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Abstract—In this paper, a novel cooperative diversity protocol
based on the association of non-orthogonal multiple access
(NOMA) and distributed spatial modulation (DSM) is introduced.
In the proposed protocol, two source symbols are multiplexed in
the power domain, while one source symbol obtains a diversity
gain due to its being relayed according to the DSM principle;
this doubles the data rate for the source-to-destination link as
compared with conventional DSM. We propose two demodulators
for use at the destination: an error-aware demodulator which is
robust to demodulation errors at the relays, and a suboptimal
demodulator which assumes error-free demodulation at the
relays. Simulation results demonstrate that while the proposed
protocol achieves a source data throughput equal to that of
a full-duplex system, its BER performance also significantly
outperforms the full-duplex relaying benchmarks of successive
relaying and virtual full-duplex DSM.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) systems have re-
ceived significant research attention over the last two decades
due to their impressive benefits. Compared to single-antenna
systems, MIMO possesses advantages such as higher data
rates as well as increased diversity and spatial multiplexing
gains [1]]. In spite of the many benefits of MIMO, one of
the key challenges is to devise new transmission protocols
which deliver the benefits of a multiple-antenna system while
activating only one or a small number of antennas at any one
time. Apart from removing the need for multiple RF chains
at the transmitter, this approach also addresses issues such as
inter-antenna synchronization (IAS), which is inevitable for
any space-time communication, and inter-channel interference
(ICT) which occurs due to the superposition of different signals
transmitted by different antennas [2]. Conventional solutions
to these issues inevitably increase the complexity and cost of
the MIMO system.

The MIMO technique of spatial modulation (SM) [2], [3]
uses only one of the transmit antennas at any one time. This
allows the use of a single RF chain while still retaining
the many benefits of MIMO. By using SM, the effects of
ICI and IAS will be removed, so the system will have a
lower complexity and cost [3]. SM operates by activating
a particular antenna based on the matching of part of the
data with an antenna’s unique ID, along with the use of a
conventional modulation technique such as PSK/QAM [4].
The simultaneous use of the spatial domain and the signal do-
main gives the system extra dimensions for the conveyance of
information. Indeed, SM has been recognized as a promising
spectrally efficient and energy-efficient transmission method
for 5G mobile communication [3]].

Non-orthogonal multiple access (NOMA) is one of the most
promising multiple access technologies for 5G communica-
tion [6]. It multiplexes multiple users in the energy domain
and/or code domain in the same time-frequency resource
block, which enables the system to achieve higher spectral
efficiency as well as higher cell edge throughput. It has also
a good backward compatability with other technologies and
can be easily used in conjunction with other technologies
like OFDMA, massive MIMO or spatial modulation [7]]. In
particular, in [8] the authors proposed a novel SM-aided
NOMA system and used the mutual information metric to
characterize its achievable spectral efficiency.

Cooperative communication has established itself as a
strong candidate for future wireless networks. It can effectively
improve achievable rate and coverage, especially at the cell
edge. It has been shown that cooperation is a beneficial
way to combat shadowing and multipath fading [9], [10].
Relaying systems usually employ single-antenna devices in
order to obtain the benefits of MIMO by forming a distributed
antenna array. However, single-antenna devices usually follow
the restrictions of half-duplex communication including: ) the
necessity of extra bandwidth resources, ii) usage of relays’
resources (e.g. signal processing and energy) for cooperation,
and iii) the delay experienced by the relays’ own data while
they are prioritized to retransmit the source data.

Since spatial modulation requires many antennas to achieve
high spectral efficiency, for the uplink, the assumption of the
availability of many antennas is not very practical, as the
transmitting devices usually have only one antenna. However,
the necessity for multiple transmit antennas can be bypassed
by employing cooperative relays to form a virtual MIMO
system. Spatial modulation has been generalized in this di-
rection, leading to the introduction of a distributed version
of SM (DSM) in half-duplex relaying. DSM increases the
aggregate throughput of the network by allowing the relays to
explicitly transmit their own data while implicitly forwarding
the source data. This is possible since the relaying process
operates by using the index of the activated (transmitting)
relay [L1], [12]. Targeting an increased source-to-destination
data rate, a network coded version of DSM was introduced
in [[13] which increases the source data rate by 33% compared
to DSM. Other research considers a virtual full-duplex DSM
(VFD-DSM) system which is able to transmit a new source
symbol in every time slot [[14], [15]. The application of NOMA
in cooperative communication has also been considered in the
literature [[16]-[18]. Since NOMA and cooperative commu-
nication are both capable of improving the spectral efficiency



(particularly at the cell edge), it is desirable to jointly leverage
the advantages of these technologies.

In this paper, we propose a new variant of half-duplex DSM
which also uses the concept of NOMA. The new protocol,
called NOMA-DSM, enables two source symbols to be com-
municated in two time slots, i.e., the system has a throughput
comparable to VFD-DSM. We also propose two demodulators
for use at the destination: an error-aware maximum likelihood
(ML) demodulator which is robust to demodulation errors at
the relays, and a suboptimal demodulator which assumes error-
free demodulation at the relays. Simulation results indicate that
while the BER of one source symbol in the proposed NOMA-
DSM is comparable to that of VFD-DSM at high signal to
noise ratio (SNR), the other source symbol can achieve a
diversity order of 2.

II. SYSTEM MODEL

A brief review of DSM is given in this section, as DSM
forms the basis for this work. The proposed protocol, NOMA-
DSM, is introduced, and some relevant definitions and nota-
tions are also provided.

A. Review of Distributed Spatial Modulation

In DSM, a unique ID is assigned to each relay. The source
broadcasts its symbol in the first time slot and it is received
by all relays and by the destination. All relays demodulate
the source data according to the ML criterion, while the
destination stores the received signal for later processing. In
the second time slot, each relay whose ID matches to the
demodulated data at the relay will be active and transmit its
own symbol to the destination. This means that a total of two
time slots is required for a complete transmission of each
source symbol. Note that although the relays transmit their
own data (via straightforward signal modulation), they also
implicitly carry a copy of the source data through the index
of the activated relay. The operation of the DSM protocol is
illustrated in Fig. ??(a) for the case of two relays with the
assumption of error-free demodulation at the relay. Here the

source data in time slot 1 is p, = —1 which leads to the
activation of the relay with the same ID (IDg, = —1) in time
slot 2.

B. New protocol: NOMA-DSM

In NOMA-DSM, in the first time slot the source broadcasts
a linear combination of two symbols p; and po with different
allocated energies, where the energies of the symbols are
weighted by factors «; and «s respectively. In this paper
we assume a3 > g, and accordingly we will refer to
symbols p; and py as the stronger symbol and the weaker
symbol, respectively. The resulting transmitted signal is ps =
varFEs p1 + VasEs ps. It is received by all relays and by
the destination. All of these nodes perform ML detection to
demodulate the stronger symbol (p;). Then, successive inter-
ference cancellation (SIC) is performed at each relay for the
detection of the weaker symbol (p2). In the destination, SIC is
used to detect symbol p1, but detection of po will be performed
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Fig. 1. a) Illustration of distributed spatial modulation for the source symbol
ps = —1. b) Illustration of the proposed NOMA-DSM. As can be seen,
while the transmitted signal ps is the combination of two different symbols
p1 and p2, the activation is based on the symbol ps. For both protocols, BPSK
modulation is assumed, and for simplicity it is assumed that demodulation at
the relays is error-free.

later. In the second time slot, the symbol py detected at each
relay will be checked against the relay’s unique ID; if there is a
match, the relay will be active and transmit its own data in the
second time slot. Finally, at the destination, a joint detection
is performed using the signal received in the first time slot
with the effect of symbol p; removed, together with the signal
received in the second time slot (which indicates the relay
activation). Note that in conventional power domain NOMA,
it is usual that higher energy will be given to the symbol which
should be transmitted through the weaker channel. But in the
proposed NOMA-DSM, the lower energy will be assigned to
the symbol which will be aided by the cooperative link (i.e.
p2), and the higher energy will be given to the symbol which
is detected in the conventional manner for point-to-point (i.e.,
non-cooperative) communication systems. The operation of the
NOMA-DSM protocol is illustrated in Fig. ??(b) for the case
of binary source data, BPSK modulation, two relays, and error-
free demodulation at the relays. Here the weaker symbol is
p2 = +1 and each relay will demodulate this symbol using
SIC; since this data matches the ID of relay R», this relay will
be active (and transmit its own data) in the second time slot.

C. Notation and definitions

A network including one source (.S), one destination (D)
and M = 29 relays (Ri, Ra,...,Ras) is considered, with
the assumption of half-duplex devices equipped with a single
antenna. Each source symbol from the complex constellation
A is assumed to consist of phase shift keying (PSK) or



quadrature amplitude modulation (QAM) symbols with unit
energy. The two source symbols for power-domain multiplex-
ing are denoted by p, = M,(x,) for n € {1,2}, where
each x, represents an information bit sequence of length
log, (M), and M (.) represents the bit-to-symbol mapping at
the source (this mapping is assumed to be the same for both
symbols). The fading channel between nodes X and Y is a
complex Gaussian random variable hxy with zero mean and
variance 0%+; the channel coefficients hyy are assumed to
be independent and identically distributed random variables
(i.i.d channels). The complex additive white Gaussian noise
(AWGN) with mean zero and variance o2 = N /2 per
dimension at any node B is given by np (here Ny denotes the
noise power spectral density). Each relay F' uses a unit-energy
PSK/QAM constellation A, of size N for transmitting its own
data symbol pp = Mp(xp), where xp is the information
bit sequence of relay F having length log,(N), and Mp(.)
represents the bit-to-symbol mapping at relay F'. The received
signal at any node B is denoted by yp. Also, a unique digital
identifier IDg_ for r = 1,2,..., M will be assigned to each
relay in which ID g _ is a binary vector of length log, (M). For
example, if M = 4 we could have IDr, = 00, IDg, = 01,
IDgr, = 10 and IDg, = 11 (of course, the binary ID can
trivially be replaced by the corresponding symbols in the
source constellation A, as was done in the example in Fig. 1).

III. TRANSMISSION PHASES IN NOMA-DSM

A. Source broadcasting phase

In first time slot, the source broadcasts its symbol p, =

vairEgs p1 + VasEs pa, where E is the average transmit
energy at the source. It is assumed that a; > ag. For every
F € ® ={Ry, Ra, ..., Rar}, the received signal at relay F' is
given by

yr = hsp ps + np 0
=hsr (Va1 Es p1 + VasEs p2) + np.

Applying the ML criterion, the demodulation of symbol p;,
at the relay proceeds via

pr = arg min{ | yr — Vo1 Es hsp psl*}, 2)
PsE€As

and the corresponding data vector is estimated via %I" =

M pE ). Then, SIC operates by subtracting the effect of p;
and performing ML detection again to detect p,, an estimate
of the weaker symbol. This ML detection proceeds via

ps = argmin{ | (yr—+/ a1 E;s hsr p1 )=/ @2 Es hsr ps|*},

PsEAs
(3)

and the data corresponding to po at relay F' is estimated via
Xy = MNP ).
Simultaneously, the destination receives the signal
Yp, = hsp ps + np, @
= hSD (\/ oy E P+ I DIDN p2) + "Dy,

and performs ML detection to estimate the stronger symbol
p1, 1.e.,

Pt = argmin{ | yp, — ven Es hsp ps|*}, &)

PsEAs

and the corresponding data vector is estimated via fcf) t=

M ﬁf ' ). Now, p; is detected at the destination but for
detection of po, only the first step of SIC is performed to
compute

U, = yp, — V1B hsp pr. ©)

The destination will wait until the second time slot transmis-
sion before completing the demodulation of symbol p,.

B. Cooperative phase

After the demodulation of po at each relay using (3)), each
relay F' applies the SM principle in order to simultaneously
transmit the relays’ own data and forward the weaker source
symbol p,. In particular, the modulated symbol of relay F' is
chosen as follows:

br = 0 otherwise,

)

where x denotes the relays’ own data vector to be transmitted
to the destination. Finally, the signal received at the destination
in the relaying phase can be written as

yp, = »_ VEr hep pr+np,, ()

Fed

where E, denotes the average transmit energy per symbol at
the relay.

Thus, in the absence of demodulation errors at the relays, the
index of the active relay conveys extra information regarding
the second source symbol p- according to the spatial modula-
tion concept; this boosts the achievable diversity gain for the
destination’s detection of the weaker source symbol, assuming
that the stronger symbol has already been detected correctly.
Note that there is also the possibility of more than one relay
being simultaneously active due to demodulation errors at
the relays. A more robust (albeit complex) demodulator can
be designed which takes into account such errors. This is
discussed in detail in Section

IV. DETECTION PROCESS AT THE DESTINATION

In this section, two detection schemes are presented for
implementation at the destination. First, a robust detector,
called the error-aware demodulator, which takes into account
the possibility of demodulation errors at the relays is de-
rived. Second, a suboptimal detector, called the low-complexity
demodulator, which assumes error-free demodulation at the
relays, is presented. Note that both demodulators are for joint
detection of the relay data as well as the weaker source
symbol, where the stronger source symbol has already been
detected via (3).



A. Error-aware ML demodulator

In cooperative wireless systems, the assumption of error-free
demodulation at the relays will not hold in general, especially
at low SNR. Therefore, in this section we develop an optimal
demodulator which is robust in the presence of demodulation
errors at the relay.

The destination’s ML detector seeks to determine in a joint
manner the most likely source symbol po, relay activations,
and relays’ own data. Therefore, it seeks to maximize

PD2 - P(ﬁ27f)R | ngvyDg)v (9)

where py and pg represent a hypothesis for the source symbol
and a hypothesis for the vector of symbols transmitted from
the relays, respectively, where Pr = (Br, Dr, - DRy ) -
Note that here the silent condition pr = 0 is allowed for each
F, which corresponds to the case of non-activation of relay
F. Applying Bayes’ rule, factorizing, and ignoring constant
terms, (9) becomes

Pp, =p(Up,| P2) p (yp,| Pr) P(P2)P(Pr | P2). (10)

The destination’s detector will assume that p; has been
detected correctly at the destination, so that the first term in

(T0) is given by
2
). (11)

:Lexp (_ ‘ng —VasEs hsp ﬁ2|
7TNO N()

The second term, corresponding to the relaying phase, is given

by

2

> , (12)

where hgrp = (hg,p hr,p .- hr,,p)? denotes the vector
of channel coefficients of the relay-destination links. The term
P(p2) in can also be ignored since the source symbols
are assumed to be equiprobable a priori. The remaining term
P(ﬁR|]52) plays the key role in designing an error-aware
demodulator.

An optimal demodulator, which takes into account the
possibility of demodulation errors at the relays, operates by
using the knowledge of the source-relay channel qualities. The
error probability for a single PSK/QAM symbol transmitted
over a point-to-point fading channel in additive white Gaussian
noise is in general given by

P.=53-Q (V2 WP(E/N) ).,

where E, N, and h denote the average transmit symbol
energy, the variance of the complex AWGN at the receiver,
and the channel fading coefficient, respectively. Here + and
[ are constants which depend on the particular constellation
(PSK/QAM) used at the transmitter.

In the proposed scheme, each relay receives a superposition
of the stronger and weaker symbols. Therefore, the probability

p (ng |Z~)2)

- 1 , — VE, hZ_ p
P(yD2|PR) N <—|yD \/TVO RD pR|

= ——exp
TiNg

13)

of error for the symbol ps at relay F', which is equal to the
probability of incorrect (in)activation, is given by

PL = P(py in error | p; correct) - P(p; correct)

14

+ P(ps in error | p; in error) - P(p; in error). (19

At high SNR, the terms P(p; correct) and

P(ps error | p; error) in are close to unity, and
thus we have

Pf; ~ P(ps error | p; correct) + P(p; error). (15)

Using the equation (T3) in (I3), and considering the as-
signed energy for each symbol according to the NOMA
principle, the probability of error for the weaker symbol is
given by

|hsr|? - oo - Es+ No

‘ (16)

+5-Q (\/27- [hsl? - az - By/No) )

where v and [ are the constants associated with the constel-
lation A,.
The second term in (T0) can be expressed as

HPPF|P2 H P(pr | p2) , (A7)

FedON) Fed(OFF)

pR|p2

where ®(ON) denotes the set of active relays based on the relay
symbol vector hypothesis pr; and ®(OFF) denotes the set of
inactive relays based on pr. Then, for F' € <I>(ON),

~ (1=PE) if IDp=x,
P(pr | p2) = (18)
% PL otherwise,
while for F € ®(OFF),
PE if IDp=x
P(pr | p2) = (19)
1- P§ otherwise.

The first case in corresponds to the probability of
correct activation of relay I’ and the second case corresponds
to the case of incorrect activation. The first case in (T9) corre-
sponds to the case where the relay ID matches the true source
symbol but the relay is silent (i.e., incorrect non-activation
of relay F'). Finally, the second case in determines the
probability of correct non-activation of relay F'.

The optimal error-aware ML demodulator at the destination
seeks to maximize the metric Pp, given by (10). After some
algebraic simplification, this optimization problem can be
written as

{p2, PR} = arg min {
p2€As, PrE(AU{0})
0, — VasEs hsp pa|° + lyp, — VEr bhp Br|”

— Nolog P(pr | ) } 20)



and the detected data is then obtained via Xo = M (p2) and
ip = Mz'(pr) for each F € ®.

This demodulator is robust in that the search is conducted
over all possible active relay sets, regardless of the hypothesis
of the weaker source symbol p,. Thus the complexity of
this demodulator is O (M (N + 1)), which is practical only
for small values of the source constellation size M. At
reasonable values of the source-relay SNR, the probability of
more than two simultaneous relay activations is negligible.
Therefore, for larger values of M, the complexity can be
dramatically reduced while sacrificing little optimality, by
narrowing the set of hypothesized vectors pr in to those
for which |®(ON) < 2. Given this reduction in the size of
the search space, the complexity for the demodulator becomes

O (M [1+MN + (§)N?])).

B. Low-complexity demodulator

In this subsection, a suboptimal low-complexity demodula-
tor is presented which assumes error-free demodulation at the
relays. Under this assumption, the index of the active relay
must match the weaker source symbol. Therefore, this low-
complexity ML demodulator can be formulated as

{]32, f)p} = argmin {

p2€As, PREA,
2 2
¥p, — Va2Es hsp po },

+
where F' is the relay matching the hypothesis ps via IDp =
M 1(ps). The estimated data is then obtained via Xp =
M (pe) and Xp = My (pr). Also, it can be seen that
this demodulator has complexity O (M - N).

2D
Yo, — VEr hrp PF

V. SIMULATION RESULTS AND DISCUSSION

Although the proposed NOMA-DSM protocol is a half-
duplex protocol, it communicates two source symbols in two
time slots. Hence, concerning source symbols, the system
performance can be compared to full-duplex protocols where
source sends a new symbol in every time slot. Therefore,
for source data, two baseline full-duplex protocols, successive
relaying [19], [20] and the more recently proposed virtual
full-duplex DSM (VFD-DSM) [14], [15] are considered as
benchmarks. For the relay data, NOMA-DSM follows the
restrictions of a half-duplex system, communicating one relay
symbol per two time slots. Therefore, the conventional DSM
(working in half duplex mode) is chosen as a baseline for
NOMA-DSM for evaluation of the BER of the relay data.

The benchmark scheme of successive relaying operates as
follows: in every odd time slot 2k — 1, relay R; forwards
the symbol received from the source in the previous time slot
while the other relay Ry receives the current transmission of
the source. In the next (even) time slot 2k, the relays inter-
change their roles; Ry forwards the previous source symbol
while R; receives. A direct link also exists from source to
destination. It should be noted that in successive relaying, the
relays do not have their own data and only retransmit the

source data to the destination. The destination performs MAP
detection over two consecutive time slots.

The benchmark scheme of VFD-DSM is similar to DSM,
except that it operates in full-duplex mode where the source is
able to transmit new data in every time slot, while the relays
can also transmit their own data. Here, the performance of
NOMA-DSM is compared with that of the two demodulators
for VFD-DSM, called Local MAP and Global MAP, which
were presented in [15].

A. Simulation setup

For all protocols, it is assumed that there are two relays,
and that BPSK modulation is employed at the source and
relays (M = N = 2). A node geometry is assumed where the
distance between all pairs of communicating nodes is equal,
ie., 0%y =0k =0%, =1for F € {Ry, R>}. The average
transmit symbol energy is the same for both source and relays,
ie., Fs = F,.. The values for the energy weighting factors
a1 and ag are 0.9 and 0.1, respectively. For all protocols,
the effect of inter-relay interference (IRI) is neglected; note
however that the benchmark full-duplex protocols will suffer
more severely from IRI than the proposed protocol.

B. Simulation Results

In Fig. |1} the BER of the source data at the destination
for NOMA-DSM is compared with that of other full-duplex
protocols. For the stronger source symbol pi, the results for
the optimal and sub-optimal demodulators are similar, as they
follow the same detection procedure as in point-to-point com-
munication, and there is no cooperative link. The successive
relaying protocol and the VFD-DSM protocol with Local MAP
both perform 1.3 dB worse in BER compared to the detection
quality of the stronger symbol p;, due to the existence of relay
links as interference in full-duplex communications. However,
the BER for the source symbol in the VFD-DSM protocol with
Global MAP is slightly better than that of the stronger source
symbol p; in NOMA-DSM, partly because in the former case,
the symbol detection procedure exploits the benefit of the
cooperative link. However, for demodulation of the weaker
source symbol po, unlike in VFD-DSM, it can be seen that the
proposed scheme can achieve a diversity order of 2 (symbol
po is transmitted via the index of the activated relay as well as
via the direct link). At a BER of 1073, this results in a gain
of 3.7 dB over VFD-DSM with Global MAP and 5.5 dB over
VFD-DSM with Local MAP.

The comparison of the BER of the relay data at the
destination for both DSM and NOMA-DSM is shown in Fig.[2]
Since in NOMA-DSM the activation of each relay is based on
the detection of the weaker source symbol, the probability of
erroneous relay activation for NOMA-DSM is higher than its
counterpart in conventional DSM. This means that when the
suboptimal low-complexity detector is employed, the signifi-
cant spectral efficiency advantage of NOMA-DSM comes at
the cost of a significantly reduced error rate performance in
the relay data (a loss of approximately 5dB, as can be seen
in Fig. 2), as this detector does not take into account the
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Fig. 2. BER of the source data at the destination, for the proposed NOMA-
DSM and the benchmark full-duplex protocols. For NOMA-DSM, both
the error-aware ML demodulator and the low-complexity demodulator are
considered.
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Fig. 3. BER of the relay data at the destination, for the proposed NOMA-

DSM and DSM. For NOMA-DSM, both the error-aware ML demodulator and
the low-complexity demodulator are considered.

possibility of demodulation errors at the relay. However, when
the optimal error-aware demodulator is employed, the BER of
the relay data in NOMA-DSM is close to that of conventional
DSM at high SNR, while the throughput attained for the source
data is double that of conventional DSM.

VI. CONCLUSION

In this paper, a new protocol was proposed for cooperative
communication based on the association of distributed spatial
modulation and non-orthogonal multiple access. The proposed
scheme can increase the data rate of the source-to-destination
link while also leveraging the DSM concept for relaying. An
optimal error-aware demodulator as well as a low-complexity
suboptimal demodulator were proposed for this context. Sim-

ulation results confirm that under optimal detection at the des-
tination, the proposed NOMA-DSM protocol can significantly
outperform the full-duplex relaying benchmarks of successive
relaying and VFD-DSM, as well as conventional half-duplex

DSM.
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