPAD)

fore, the MLD described by (11) is impractical, especially, Similar to the classic low-density parity-check codes [50]
when the SM-SCDMA systems are proposed for supportife input-output relationship in the proposed SM-SCDMA
numerous users (devices). Next, we consider the symbekbagystem can be described by a factor graph [2,24], as shown
MAPD, which facilitates the employment of the MPA, asp Fig. 2 for the parameters specified in the caption. In this

shown in Section IlI-C. factor graph, thek symbols of the formz;, = s |sx2 and
sent by K users are represented Iy variable nodes, while
B. Maximum A-PosterioriDetection (MAPD) the U N observations iy act asN function (or check) nodes,

) ) ] with each havindJ channel inputs provided by tHé receive
Given the observation of in (4), the symbol-by-symbol gntennas. As shown in the figure, userg and7 share the)th
based MAPD detects th&h user's symbol via maximizing fynction node, which has two observations obtained from the
the posteriori probability as first and second receive antennas respectively. Hencee whil
these three users do interfere with each other ordthehip,
information carried by the different chips activated by theee
. . users can also be transferred from one chip to another via
afgglg§{ > P(ml’zl)p(mm“zl)} (12) " the 0th function node. By doing this, the overall detection
TEXET performance of SM-SCDMA may be significantly improved.
where p(x|a) is the conditional probability density functionBelow we detail the MPAD.
(PDF) of = given a, P(a) is the a-priori probability of a, Let us define two sets as
while z; is a (K — 1)-element vector obtained from by = ) .
removing thelth user's symbol. Since the observationg,, ! Rj={i:0sisN=le; 70}, j=12.. . K
are independent for givefx;, ;), (12) can be written in detail  Ci = {J 11 <Jj < K,¢j #0}, i=0,1,...,N =1 (16)
as

&y = arg max{P(Z)fy)} = arg max{P(z,)p(ylz,)}

where we havdle| = d,, representing thel, connections

U-1N-1 with the variable nodej, and |C;| = dy, giving the d;
# = arg max Z P(x, %) H H P(Yun|T1, 1) connections with the function node
nex - 20 ne Let licitl h bol =
eex K1 40 n—0 et us explicitly express the symbol set a¥

(13) {ao,a1,...,an—1}, whereM = M, M,. Let the probability
Lotk b ining all the interferi hari ;JF;Z "’ be a message sent from the variable nadeto
etk, be a set containing all the Interfering uUsers sharing gy f,nction nodef; (corresponding to theéth chip of the

Iezstlonetﬁnon-iero) CT'P \.N'th tlrJ]sErLet;u:thermtoLez[{g be sgreading sequences) during thi iteration. Note that here
a ds-length vector containing the symbols sent by the US€ls....(n) jq 1hq probability that we have; = a,,, given all the

sharing thenth (?hip .O.f the spreading sequences. Then ugigssages received hy from all of its neighboring function
can be further simplified to

nodes, excludingf;. Similarly, let the probabilityég’;;“(”)

U—1 represent a message sent from the function node the
#r=argmax< Y P, 3) [[ [] pwunlzpm) variable nodej during thenth iteration. Explicitly, this is the
nex zjexIkil u=0 ne¢, probability thatz; = a,,, given the specific messages received

(14) by f; from all its neighboring variable nodes, excluding.
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Fig. 2. Factor graph representation of the SM-SCDMA systéth the parameters di/ =2, N =6, K =9, andd, = 2, dy = 3.

Then, following [51, 52] and with the aid of Fig. 2, the MPADA. Analysis of Single-User Average BER

can be described as (f(?)”OWS- When the SM-SCDMA system supports only a single user,
Initially, we setr; 7" = 1/M for all a,,, € X and for any he MLD of (7) becomes

specific(j, i) pairs, wherej € K; andi € C;. Then, during the 1
nth, n > 0, iteration, the probabilitﬁg“(") can be computed & =arg max {%{é’ghg Iy @ecp) 'y} — 2h51§2||2} (20)
as

where the indexk (excepte,) is dropped for notational
gam () _ Z H ng_gv_,(n) convenience. A detection error occurs, when# x, which
7 7t resulted from the event that there is at least @€ x, yielding

x[i]Gdefl,z]-:am mvez[i]\xj 1
vt R{55hE Iy @ cx) Ty} — 5||h§1§zH2

X H p(yui|x[i]7xj = am), " . 1 )
u=0 > R{ssh;, Iy @ cr) "y} — §||h5132|| (21)

=0,...,M—1 17
m=0,..., o @7 Letus arrange (21) as
for i € C; andj € K;, where[], ., \, n;s" is the R{(hs 5o — hy 59) (I "
a-priori probabi"ty of 4 givenx[i] With[’]:L‘j =, while {( 5152 : 8132) ( U®ck) y}
P(uil@y), 75 = ap) is given by (15). > 5 (1,5l = [|hs, 52|%) (22)
Then, during the(n + 1)st iteration, the values;”" for

_ _ (1) £ _ Then, upon substituting from (4) for K = 1 into (22), we
i €C;andj € K; are used to computg; ;" for j € K optain
and: € C;, using the formula of
Y =g IT o™ m=0,1,. M -1 (18)

v,J ’

1
R {(hs, 52— hoysa) " 0} > 3 (Ihs,52 — hoysal?) (29)

vel;\i where n’ = (Iy ® ¢)fn, which obeys the PDF of
CN(0,20%I7). Hence, the probability that the transmitted

. - M—1_am,(n+1) ’ !
where¢;; is applied to make . 7;; =1 symbol z is detected asi, which is usually referred to as

Finally, when the affordable number of iterations is eXy o pEp is given by
hausted, the data symbols sent from #ieusers are detected ’
as

PEp(x — i‘) =Fy

1 -
Q (\/402||h§182 - h5182||2>]

e [ (\ L b -huslt) | 20
The complexity of the MPAD is dependent on the number 2
of users sharing a chip. When regular sparse codes are usgitere Q(x) is the GaussiarQ-function defined as)(z) =
the complexity per user can be shown to ®¢N47) [52]. (2m)~1/2 f;o e~t'/2qt, and Ex [] denotes the expectation
Hence, provided thatl,,d; > 2, the MPAD has a lower with respect to the MIMO channedll between the user and
complexity than the MAPD considered in Section I1I-B, whichhe BS.
has the complexity ofO(M?(4=1) per user for regular  As shown in [36, 53], the average bit error rate (ABER) of
sparse codes. SM schemes may be approximately evaluated from the union-
bound expressed as

r; = argmax H 63;"(”)7 k=1,2,...,K (29)

IV. PERFORMANCEANALYSIS
My—1My—1 My—1My—1

This section contributes to the error performance analysis Do < 1
bS < E E g E
of SM-SCDMA systems. We first analyze the single-user My Mab

BER performance, which is the lower-bound BER of SM- (1) g (ma) 3 (71) = (2)
SCDMA systems. Then, based on the single-user BER, we x D (b1 by by |by )
derive formulas for approximating the BER of SM-SCDMA ( (m1)| (m2) ~(1m1) ~(m2))

systems supportings users. X Pep (sl = 51705 (25)

mi1=0 m2=0 m1=0 m2=0



whereD(-, -) is the Hamming distance between the two binary Note first that if we assume that the/;APM uses Gray
entries, ancb\", 5™ represent thenth realizations in bits coding [54], the ABER of thel/,APM is given by

and symbols. Furthermore, in [53], the closed-form forraula
for the PEP of (24) have been derived in the context of

differ(_—:-nt fading _channe]_s. Speci_fically, ?n this paper, we a  p (MaAPM) = Mijl Mijl ( (m2 ( 2))
only interested in the iid Rayleigh fading channels. In this -~ Moby 20T
case, following the analysis in [53Pgp(z — ) can be (m2) (12)
analyzed by dividing it into the following three cases: x Ppp(si]sy” s15y )
1) (M,SSK-Error-Only): Pep(z — &) = Pgp(si|ss — =P;(M2APM) /b, (28)
51s2);
2) §J1\|4§3I;3M-Error-0nly). Ppp(r = 7) = Pop(sils2 — where P, (M,APM) represents the average symbol error prob-

ability of M>;APM. For different types of APMs, there are
P R closed-form formulas to evaluate their ABER and average
E_P(Sl‘lsz = 5152)- . . symbol error probability, which can be found in references,
Upon invoking the alternative representation for thi®  gych as, [54-56]. Hence, we can use the existing formulas for
function [54F, these probabilities can be explicitly expressegiab (M,APM) as well asP,(M,APM), and evaluate (27b) as

3) (Both M;SSK andM>APM in Error): Pgp(z — &) =

as by Py(MyAPM) /b or P,(MyAPM)/b.
P _ 1 /2 2sin% 0 v 9 Note secondly that, sind€ in (26) is an integer, according
P (sils = Sils2) = — /0 3520 1 ool to (64) of [57] or (5A.4b) of [54], the PEPS in (26a) - (26¢)

(26a) can be expressed in closed form as

5 1
PEP($1‘32 — 51|52) = ;

5 1 UU-1 U 1 + u
. /W( L )Ud9 (ovy TS (2M) 2 (u) ( 2M) (29)
0

4Sll’129+’)/0|82—82|2 u=0
P 1
p(sils2 = 51/52) = P wherey: corresponding to (26a), (26b) and (26c¢) is respectively
/2 12 v defined as
x / ( _ Aswrd ) o (26c)
0 4sin” 0 + v9(]52]% + |s2/?)
Equations (26a)-(26c) show that the fading channel effects Yol 2|2 .
have been averaged out in the PEP. This means that the Yolsa|? + 2’ It (26a) for Case (a)
computation of (25) does not need to consider the specific 0|32 — sa|?
M;SSK symbols, only theM>;APM symbols need to be p= ?2—224, if (26b) for Case (b)
considered. Therefore, (25) can be simplified to [53] Y0152 — 82 +
Yo(152/* + |s2/?) -

Mz—1 - if (26¢) for Case (c)
_ Miby ) (m \/ 2 2 ’
Py < P 2 ma2) 27 Yo(|52]? + [s2?) + 4

bS S 9N0b Z wp(s1]sy"?) = 5 (s (27a) (30)
M2 1 My—1
Z Z D (b(rng) b(mz))
= # The PEPs can be readily computed with the aid of (29).
7n2 moF#mo . . H
" PEP(81|S2 R 5 |S(m2 ) (27b) Equation (27) gives a bound for the ABER or the approxi-

mate ABER (if the SNR is sufficiently high) of the single-user
et et mhan SM-SCDMA system, without informing us whether the error
Z Z [ + (M 1) is dominated by thé/, SSK or theM;APM. This information
is sometimes important in design. For example, if a designer
x D <b m2) pime )] Ppp (sgml)|s§"’2) - §§”L1)\§gm2)) knows that one is more reliable than the other one, the two
(27¢) modulation schemes can be used for unequal protection of
multimedia information. Another consideration in the desi
where the first and third terms at the righthand side ajgthat the appropriaté/; SSK and)M,APM may be chosen so
obtained by exploiting the fact that the average number gfat both the modulation schemes give a similar ABER. This
erroneous bits between a pair @, ) is b1 M; /[2(M; —1)].  is because the overall ABER is always dominated by the less
Furthermore, inPgp(-), s; — §; or s( — sE means that reliable one. In this case, the reliability of the more reléa
the error event corrupts the transmittedor sf.m)) into 5; (or one may be slightly reduced by transmitting at a higher rate,
§§m>)_ without unduly increasing the overall ABER.
Similar to the derivation of (25) [54], the ABER of the
Q) =nt [P exp (—ﬁ) do M;SSK and that of the\/l;APM have the following union-

mg 0 mao#ma



bounds: as
Mi—1 Ms—1M;—1 Ms—1

Mi—1 Mo—1 M;—1 Mso—1 <
sS

YYY Y SInPIPIPIPH

_ m1=0 mo=0 m1=0 =0 < P (S(ml)|8(m2)—)§(ml)‘3(m2))
x D (bgml) 5§m1)> Prp (ngl ‘sémQ) _ S(m1)| (m2)) P (S 3 1 5

Pyo (M- <
Pys (M7 SSK) M1b1

Ms—1
(31) — M; -1 Z Pgp <81|S(m2) N 51‘8(777.2))
Mi—1Ms—1 My —1 Ma—1 M, = 2 2
Pbs(MgAPM M i Moot Mt
N(T;Q) =0 me=0 My =0 > =0 ! Z Z PEP (SI‘SQ m2) — 51 |S(m2)
x D (bém2),b2 )PE‘P (sgml ‘sénw) N S(m1)|s(m2)) m2=0 oEma
My—1 May—1
32 My -1 S
()PﬁZZ%wWMMﬂm

mo =0 ﬁ’LQ 7577742

Again, considering that the PEPs shown in (26a) - (26c) for
the three cases are not dependent on the fading channéls, (34S probability will be used later for computing the ABER

and (32) can be simplified to the formulas of of the SM-SCDMA systems.
Let us now assume that there is a desired user indexed in

the same way as in Section IV-A. Then, provided that all the

Mg 1
P,s(M;SSK) < -1 Z Prp (51\32 S5 |52 ) (K —1) interfering users are correctly detected, the ABER of
a0 the reference user is the same as (27).
M2 1 Msy—1 By contrast, when an interfering user indexed /s which

Z S Pep (31\32 2) Ly 5 |3(m2)> (33) can be any of thé K — 1) interfering users, is in error, we
have the pairwise erroneous event of

ma=0 maF#ms

ly — (Iv @ e)hs, 52 — (T ® ex)hs,, Spa
< Hy - (IU & c)hs152 - (IU & ck)hSMSkQHQ (36)

My—1 Ms—1
Pys(MaAPM) < M b >y ( by by 2)) from which we can derive the PEP, given as
272 m2=0 mao#ms
m2) . U—-1 ‘
x Pop (sils" > s]5™) P (w,a — &,81) =Er |Q [ ]2 2 (37)
Mo—1 Mo—1 u=0

+ M1 M1 - 1 Z Z ( ml) b ml))
Maby  —=, sl where z, ¥, z;, and &, represent respectively, |s2, 51|32,
5k1|5k2 and §k1‘§k2, while

« Pap (s — 52/55™) @ 2
A® =olleh; 52 +ckh Sk2 — Ch(u)SQ - ckhgﬂskgH /4
In (33) and (34), the PEPs are respectively given in (26a) - =0a/4 (38)

(26c), which can be computed using (29) associated with (3where a superscriptis added to distinguish the different cases

to be considered later.

When expressing the reallzatlons o:f :1: xk, Ty as
m1)|8(m2) ~(m1)|§(2m2) k1)|8 my2)  (me1) |s (my2) sim-

B. Analysis of Approximate BER of SM-SCDMA Systems S 51 ' Skl ' Sk
ilar to (25), we can represent the ABER of the SM-SCDMA

In this section, we analyze the ABER of SM-SCDMAsystem under the condition of a given interfering usdreing
systems with MLD. In practice we are usually interested imcorrectly detected as

the performance of an uncoded system at the specific ABER My—1 Myl My—1 My—1 My—1 Ma—1 M1
of about10~3, which can be readily corrected by FEC codesp,

For this ABER or a lower ABER, we can realize that the b (K) Mleb ng:o m;O g:o mg:o m%:Om%:Om%:_O
probability of two or more users being simultaneously iroerr

at the same transmission instant should be negligible jgedv % Z ( gm1)|bgm2 |bém2 )

that the number of (active) users is significantly smallenth
1/ABER. Hence, in order to make the analysis tractable, we
assume that there is at most one user among(H#ie- 1)
interfering users that may be in error.

Before we start analyzing the ABER of SM-SCDMA sys-
tems, we can readily obtain from (25) and (26a) - (26c) thathere we simply usex’ to replace <’, since certain assump-
the ASER of the single-user SM-SCDMA system is boundétbns resulting in approximation are invoked, as noted at th

mkz 0
% PEP( m1)|8(m2)781(€7"{71k1) s}(gkz)

(m1)| ~(m2) g(fﬁu)'gl(glm)) (39)

— S y Sk



beginning of this section. In order to evaluate (39), we havespectively as

to consider the following nine cases: B
M =y0(Is2|* + |sk2]*)/2,

1) Pép(81‘82,$k1|8k2 — §1|82,§1€1‘Sk2): 7&1) = (|82|2—|— |5k2|2)2
p(w) (w) _ p(w)yg pi2 P = ; (422)
%\IC( 1 )82+ er(hg, — b)) sezl|” /4 |s2|% + [sral® + 2|pkl?|s2?[sk2
2) Pih(s 1\827 5k1|5k2 = 130, Bplsee): A = Fo =v0(|32 — 82| + 2|sr2|?) /4,
Vo\lchsl (82 = s2) +en(hfy) — h)sia?/4 (132 — 522 + 2|skal?)2
3) PEP(81\82781€1|81¢2 = S dulske) A = = 152 — so|* + 4[ska|* + Alpx|2|32 — 52[%|sk2]? (42D)
olle(hiySa — hitsa) + ex(hiy] - hild)siall*/4 32 =0((5al? + [s2l? + 2lsial?)/4.
4) P]E;p( 1\52,sk1|sk2 —  51]82, Sk1|Sk2): AP = (|52]2 + [52]? + 2| s2|2)?
Yolle(hsy — hE)sa + exhil (ke — si2) /4 B TR+ 37 + Al + AP (5 T 2Pl
5) Pé}( 1\82,8k1|8k2 —  51/82, Sk1|8k2): %(f)) = (42c)
volleh (82 — s2) + exhie) (Buz — sia)l|?/4 4 =70(2|s2|? + |3k2 — sk2|?)/4,
6) Pé},(sl\sz, skilske = 8112, 8k1|5k2)- (6) - (2]s2]? + [Sk2 — sk2l?)?
’YQHC 82 — £1)52) —I—Ckhgkz(skg — SkQ)H /4 Ba = (42d)

Also|* + [Sr2 — sk2l* + 4]pr|*[s2|?[5k2 — sk2l?

N i | 2 5 ;
75 =Y0(|S2 — s2|” + [Sk2 — Sk2|”)/4,

(ns"
7) PJ(EP( \5275k1|5k2 - 51|82, 8k1|5k2): =
Yo HC( - h(sl))sz +Ck(h( )50 — hgkzst)H /4

5 £ (182 — s2|* + Sk — sp2l?)?

8 P( ) — X ) (8) = ﬂ5 =T= ~ a S ;
) EP((I‘)S27Sk1|Sk2 (u) 31|82’Sé})‘8k2) 2 Tu ‘82 - 32|4 + |Sk>2 - Sk2|4 + 2‘Pk|2|52 - 52‘2|Sk-2 - 5k2|2
70(@4)3/151 (82 — s2) +ck(hsk18k2 sy sk2) |l /4(9) (42e)

9) Ppp(silsa,skilske  —  51]52,861[5%2) Yu = Y6 =70(|82] + 52| + |5k2 — skal?) /4,

tole(hg52 = hiYs2) + en(hi]5ra — i sra) /4 (a2 + 522 1 1510 — spa2)?

. . =— -~ ; 42
In the above expression, the indicesrof or /; are removed Pe (132]% + |52]%)2 + [5k2 — sk2|* (421)
for notational simplicity. The same notational simplificais + 2|pk|?(152]? + |52|%)|8k2 — sk2|?
are usgd in our forthcoming discourse, whenever there _is NG7 =y (22| + [Skal® + |sk2l?) /4,
confusion. Furthermore, in the case of, such as PEP, which is 2 |z |2 212
) I .  (2]s2]* + [8kal® + Isk2l?) ,
independent of the specific index, such as a specific TA, ther@; = 5ol + (5l + [ora]® )2 ; (429)
is also no index forn, or ;. 52 k2l 115k )
+ 4l prl*[s2]*(15k2]” + [sk2]?)
As seen in (38) or the above formulas corresponding to the_ (185 — 5a|? + [3a]® + |sp2]?) /4
nine cases, the instantaneous SNE@ is a function of the 5~ '° 2~ 2 ) 'ff ) k2 2’
linear combination of 2-to-4 inde endent Gaussian randomg, — (132 Z ] j‘ “;W‘ + “Z’g' ) : (42h)
variablesh™, n{, ™) and/or h,,x,c1 Hence, for givenc, |2 = 52| + ([Sk2l” + [sr2])
2 o i) + 2| pel?[52 — 52 (8k2/? + [sk2]?)
¢, S2, S2, Sp2 and 5o, the SNR% obeys the Gamma o 5 9
distribution with the PDF expressed in the form of [54,56] Yo =Yo(|82]" + |s2|” + [Ska|” + |sk2[")/4,
.12 2 3 2 2\2
By = 2(|52| +2|=;2\ +~\5k§| + |8k§|2) (42i)
L BN s ( B (152l + 15P)? 1 (Be]? 1 [swa])
T = <m< )zleW(my) + 20k [2(1521% + [52]2) (8ol + 512 ])
0<z<o00 (40) In the above equationsy, = cfe;, is the cross-correlation

betweene ande¢,. From#; and 5; shown in (42a) - (42i), it
is not hard for us to infer the following observations:

« In the formulas (42a) - (42i), when we 56f,|2 = 0 and
|ska|> = 0, we always obtain3; = 1 for i = 1,...,9.

where the average SNR and the shaping parametgy are
determined by the first and second order momentSlef

given by Correspondingly, the nine cases are reduced to the three
i cases, which we considered earlier in Section IV-A for
5 = B[], B, = Vi (41) the single-user scenario or that all tfé§ — 1) interfering

E [(%52‘))2} — 52 users are correctly detected.
o 7, is always increased due to the error event of a second
user, meaning that having two users simultaneously in
In order to computey; and j; with respect to the dif- error is rare compared to having a single user in error in
ferent cases, we need the second and fourth order moments a SM-SCDMA system.
of complex Gaussian random variables. Let us assume that As 0 < |px| < 1, we can findl < 3; < 2 for
X = a+jb, where bothn andb are Gaussian distributed with all the nine cases. Since a high&r value results in a
zero mean and a variance @f. Then, we haveE[X?] = 202 lower error probability, as seen in [54,56] and below,
and E[X %] = 842. With these results in mind, we can readily ~ again, this explains that the probability of two users being
derive 7; and g; for the nine cases, which are expressed simultaneously in error is lower than that of only one user



being in error. the ABER of the SM-SCDMA systems can be expressed as
« When the erroneous uskrdoes not share any chips with

the reference user, we then hawe = 0. Consequently, Pyrr ~(1 — Pyg) ' Ppg + [1 — (1 — Pyg)™ 71

the value of5; becomes higher than that of the case, 1 K=

where the erroneous uskrand the reference user share X Z Pynr (k) (45)
some chips for transmission. Therefore, an interfering k=1

user not sharing chips with the reference user impose
a lower impact on the error probability of the reference.
user than an interfering user sharing some chips with t§
reference user.

]Swere Py (k) is the ABER of the reference user when the
th interfering user is in error, which is given by (39). When
Ei<|ng into account our nine cases, we have

Having obtainedy; and 3; for the different cases, the - (k) o ML = )by MZE(M; — 1)by Mi:l Mi:l
corresponding PEPs can be obtained via averaging (37) using 2Myb - =
(40), yielding [54, 56] e ,
X Pgp <31|52 2)75k1| (my2) =5 ‘s( L2)7§k1|5;(;2nk2)>
_ /2 2 Bi M2 1 Ma—1 Msy—1
0) N Bisin” ¢ (ma) 3072)
PEP(x’xk_):E’xk)_ﬂ/o (ﬂisinze—k% 40, + Z Z Z D<b b )

mo=0 mo#mso mp2=0
i=1,...,9 (43) = Z;) k2

x Pgp (sl|s2 sk1|s — 51 \82 ,Sk1ls m“))

which, according to [54,56-58], can be represented in a M; ( M1 —1) My—1 M>—1 M>—1 blMl
closed-form as Sy — Z > > [ + (M 1)
mo=0 moF#ms mp2=0
) ~(1mz)
P}(;])D(x,xk — T, Ty) x D (b(mz) by ’ )}
_ B:U m = ~(1ha
_ TBU+1/2) Vi < Bi 7 ) x Ppp (51|32 2) sk1|s LN sﬂsé ) sklls ’“2)>
2/70(B;U + 1) ﬁri—% Bi + 7 M p M2zl Ma=l M1 " o)
. 1Y
X oI (1 GiU + = ,ﬂ1U+1 ﬁl), 2Mb Z Z Z Ppp (51|82 s |Smk2
61""%’ 2 m2=0 mr2=0 mroF#mp2
i=1L...,9 @) §1|3§m2), Skl\g(gnkz))

My—1 Ms—1 Ms—1 Ms—1
where s Fy (a, b; ¢; z) is the hypergeometric function defined pim2) I;(fnz)
as [59]2F1 (a, b;c;2) = Y pey % and (a)y = a(a + M2b Z Z Z Z ( 2 )
1)-(a+k—1), (a)o =1

Below we provide the expressions for computing the ap-

ma=0 ma=#mo Mr2=0 MraF#mp2

(mg2)

x Pgp (81|82 Sk1|8 — 81‘52 Sk1|8 mm))

proximate error probabilities in some special cases oftjmalc Mot Mol Mad Mol

interest. M2b )IEDIED DS [ 5 +(Mi—1)
First, for the ABER of the SM-SCDMA systems supporting ™a=0 Mgziims mea =0 iz #myy

K users (one reference user p(u§—1) interfering users), we  xD (b(””) b(mQ))}

assume that there is at most one interfering user in errés. Th (mk2) -~ 1<(2) (a)

assumption is reasonable due to the fact that when the SNR i Prp (51|52 csk1lspg = 81137 s |3y )

sufficiently high, the probability of having two or more user M2( 1) My—1 My—1 My—1
1 (m2)
simultaneously detected in error in addition to the refeeen + — -~~~/ 2M2 E E E Pgp ( sy 2,

user is negligible. For example, let us assume that the error ma= 0mk2—0 M2 Mo
rate of a user is about)—3, which is the error rate of interest (miz) | = | (m2 (ug2)

Sk1|Spo Y — sl\s k1|8 s
in practice. Then, when an optimum detector is employed, the"

M 1 Mz—1 Ms—1 Msy—1

average number of users erroneously detected during aehann M1 271 Mo 27 27 (m2 (m)
use is aboutk x 1073, provided thatK is comparable to + ——-7— Z Z Z Z ( by )
the total number of chips used by the SM-SCDMA system. m2=0 Mma7Fms myz= Omm#mkz
However, we should note that when there are two or moreyx p., (sl|32  Sk1|s\y (me2) sl‘g  5k1l3 mu))

b1 M,
2

of these users generate some correlation, as implied by (42a M; ( M1 -1)

- (42i). Nevertheless, this correlation should not sigaifity Ry Z Z Z Z
affect the average number of erroneous users, because the
probability of having two or more users simultaneously in +(M; — 1)D (b("“’) b(mr“)ﬂ
error is insignificant, in comparison to that of having only ( |

S1 52

users simultaneously detected in error, the erroneousteven
Mo—1 Ms—1 Ms—1 Ms—1 |:

ma=0 ma7#ma Mmr2=0 Mmya#my2

(mr2) _ 7 z0m2) ey
one user in error. Based on the above assumption and (35)¢ Prp Sk1|S 5 = 81133 Sk1|S " ) (46)
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Note that, in (46), all the PEPs are in the form of (43) oand the minimum distance of 0.63/FEy, where E, is the

(44), with the corresponding; and 3; are respectively given average phasor energy [60]. Here, we propose a new 8QAM

in (42a) - (42i), which are determined by the specific symbotonstellation also designed based on square-16QAM, asnsshow

of (), sime2) | g(m2) - 5mie) ag \well aspy, of the cross- in Fig. 3(a). It can be shown that this new constellation has

correlation between the sparse codes of the reference nderthe same PAR as that shown in Fig. 3(b), bumamimum

of the kth interfering user. distance of 0.88\/E,. However, the Gray coding cannot be
Secondly, in order to reduce the computations invoketllly applied, as each 8QAM symbol has only three bits, but

another ABER expression can be obtained by considering otiiere are two points, namely, ‘000" and ‘010’, each having

the specific interfering users sharing at least one chip thith four neighbors.

reference user. In this case, the ABER can be expressed as

101 001 101 111 011 1
2 D \K—1p D \K—1 e o L] [ J 000
Pl ~(1 — Psg) Pys +[1—(1—=Pyg)" 7] | o 100g | @110 '\
1 = o |el g | @010
o 100
x K-1 Z Poa (k) (47 1001% ol b % . 01
kel ) 111
(a) (b) (c)

wherelC = {k|C, NC # @ Vk=1,2,...,K — 1}, and@ is
an empty set.

Thirdly, we are interested in the ABER of the reference
user, when there is a single erroneous interfering usertasd t
user does not share any chips with the reference user. This

Fig. 3. Different constellations for 8QAM.

S o Square 8QAM (b)
ABER can be formulated as 10 L
. . \ "o, . gf’asr@gim )
Pry =~ Py (k 48 R A
M b () (48) . &\ g o » Proposed 8QAM (a

wherek ¢ K can be any arbitrary user not iG. Note that § TR

any k ¢ K has the same impact on the reference user. \ 'ﬁ*ﬁsg._,g
Finally, the ABER of the reference user on condition that \ i

there is only a single erroneous interfering user and thés us \% T g

shares some chips with the reference user can be expressed as \

_, 1 _
Pin % 57,50 2 o (¥ (49) B \\\\ — Awon

........... Rayleigh Fading

. . . [ [ [ [
where > 1y denotes the total number of the interfering 10 Ty e o 12 15 18 21 2 27 =0

users sharing some chips with the reference user. Note that Average SNR per Bit (dB)

when regular sparse codes are employed, implying that the

number of chips shared between any interfering usér with

the reference user is the same, then the averaging operaﬁ@n“- BER performance of different 8QAM constellations o@aussian
. . . — channels.

in (49) is not required. Instead, we can compuig,, by

considering a single interfering user randomly chosen fromte BER performance of the above four 8QAM constella-
K. tions when communicating over Gaussian or Rayleigh fading
channels is depicted in Fig. 4. Explicitly, in Gaussian aiels,
V. PERFORMANCERESULTS the proposed 8QAM scheme marginally outperforms all the

In this section, both the theoretical error probability bds others 8QAM schemes, when the SNR is lower than about
and the simulation results of SM-SCDMA systems are pré6 dB, i.e. in the SNR range of interest. By contrast, when
sented. Firstly, we propose a new 8QAM constellation, whiatonsidering Rayleigh fading channels, the proposed 8QAM
is then considered in some of the other figures. Then, teeheme slightly outperforms the others 8QAM schemes across
performance of SM-SCDMA systems associated with variotise whole SNR region considered. Note that since the prapose
parameters are characterized, based on which we also @AM constellation is embedded in the 16QAM constellation,
the valid range of our formulas derived. Finally, we studg thit is beneficial for the implementation of adaptive modu-
performance of relatively large-scale SM-SCDMA systemfation [61] in practice. Therefore, in our following ressjlt
which are impervious to numerical simulations. Note that thwe assume the constellation of Fig. 3(a), when 8QAM is
parameters used for generating the results of a specificefigemployed.
are directly detailed in conjunction with the figure. Fig. 5 shows the BER performance of SM-SCDMA sys-

Again, let us propose a new 8QAM constellation fotems, when different number of modulation levels are assume
our forthcoming investigation. In the literature, typigathe for the M, SSK andM>QAM. In this figure, we also compare
three 8QAM constellations of Fig. 3(b)-(d) are consideredhe results obtained by simulations and those evaluated fro
all of which facilitate Gray coding [60]. Specifically, thethe ABER bounds of (45) and (47). Furthermore, the single-
constellation of Fig. 3(b) is designed based on the classiser ABER bound of (27) is provided. Based on the results, we
square-16QAM. It has peak-to-average ratio (PAR) of 1.8, have the following observations. Firstly, when the throqugh

(A

Bit Error Rate
5
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, Rayleigh fading channel, N=12, K=16,d 3, U=1 number of receive antennas is increased fféra 1to U = 2,

A8 h\ .. — M;=2,M,=4 which is an explicit benefit of the diversity gain and the powe
o | B Tl T My=4, M, =4 gain. Furthermore, similar to Fig. 5, the BER obtained via
104 . L N M R M=2, M, =16 . . . .
SAENEIN o simulations lies between the single-user ABER bound of (27)
;\ﬁ&\; g | '--A}',>§§ s and the ABER bound of (47) (or (45)). Therefore, we may use
o IR W 7 (27) and (47) to predict the BER performance of SM-SCDMA
ul O R \éé\A 9 systems, or simply use (47), when the SNR is sufficiently high
< 10° RN resulting in a BER ofl0~3 or lower.
» Simulation N b N Rayleigh fading qhannel, N=12, K=16,8, U=1
10° 119 P B0 E\E\A\t*\i T
+ P'bm S }\ NG kY
o Single-user ABER bound RN ) 3\4 A
1% e 0N ™ . ES
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 ] X \ L \\ FeA
Average SNR per bit (dB) Q . AL
% 102 \ D:\' : \ —+
RN TN
Fig. 5. ABER performance of SM-SCDMA systems for different nemb =l \ o, )\c;\ 0. \‘\
of modulation levels over Rayleigh fading channels. g 10 o P L R \G\E b -y
2 bM ;\ SR
g o Py \\ m SIEY
) Rayleigh fading channel, N=12, K=16, d 3, U=2 1542 Pim N o
\'\'h “h — M;=2,M,=4 — M;=2,M,=4 \EX ‘n, \;\ |
: M=4, M, = 4 \ “m, B
10—5 T T T T T T 3
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Average SNR per bit (dB)

Fig. 7. Comparison of the conditional ABER dt;,; and P},,, and the
ABER of Py, of SM-SCDMA systems.

ABER

In Section IV, we have considered the ABER,; of a
reference user, when there is a single erroneous integferin
! user without overlapping with the reference user, whictxis e

16 - PPM ‘ ‘ ‘ : pressed in (48). We have also considered the AE?EB, of a
o 2 4 6 8 10 12 14 16 18 20 reference user, when there is a single erroneous integfasar
Average SNR per bit (dB) sharing some chips with the reference user, which is expdess
in (49). In Fig. 7, we compare these two conditional ABERs
Fig. 6. ABER performance of SM-SCDMA systems with differentnher 85 well ash s of (45). The_reSU|tS show that for a given SNR,
of modulation levels over Rayleigh fading channels. Pj,; is much higher tharPy,,, implying that the ABER is
dominated by those specific erroneous interfering userighwh
share some chips with the reference user. This also explain t
is increased either by increasing, or M,, the BER per- in Figs. 5, P, and P}, are indistinguishable.
formance degrades. Secondly, when the SNR increases, thEig. 8 depicts the performance of SM-SCDMA systems
BER performance of SM-SCDMA system using = 12 for the user-load factors ok = 16, 20 and 24, giving the
chips to supportK’ = 16 users, which corresponds to anormalized user-load factors df/3, 5/3 and 2. In addition
normalized user-load factor af/3, converges to the single-to the observations from the previous figures, Fig. 8 shows
user BER. Thirdly, the ABER bound evaluated by (45) anthat for the other parameters considered, the performafce o
that evaluated by (47) are indistinguishable, which rezpirthe SCDMA systems only slightly degrades, as the number
much less computation than (45). Furthermore, as expectefiusers increases. This is the case, in particular when a SM-
at the BER of about0—2, the ABER bounds evaluated fromSCDMA system employ$/ = 2 receive antennas. As shown
(45) or (47) are close to the corresponding results obtaieed in Fig. 8, a relatively substantial performance drop is otese,
simulations, and they become closer, as the SNR increasgsen the normalized user-load factor is changed froi to
Therefore, when the SNR is sufficiently high, resulting in &/3. By contrast, there is only a marginal performance loss,
BER of about10~? or lower, the single user ABER boundwhen the normalized user-load factor is increased fsgfto
of (27) and the ABER bound of (45) or (47) can be used
predict the achievable performance of SM-SCDMA systems. Again, SM-SCDMA systems rely on two types of modula-
In Fig. 5, we assumeldl = 1. By contrast, we assunié = tions schemes, i.e. the SSK and QAM. While SSK belongs to
2 in Fig. 6. The other parameters are the same for both figurdse family of energy-efficient modulation schemes, QAM is
By comparing the results of these two figures, we can see thabandwidth-efficient modulation scheme [55]. Hence, when
a significant performance improvement is available, when tfixing the bandwidth, there should be a trade-off between the

10* f{ © Single-user ABER bound
4 Simulation
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Fig. 8. ABER performance of SM-SCDMA systems for differentrdsads. Fig. 10. ABER performance of SM-SCDMA systems for differergmui®ads.

Rayleigh fading channel, N=12, K=16,%B, U=1 N Rayleigh fading channel, N=256, & 2, M; = 4, M,=8
) & 16SSK, BPSK i
RSN o 8SSK, QPSK | \\6
10 S= 0 4SSK, 8QAM (Proposed] 10" B \é
5 = + 4SSK, Star-8QAM " i \9\
s BaN, | © 2SSK, 16QAM € N
0: 10-2 \\l\ ! 8 1072 S _1
[} = 2 \
o 5 SN
<C AN K g 3 \
) NN o 10 ¢
RE 5 N
10° 3 <
5 = 10* [ 0 K=256
i S o K=384 ;
A K=512 8.
10° \ 16° ——
12 16 200 24 28 32 36 40 44 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Average SNR per bit (dB) Average SNR per bit (dB)

Fig. 9.  ABER performance of the SM-SCDMA system for differentFig. 11. ABER performance of SM-SCDMA systems for differergmi®ads.
modulation schemes transmittidg= 5 bits per symbol.

. ) ated fromP/,, of (47) for N = 128 and256, respectively. For
numbers of bits allocated to these two modulation schemeg;h, cases, we examine the performance, when the normalized

Therefore, in Fig. 9, we demonstrate this trade-off, Whefser.jnad factors are respectively 1.5 and 2. We can see
assuming that the total number of bits per symbol is fixedl 0 ¢ the results that the error performance curves of all the
Explicitly, the combination oBSSK and QPSK achieves they, e |gading factors are close to each other. From thetsesul
best error performance among t'he four posglple combmano& Figs.8, 10 and 11 we infer that when a SM-SCDMA system
over the whole SNR region co.n5|dered. Additionally, in B9. yacomes larger in terms af, it is capable of supporting a
the proposed 8QAM shows slightly better ABER performangg. . er user-load at a given error rate.
than the star 8QAM, when communicating over Rayleigh
fading channels. This is also reflected in Fig. 9, where the
proposed 8QAM scheme slightly outperforms the star 8QAM VI. CoNCLUSIONS
operating in Rayleigh fading channels over the whole SNRWe have proposed a SM-SCDMA system for supporting
range considered. high-user-load MA transmission. In order to show the pdéént
So far, we have considered some relatively small SMf SM-SCDMA and to allow it to achieve low-complexity
SCDMA systems associated wiffi = 12, so that we can use near-optimum detection, we have considered both the MLD
simulation results to validate our mathematical analysid aand the MPAD developed based on the MAPD. We have
gain insights into the characteristics of the various esgicns added new ingredients to the error performance analysis of
derived. Below we consider some relatively large-scale SNEM systems and analyzed the ABER of SM-SCDMA systems
SCDMA systems, whose performance is infeasible to stugynploying MLD. A range of expressions have been obtained
by Monte-Carlo simulations. for estimating the ABER of SM-SCDMA systems operating in
In Figs. 10 and 11, we plot the approximated ABER evalwifferent situations. Finally, the performance of SM-SCEBM
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systems has been investigated based on both simulations @sdM. Yoshida and T. Tanaka, “Analysis of sparsely-spre2MA via

numerical evaluation of the expressions derived. Our studi
and performance results demonstrate that SM-SCDMA |is;;
capable of supporting large-scale MA. It is also capable of
exploiting the space-time domain resources for improving
energy efficiency. With the aid of the MAPD, it can supporIt ]
even a normalized user-load factor 2fvithout much perfor-
mance degradation. Furthermore, when a SM-SCDMA systéH!
becomes larger in terms of the spreading factor obtained by
utilizing more bandwidth, it becomes more efficient, and theo]
performance only slightly degrades, when the normalized-us
load factor is increased from one to two. Additionally, weeno [,
that the error performance achieved by the MAPD is near
optimum, which is close to that attained by the MLD.

Our future research will investigate SM-SCDMA on they,
basis of multicarrier transmission over frequency-sélect [23]
fading channels.

[24]
REFERENCES

[1] P. Wang, J. Xiao, and L. Ping, “Comparison of orthogonati amon- [25]
orthogonal approaches to future wireless wireless cellaistems,”
IEEE \ehicular Technology Magazine, vol. 1, no. 3, pp. 4 — 11,
September 2006. [26]

[2] R.Hoshyar, F. P. Wathan, and R. Tafazolli, “Novel lowadgy signature
for synchronous CDMA systems over AWGN channéEEE Transac-
tions on Signal Processing, vol. 56, no. 4, pp. 16161626, 2008. [27]

[3] J. Schaepperle and A. Ruegg, “Enhancement of throughplifarness
in 4G wireless access systems by non-orthogonal signalBeyl,"Labs
Technical Journal, vol. 13, no. 4, pp. 59 — 77, 2009. [28]

[4] J. Harshan and B. Rajan, “On two-user Gaussian multiptess chan-
nels with finite input constellations/EEE Transactions on Information
Theory, vol. 57, no. 3, pp. 1299-1327, March 2011.

[5] Z. Ding, Z. Yang, P. Fan, and H. V. Poor, “On the performamde [29]
non-orthogonal multiple access in 5G systems with randomlIyogted
users,”|EEE Sgnal Processing Letters, vol. 21, no. 12, pp. 1501-1505,
Dec 2014. [30]

[6] L. Dai, B. Wang, Y. Yuan, S. Han, C. |. |, and Z. Wang, “Noniwogonal
multiple access for 5G: Solutions, challenges, opportesiitand future [31]
research trends/EEE Communications Magazine, vol. 53, no. 9, pp.
74-81, September 2015.

[7] L. Lu, Y. Chen, W. Guo, H. Yang, Y. Wu, and S. Xing, “Protpty for  [32]
5G new air interface technology SCMA and performance evaoAt
China Communications, vol. 12, no. Supplement, pp. 38-48, December
2015. [33]

[8] J. B. Kim and I. H. Lee, “Capacity analysis of cooperatiradaying
systems using non-orthogonal multiple acce$8FE Communications
Letters, vol. 19, no. 11, pp. 1949-1952, Nov 2015.

[9] M. Al-Imari, P. Xiao, and M. A. Imran, “Receiver and resoaralloca- [34]
tion optimization for uplink NOMA in 5G wireless networksj 2015
International Symposium on Wireless Communication Systems (ISWCS),

Aug 2015, pp. 151-155. [35]

[10] F.-L. Luo and C. ZhangNon-orthogonal Multi-User Superposition and
Shared Access.  Wiley-IEEE Press, 2016, pp. 616—. [Online]. Available:
http://ieeexplore.ieee.org/xpl/articleDetails.jspRRanber=7572709 [36]

[11] J. Men and J. Ge, “Performance analysis of non-orthogomdtiple
access in downlink cooperative networkT Communications, vol. 9,
no. 18, pp. 2267-2273, 2015. [37]

[12] Z. Ding, R. Schober, and H. V. Poor, “A general MIMO franmaw for
NOMA downlink and uplink transmission based on signal aligntyie
IEEE Transactions on Wireless Communications, vol. 15, no. 6, pp. [38]
4438-4454, June 2016.

[13] J. Men, J. Ge, and C. Zhang, “Performance analysis ofartregonal
multiple access for relaying networks over Nakagami-m fadthgn- [39]
nels,” IEEE Transactions on Vehicular Technology, vol. PP, no. 99, pp.

1-1, 2016.

[14] Y. Zhang, H. M. Wang, T. X. Zheng, and Q. Yang, “Energyieént
transmission design in non-orthogonal multiple accedsEE Transac-  [40]
tions on \ehicular Technology, vol. PP, no. 99, pp. 1-1, 2016.

[15] X. zhu, Z. Wang and J. Cao, “NOMA-Based Spatial Modwafi |EEE
Access, vol. 5, pp. 3790-3800, Mar. 2017.

statistical mechanics,” i2006 | EEE International Symposium on Infor-
mation Theory. |EEE, 2006, pp. 2378-2382.

T. Tanaka, “A statistical-mechanics approach to lasgstem analysis of
CDMA multiuser detectors,JEEE Transactions on Information theory,
vol. 48, no. 11, pp. 2888-2910, 2002.

D. Guo and C.-C. Wang, “Multiuser detection of sparseslgread
CDMA," |EEE Journal on Selected Areas in Communications, vol. 26,
no. 3, pp. 421-431, 2008.

H. Nikopour and H. Baligh, “Sparse code multiple accegs, 2013
IEEE 24th Annual International Symposium on Personal, Indoor, and
Mobile Radio Communications (PIMRC). |IEEE, 2013, pp. 332-336.
M. Taherzadeh, H. Nikopour, A. Bayesteh, and H. BaligBgCMA
codebook design,” ivehicular Technology Conference (VTC Fall), 2014
|EEE 80th. IEEE, 2014, pp. 1-5.

D. Cai, P. Fan, X. Lei, Y. Liu, and D. Chen, “Multi-dimemsial SCMA
codebook design based on constellation rotation and @zerig,”
in Vehicular Technology Conference (VTC Spring), 2016 |IEEE 83rd.
IEEE, 2016, pp. 1-5.

S. Verdu,Multiuser Detection. Cambridge University Press, 1998.
T. J. Richardson and R. L. Urbanke, “The capacity of ldensity parity-
check codes under message-passing decodlBfFE transactions on
information theory, vol. 47, no. 2, pp. 599-618, 2001.

F. R. Kschischang, B. J. Frey, and H.-A. Loeliger, “Facgraphs and
the sum-product algorithmEEE Transactions on information theory,
vol. 47, no. 2, pp. 498-519, 2001.

J. Van De Beek and B. M. Popovic, “Multiple access withwio
density signatures,” irGlobal Telecommunications Conference, 2009.
GLOBECOM 2009. IEEE. |EEE, 2009, pp. 1-6.

H. Mu, Z. Ma, M. Alhaji, P. Fan, and D. Chen, “A fixed low comegity
message pass algorithm detector for up-link SCMA systelfBEE
Wireless Communications Letters, vol. 4, no. 6, pp. 585-588, 2015.
R. Y. Mesleh, H. Haas, S. Sinanovic, C. W. Ahn, and S. Yi8patial
modulation,”l EEE Transactions on \ehicular Technology, vol. 57, no. 4,
pp. 2228-2241, 2008.

M. Di Renzo, H. Haas, A. Ghrayeb, S. Sugiura, and L. Har{&pa-
tial modulation for generalized MIMO: Challenges, oppoities, and
implementation,”Proceedings of the IEEE, vol. 102, no. 1, pp. 56-103,
2014,

P. Yang, M. D. Renzo, andt.al, “Design guidelines for spatial mod-
ulation,” IEEE Commun. Sur. & Tutor., vol. 17, no. 1, pp. 6-26, First
quarter 2015.

Y. A. Chau and S. H. Yu, “Space modulation on wireless rigdi
channels,” inProc. of IEEE 54th VTC (Fall), Sep. 2001, pp. 1668-1671.
J. Jeganathan, A. Ghrayeb, L. Szczecinski, and A. Gei®pace shift
keying modulation for MIMO channels|/EEE Transactions on Wreless
Communications, vol. 8, no. 7, pp. 3692-3703, 2009.

S. Ganesan, R. Mesleh, aralal, “On the performance of spatial
modulation of OFDM,” inProc. 40th Asilomar Conf. Sg., Syst. Compuit.,
Oct. 29 - Nov. 1 2006, pp. 1825-1829.

J. Wang, S. Jia, and J. Song, “Generalised spatial modolaystem
with multiple active transmit antennas and low complexity deéte
scheme,"|EEE Trans. Wirel. Commun., vol. 11, no. 4, pp. 1605-1615,
Apr. 2012.

S. Sugiura, S. Chen, and L. Hanzo, “Coherent and difitaie space-
time shift keying: A dispersion matrix approachEE Transactions on
Communications, vol. 58, no. 11, pp. 3219 — 3230, November 2010.
L.-L. Yang, “Transmitter preprocessing aided spatialdulation for
multiple-input multiple-output systems,” iRroc. of |IEEE 73th VTC
(Spring), May 2011.

R. Zhang, L. L. Yang, and L. Hanzo, “Generalised preingdaided
spatial modulation,”""EEE Transactions on Wreless Communications,
vol. 12, no. 11, pp. 5434-5443, November 2013.

N. Serafimovski, S. Sinanovi@, A. Younis, M. D. Renzo, and H. Haas,
“2-user multiple access spatial modulation,”2011 |EEE GLOBECOM
Workshops (GC Wkshps), Dec 2011, pp. 343-347.

L.-L. Yang, “Signal detection in antenna-hopping spalivision
multiple-access systems with space-shift keying modulétioBEE
Trans. Sig. Process,, vol. 60, no. 1, pp. 351-366, Jan. 2012.

M. D. Renzo and H. Haas, “Bit error probability of spasfeft keying
MIMO over multiple-access independent fading channéEEE Trans-
actions on \ehicular Technology, vol. 60, no. 8, pp. 3694-3711, Oct
2011.

A. Garcia-Rodriguez and C. Masouros, “Low-complexigngressive
sensing detection for spatial modulation in large-scale iplaltaccess
channels,”|EEE Transactions on Communications, vol. 63, no. 7, pp.
2565-2579, July 2015.



[41] L. He, J. Wang, J. Song, and L. Hanzo, “Bandwidth efficiemaxi-
mization for single-cell massive spatial modulation MIMO: Adeative
power allocation perspective/EEE Access, vol. 5, pp. 1482-1495,
2017.

[42] ——, “On the multi-user multi-cell massive spatial modudatiuplink:

How many antennas for each usef®EE Transactions on Wireless

Communications, vol. 16, no. 3, pp. 1437-1451, March 2017.

J. Zheng, “Low-complexity detector for spatial moduteti multiple

access channels with a large number of receive antentzsE Com-

munications Letters, vol. 18, no. 11, pp. 2055-2058, Nov 2014.

D. Sinanovi/G, G. AaiAaul, and B. Modlic, “Low-PAPR spatial mod-

ulation for SC-FDMA,” IEEE Transactions on Vehicular Technology,

vol. 66, no. 1, pp. 443-454, Jan 2017.

M. Fukuma and K. Ishii, “Space-time code division multigecess

based on spatial modulation,” 2015 |IEEE 82nd \ehicular Technology

Conference (VTC2015-Fall), Sept 2015, pp. 1-5.

M. I. Kadir, S. Sugiura, J. Zhang, S. Chen, and L. HanfaF-DMA/SC-

FDMA aided space-time shift keying for dispersive multiussrsarios,”

|EEE Transactions on \ehicular Technology, vol. 62, no. 1, pp. 408-414,

Jan 2013.

J. Bao, et.al, “Joint multiuser detection of multidimesrsal constella-

tions over fading channels|EEE Transactions on Communications, vol.

65, no. 1, pp. 161-172, Jan. 2017.

D. Cai, P. Fan and P. T. Mathiopoulos, “A tight lower bdufor the

symbol error performance of the uplink sparse code multiplesgt

|IEEE Wireless Comm. Letters, vol. 6, no. 2, pp. 190-193, Apr. 2017.

A. Graham, “Kronecker products and matrix calculus: Wétpplica-

tions.” John Wiley & Sons, Inc., New York, 1982.

R. Gallager, “Low-density parity-check codedRE Transactions on

information theory, vol. 8, no. 1, pp. 21-28, 1962.

M. C. Davey and D. MacKay, “Low-density parity check @sdover

GF(g),” IEEE Communications Letters, vol. 2, no. 6, pp. 165-167, June

1998.

W. E. Ryan and S. LinChannel Codes: Classical and Modern.

York: Cambridge University Press, 2009.

M. D. Renzo and H. Haas, “Bit error probability of SM-MIM over

generalized fading channeldEEE Transactions on Vehicular Technol-

ogy, vol. 61, no. 3, pp. 1124-1144, March 2012.

M. K. Simon and M.-S. Alouini,Digital Communication over Fading

Channels, 2nd ed. John Wiley & Sons, 2005.

J. G. ProakisDigital Communications, 5th ed. McGraw Hill, 2007.

L.-L. Yang, Multicarrier Communications. Chichester, United King-

dom: John Wiley, 2009.

M.-S. Alouini and A. J. Goldsmith, “A unified approach fealculat-

ing error rates of linearly modulated signals over genegdlifading

channels,”|EEE Transactions on Communications, vol. 47, no. 9, pp.

1324-1334, September 1999.

L.-L. Yang and L. Hanzo, “Performance of generalized caltrier

DS-CDMA over Nakagamin fading channels,1EEE Transactions on

Communications, vol. 50, no. 6, pp. 956 — 966, June 2002.

|. Gradshteyn and |. RyzhiKTable of Integrals, Series, and Products,

7th ed. New York: Academic Press, Inc, 2007.

L. Hanzo, S. X. Ng, W. Webb, and T. KelleQuadrature amplitude

modulation: From basics to adaptive trellis-coded, turbo-equalised and

space-time coded OFDM, CDMA and MC-CDMA systems. |IEEE Press-

John Wiley, 2004.

A. J. Goldsmith and S.-G. Chua, “Variable-rate variaptever MQAM

for fading channels,TEEE Transactions on communications, vol. 45,

no. 10, pp. 1218-1230, 1997.

[43]

[44]

[45]

[46]

[47]

(48]

[49]
[50]

[51]

[52] New

(53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

Yusha Liu received Her BEng degree in Communi-
cation Engineering from Xiamen University, China,

14

Lie-Liang Yang (M'98, SM’'02, F'16) received his
BEng degree in communications engineering from
Shanghai TieDao University, Shanghai, China in
1988, and his MEng and PhD degrees in communi-
cations and electronics from Northern (Beijing) Jiao-
tong University, Beijing, China in 1991 and 1997,
respectively. From June 1997 to December 1997
he was a visiting scientist to the Institute of Radio
Engineering and Electronics, Academy of Sciences
of the Czech Republic. Since December 1997, he has
been with the University of Southampton, United
Kingdom, where he is the professor of wireless communicationghe
School of Electronics and Computer Science. He has reseatetest in
wireless communications, wireless networks and signal gsicg for wireless
communications, as well as molecular communications and nammries.

He has published over 350 research papers in journals anfereone
proceedings, authored/co-authored three books and alsbisiped several
book chapters. The details about his research publicatansbe found at
http://www.mobile.ecs.soton.ac.uk/lly/. He is a fellowtmfth the IEEE and the
IET, and a distinguished lecturer of the IEEE. He served assanciate editor
to the IEEE Trans. on Vehicular Technology and Journal of Conications
and Networks (JCN), and is currently an associate editoneédEEE Access.

Lajos Hanzo (http://www-mobile.ecs.soton.ac.uk)
FRENng, FIEEE, FIET, Fellow of EURASIP, DSc
received his degree in electronics in 1976 and his
doctorate in 1983. In 2009 he was awarded an
honorary doctorate by the Technical University of
Budapest and in 2015 by the University of Edin-
burgh. In 2016 he was admitted to the Hungarian
Academy of Science. During his 40-year career in
telecommunications he has held various research
and academic posts in Hungary, Germany and the
UK. Since 1986 he has been with the School of
Electronics and Computer Science, University of Southamptit, where

he holds the chair in telecommunications. He has successiugigrvised 111
PhD students, co-authored 18 John Wiley/IEEE Press bookaatile radio
communications totalling in excess of 10 000 pages, publidif€d research
contributions at IEEE Xplore, acted both as TPC and Genehnair@f IEEE
conferences, presented keynote lectures and has beeneawandumber of
distinctions. Currently he is directing a 60-strong academsearch team,
working on a range of research projects in the field of wilesiltimedia
communications sponsored by industry, the Engineering agsi€di Sciences
Research Council (EPSRC) UK, the European Research CsuAdivanced
Fellow Grant and the Royal Society’s Wolfson Research Maniard. He is

an enthusiastic supporter of industrial and academic laead he offers a
range of industrial courses. He is also a Governor of the IEEB. During
2008 - 2012 he was the Editor-in-Chief of the IEEE Press anchair€d
Professor also at Tsinghua University, Beijing. For furti@ormation on
research in progress and associated publications pleteetoehttp://www-
mobile.ecs.soton.ac.uk Lajos has 30 000+ citations and ardék of 70.

and her MSc degree in wireless communications
from the University of Southampton, UK, where
she is currently pursuing her PhD degree with the
Southampton Wireless Group. Her research interests
include spatial modulation, non-orthogonal mulitiple
access (NOMA) and compressive sensing for wire-
less communications.




