<
brought to you by .{ CORE

View metadata, citation and similar papers at core.ac.uk

provided by Warwick Research Archives Portal Repository
R % r' 4 7

Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/134773

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.

Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further

information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


https://core.ac.uk/display/288396374?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/134773
mailto:wrap@warwick.ac.uk

Performance Analysis of Spatial Modulation Aided
NOMA with Full-Duplex Relay

Qintuya Si, Minglu Jin, Member, IEEE, Yunfei Chen, Senior Member, IEEE, Nan Zhao, Senior Member, IEEE,
and Xianbin Wang, Fellow, IEEE

Abstract—A spatial modulation aided non-orthogonal multi-
ple access with full-duplex relay (SM-NOMA-FDR) scheme is
proposed for the coordinated direct and relay transmission in
this paper. Specifically, the signal of the near user is mapped
to an M-ary modulated symbol and the signal of the far user
is mapped to an SM symbol. The base station first transmits
signals to the near user and relay via SM-NOMA, and then
the relay decodes and retransmits the signal of the far user. An
SM-assisted FDR is used in this scheme to improve the spectral
efficiency while reducing energy consumption and making full use
of the antenna resources at the relay, since SM only activates one
antenna in each transmission. We derive the ergodic capacity and
bit error rate of the proposed scheme over independent Rayleigh
fading channels. Numerical results validate the accuracy of the
theoretical analysis and show the superior performance of the
proposed SM-NOMA-FDR scheme.

Index Terms—Full-duplex relay, non-orthogonal multiple ac-
cess, performance analysis, spatial modulation.

I. INTRODUCTION

ON-orthogonal multiple access (NOMA) is an emerging
technique to achieve high spectral efficiency (SE) [1],
which allows multiple users to share radio resources using
same time, frequency and code. Specifically, the base station
(BS) mixes the signals from multiple users with different
power levels, and the users detect their signals via successive
interference cancellation (SIC) [2]. Recently, relaying has been
used to enhance the reliability of communications [3]-[5]. A
cooperative NOMA scheme was proposed in [3], where the
user with strong channel condition serves as a relay to improve
the reliability of the poor-channel user. Chen et al. presented
a secondary NOMA relay in [4], where users communicate
with the BS via a NOMA relay, and a selected secondary user
acts as a relay for the primary user.
Spatial modulation (SM) has been regarded as a promising
multiple-antenna technique [6]. In SM, only a single antenna is
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activated in each time slot, which reduces system complexity
and energy consumption [7]. Consequently, SM is inherently
suitable for full-duplex relay (FDR) systems, where one anten-
na of the relay is activated to send signals, while the remaining
antennas can be used to receive the signal from the BS [8]. On
the other hand, the combination of NOMA and SM has also
attracted growing attention. In particular, Wang et al. proposed
an SM aided NOMA (SM-NOMA) system in [9], where the
BS transmits the superimposed SM symbols of users. In [10], a
two-user SM-NOMA scheme was introduced, where the signal
of one user is conveyed in the spatial domain and the signal
of the other user is conveyed in the signal domain, and thus it
completely cancels the intra-cluster interference. In [11], SM-
NOMA was invoked for the vehicle-to-vehicle (V2V) system,
where Rician channels are considered for V2V links. Li ef al.
proposed a three-node cooperative system using SM-NOMA
in [12], where a BS serves two users, and the near user acts
as a relay for the far user.

Coordinated direct and relay transmission (CDRT) is an
effective strategy to extend the cell coverage and achieve high
SE in 5G networks. However, the main issue of realizing
CDRT is that the side information is required for interference
cancellation. To address this problem, the authors in [13] in-
troduced NOMA into CDRT with the half-duplex (HD) relay.
In order to further improve the SE of [13], an FDR cooperative
NOMA scheme with imperfect self-interference (SI) removal
was developed for CDRT in [14]. However, for the concept
of green communications, low energy consumption is also an
important goal except the high SE. Motivated by this, in this
paper, we focus on introducing SM into NOMA-based CDRT
to improve the SE without increasing energy consumption. The
main contributions of this paper are summarized as follows:

e We propose a two user SM-NOMA with FDR (SM-
NOMA-FDR) scheme for CDRT, where the BS directly
communicates with the near user and communicates with
the far user through an FDR. Both the BS and the FDR
adopt the SM technique.

o Taking into account the impact of residual SI at FDR,
the performance of SM-NOMA-FDR in terms of ergodic
capacity and bit error rate (BER) for two users are derived
with closed-form expressions.

o Numerical results validate the correctness of the theoret-
ical analysis. Meanwhile, we compare the proposed SM-
NOMA-FDR with the the state of the arts and demon-
strate superior performance of the proposed scheme.
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Fig. 1. System model of SM-NOMA-FDR.

II. SYSTEM MODEL

The system model of the proposed SM-NOMA-FDR
scheme is illustrated in Fig. 1, where both the BS and the FDR
are equipped with [V antennas and two users are equipped with
M antennas. Specifically, user 1 (Ul) can directly communi-
cate with the BS, and user 2 (U2) communicates with the BS
through an FDR. Moreover, the SM is employed at both the
BS and the FDR. We also assume that the SI at the FDR is
not fully cancelled. According to SM, only one antenna out of
N is activated in each time slot. Thus, the remaining N — 1
inactive antennas of FDR can be used for receiving signals
from the BS simultaneously.

Hereafter, subscripts B, 1, 2 and R denote the BS, Ul, U2,
and the relay, respectively. Then, the channels from the BS to
Ul, from the BS to the relay and from the relay to U2 can
be denoted by H € CM*N G € CV*N and F € CM*N,
where the entries of these channels are complex Gaussion
random variables with zero mean and variance A, A, and
Ay, respectively. We assume that the distance between the
relay and the BS is larger than the distance between the BS
and Ul, hence we have A\, > A4. In the proposed scheme,
the information of Ul and U2 are mapped to a conventional
modulated symbol and an SM symbol, respectively. According
to SM, the first loga /N bits of U2 are used for selecting one
active antenna and the remaining bits of U2 are mapped to an
Ms-ary modulated symbol.

In the first time slot, the BS activates the k-th antenna
to transmit the signal \/a1v,, + \/a2z, based on NOMA,
where a; and ay are power allocation coefficients satisfying
a; +as = 1, and 7, (x,) is the M;j-ary (My-ary) quadra-
ture amplitude modulation (QAM) symbol of Ul (U2) with
Elym|’] = 1 (E[|z,|*] = 1). Thus, we have by = log, M,
and by = logy N + logy M. SIC is implemented at Ul, and
thus Ul can perfectly remove the interference from the relay.
Accordingly, the received signals at Ul and N — 1 inactive
antennas of the relay can be given as

y1 = \/PBhk (\/CTl’Ym“F\/@xn)‘i‘nh (1)
YR =V Pngk (\/a’}/m + \/@Zn) + \/YXR + ng, (2)

where: i) Pp is the transmit power of the BS; ii) hy is the k-
th column of H; iil) Yr = [U1, s Yp, Up+1, s NI T3 1V) Epi
denotes the channel vector between the k-th transmit antenna
at the BS and {1,2,..., N}\p receive antennas at the relay;
v) xgr denotes a vector with entries of the relay’s signal xp
and I is the power of SI; vi) n; and np are additive white
Gaussian noise (AWGN) vectors with elements of zero mean
and variance o? and 012%, respectively.

The signal of U2 is first detected at Ul by using the
maximum likelihood (ML) method, which can be given by

2
3)

(k,z4)1 = arg min HY1 -/ Pghy/azxz,
k.n

After removing the interference of U2, Ul performs another
ML detection to detect its own signal, which is expressed as

2
Ym = argmin H5’1 - PBh;;\/al'Ym‘ ;
m

where S’l =y1—V PBhk,/agxﬁ.
At the relay side, it demodulates the data of U2 by treating
the signal of Ul as noise, which can be given as

. _ 2
(k,xp)r = argkmin lye — v/ P&piv/azxy| - 5)
n

In the second time slot, the BS transmits a new signal to the
relay and Ul. Meanwhile, the relay activates the k-th antenna
to send the estimated symbol to U2. Let p = k and x R = T,
then the observation at U2 can be formulated as

y2 = V Prfyzr + 19, (6)

where Pp, is the transmit power of the relay and f, is the p-th
column of F. Finally, U2 can decode the signal via the ML
method.

4)

III. PERFORMANCE ANALYSIS
A. Capacity Analysis

In this subsection, we will derive the instantaneous and
ergodic capacities of Ul and U2 under Gaussian inputs.

1) Capacity of Ul: Recall that U2 can perfectly eliminate
the interference from the relay since the signal of U2 is already
known at Ul. Then, by assuming that all transmit antennas of
the BS are activated with an equal probability of 1/N, the
instantaneous capacity of Ul after SIC can be given by [6]

N 2
1 Pglhg|"a;
C :—§ 1 14 —=2En =) 7
! Nk_log2<+ o? @

where ||hy||* obeys the central chi-square distribution with
2M degrees of freedom whose probability density function
(PDF) is given by [15]

1
Sz () = mfﬂN?l@iI' (8)

Let © = Pgllh;|®a1/02, the ergodic capacity of Ul can be
expressed as [16]
~ 1 [T 1—Fo(h)
C1 = En [logy(1+0)] = m/o 11

where Fg(6) is the cumulative distribution function (CDF) of
O, which can be given by [15]

2
Fo(8) = pr (PB”h’; U< 0)
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Then, by substituting (10) into (9), we can obtain the ergodic
capacity of Ul as in (13), shown at the top of the next
page, where Ei(z) = [ e'/tdt is the exponential integral
function [17].

2) Capacity of U2: For the proposed scheme, the capacity
of U2 is determined by the weakest link, hence we have

Cy = min (Cy R, Cay2) ,

(14)

where Cy g and Cy o are the capacity of U2 over the BS-to-
relay and relay-to-U2 links, respectively. Since the data of U2
are conveyed in both the signal domain and the spatial domain,
Cs,r and Cy 5 can be divided into [11]

Cox = C”g +C3f%, for X € {R,2}. (15)

As stated previously, the index of the active antenna at the
relay depends on its input data. Therefore, the active/inactive
antenna (s) in each time slot may be different. Hence, C5'7,

in (15) can be formulated as
~ 2
2 )

N N
. 1
cyh =— g E log, [ 1+
2R TN? 2<fﬂ%%ﬁﬂﬁ

k=1p=1
From (16), it can be seen that the SI of the relay greatly affects
the capacity of U2 especially when a; is small. For the relay-
to-U2 link, C5'J can be expressed as

N 2
si 1 Pr|fl
Cyd = N Zlog2 (1 + 7 )

a7

On the other hand, the capacity of U2 in the spatial domain
for BS-to-relay and relay-to-U2 links can be given by

Colr =1 (k;yr)

NQZZ/ r (Y RI&pk) log, <pr(yRIgpk)>dy "
k=1p=1 - (Yr)
(18)
Coy' =1 (k;y2)
N
1 DPr (YQ|fk)) (19)
N v (yalfi) 1 pr¥alfe) )\
N 2/17 (y2lfk) logy < oy Vo
where
N
N=
prlya) = NZwmm o

Due to the difficulties of obtaining the closed-form expression
of (18) and (19) [11], we use an upper bound to facilitate

the theoretical solution. When we assuming that the SI is
extremely small, we can obtain

C’;p}% = C’Spa C®P* ~logy N (22)

at the high signal-to-noise ratio (SNR) region (Please refer to
[18] for the proof).

Then, we derive the ergodic capacity of U2. Based on (22),
the ergodic capacity of U2 can be calculated as

Cy=EgF [min (C"”g + CPe, CSZQ Ospa):|

(23)
= Eg r [log, (1 + min(=E,, E,))] + C°P4,
where
Pgllgu Pr| ]
min(Z1, Z2) = min NB”%pkH = 2 R”;” .
Pplgpklar +1+0% 03
- (24)
Similarly, let Z = min(Z,=5), C5 can be rewritten as
L1 1 B9
=— d¢ + C™P7, 25
> 2 1+¢ ¢+c (2)
where F=(£) denotes the CDF of the random variable = as
Fz(§) = pr (min (241, 5p) <§)
=1—p, (min (Z1,Z22) >
p (H (E1 2)~ 3) (26)
=1-p, (51> pr (B2 >§)
=1- (1 - FE1(£)) (1 _FEQ<§)) .
In (26), F=, (§) and Fz, () can be derived by
N-2
1—e @ = (c1)", f < 2z
Fe,(6) = o mla)t orE<id )
1 , otherwise
M1
s k
Fe,()=1-e¢) (e, (28)
k=0
where ¢ = &(I+40%)/(PpArjas — PpAgai€), co =
J%/PRA)C.
Therefore, the ergodic capacity of U2 can be obtained as
L1 [T 1oF(©)
- d spa
2= 13 1+¢ §+0
1 &
_ —(c1te2)
In2 1 +§ Z (29)

M— 11

k spa
X ZH(@) dé + C*.
k=0

Notice that it is difficult to derive the closed-form expression
of (29). Thus, numerical integration is used to evaluate the
integral.



B. BER Performance Analysis

In this subsection, we will derive the BER of Ul and U2
in closed-form expressions by using the union bound theory
[15].

1) BER of Ul: The BER of Ul depends on whether the
signal of U2 is successfully eliminated. Thus, it can be divided
into two parts as

BER; = (1 — psic) Pe,1 + PS1cPe,1, (30)

where pgrc is the error probability that Ul detects the signal
of U2, p. is the BER of Ul under the condition that the
signal of U2 is correctly detected, and p. ; denotes the BER
of Ul when errors occur in SIC.

Let us denote v = ||exx, —e,;:cﬁHQ, where ey is the k-
th row of an NN-dimensional unit matrix. Consequently, the
formulation of psrc can be given by [19]

N N My M,

psic~ sy 30 30 Y (et ). 6

k=1 f=1, n=1 n=1,
k;ﬁk n;ﬁn

Fea) =1’ (Y7 u-Ter e

where Y (z) = 0.5(1 — \/z/ (1 + z)).
Recall that the signal of Ul is only transmitted in the signal
domain. Thus the expression of p.; can be given as

My, My

P,
Pe & b2b1 > > Df( M ) (33)

m=1 m=1,
m;ém
where u = |y, — 7m|2 and D denotes the Hamming distance
between the information bits of v, and vy,.

On the other hand, if the interference due to failing SIC
exists, pe,1 can be approximated by p. 1 ~ 1 —njy, /logy My,
where ny, is the average correct bits of the detection of M;-
ary modulated symbols. n,s, can be expressed as [12]

>

logy M
t .
t
t=1

2) BER of U2: Similarly, the BER of U2 can be given by

logo My

(34)

Ny, = M, —1

BER; = (1 — pr) Pe,2 + DRPe,2, (35)

where pg is the error probability that the relay detects the
signal of U2, p. o is the BER of U2 when the signal of U2 is
correctly detected at the relay and p. » denotes the BER when
the relay forwards an erroneous signal.

According to (2) and (6), both in the BS-to-relay and relay-
to-U2 links, the SM symbol is used to carry the information
of U2. In addition, N — 1 antennas are used to receive the
information at the relay. Therefore, pr can be given by

PB)\gagv N-1),
(0% +a1+1)

(36)

N N My M (

ROIDIDIPOW

k=1 =1, n=1 a=1,
k#k n;én

i
o

+  SM-NOMA-FDR, Sum, Sim.
SM-NOMA-FDR, Sum, Theo.
{  SM-NOMA-FDR, U1, Sim.
~="='=* SM-NOMA-FDR, UL, Theo.
[> SM-NOMA-FDR, U2, Sim.

— — — — SM-NOMA-FDR, U2, Theo.

—-~&-—- MIMO-NOMA-FDR, Sum

—-=> =~ MIMO-NOMA-FDR, U1

-~ =" MIMO-NOMA-FDR, U2

— /- — SM-OMA-HDR, Sum

— —#+ — SM-OMA-HDR, U1

—-G- — SM-OMA-HDR, U2
SM-NOMA-FDR, I=0, Sum, Sim.

[
o

[N
N

=
o

Capacity [bps/Hz]
o [ee]

N
+
|
AL
4

SNR [dB]

Fig. 2. Achievable capacity and ergodic capacity of SM-NOMA-FDR. Setup:
N =4, M =2,a1 =0.2,and I = 0.01.

where A=1/NMs. The value of p. 2 can be determined from
pe2 = ABEPsy (AfPr/03), where ABEPgy; (AfPr/o3)
represents the average BER of SM over the Raleigh fading
channel with SNR of \;Pr/o? at the receiver [19].

Finally, we assume that U2 is less likely to correctly detect
its own signal when errors occur at the relay. Thus we consider
the worst case, i.e., pe2 = 1.

IV. SIMULATION RESULTS

In this section, the capacity and BER of the proposed
scheme are presented and compared with the multi-input
multi-output aidled NOMA with FDR (MIMO-NOMA-FDR)
and SM-aided orthogonal multiple access with half-duplex
relay (SM-OMA-HDR) systems. The transmit SNR is defined
as SNR= P/ o2, where P is the transmit power and o2 is the
variance of noise, respectively. In the simulation, we assume
)\h:)\le,)\g20.8,0%20320123:02and
Pgp=Pr=P=1.

In MIMO-NOMA-FDR, for a fair comparison, we consider
that the BS has one transmit antenna, and the relay has one
transmit antenna and N — 1 receive antennas. In SM-OMA-
HDR, the BS transmits a modulated symbol to Ul during the
(t — 1)-th time slot. Meanwhile, the relay transmits an SM
symbol of U2 that received at the last time slot to U2. Then,
during the t-th time slot, the BS transmits a new SM symbol
of U2 to the relay.

In Fig. 2 and Fig. 3, the simulation results for the achievable
capacity and the ergodic capacity of SM-NOMA-FDR are pro-
vided and compared with those of MIMO-NOMA-FDR and
SM-OMA-HDR systems. The results verify the accuracy of
ergodic capacities obtained from (13) and (29). We can observe
that SM-NOMA-FDR provides a significant improvement in
the sum capacity compared to MIMO-NOMA-FDR and SM-
OMA-HDR. Fig. 2 and Fig. 3 show that Ul achieves the same
performance in SM-NOMA-FDR and MIMO-NOMA-FDR.
On the other hand, we can find that the capacity of U2 for SM-
NOMA-FDR and MIMO-NOMA-FDR becomes a constant at
the high SNR regime, which means that the relay suffers form
the interference caused by Ul in this case. Moreover, in SM-
OMA-HDR, U2 achieves a better capacity performance than
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Ul, which is due to the fact that U2 uses the spatial domain to
convey the additional information and there is no interference
from Ul in SM-OMA-HDR. Finally, both Fig. 2 and Fig. 3
reveal that the system capacity is less sensitive to SI. It implies
that the proposed system is not strict with the capability of SI
cancellation.

Fig. 4 shows the BER performance of SM-NOMA-FDR
and the comparison with MIMO-NOMA-FDR and SM-OMA-
HDR. Theoretical curves obtained from (30) and (35) are also
presented. It is shown that the BER of Ul for MIMO-NOMA-
FDR and SM-NOMA-FDR are the same, which implies that
Ul correctly detects the signal of U2 with a high probability
in this case. We can also find that the sensitivity of proposed
SM-NOMA-FDR with respect to SI is less than that of MIMO-
NOMA-FDR. Additionally, it can be seen that an error floor
occurs at high SNR region for U2 in MIMO-NOMA-FDR
and SM-NOMA-FDR. This is owing to the interference of
the signal of Ul and SI at the relay, which becomes more
dominant compared to the noise effect in high SNR region.

V. CONCLUSION

In this paper, we have proposed an SM-NOMA-FDR
scheme for the CDRT network, where the BS can directly
communicate with the near user and communicates with the
far user by using an FDR. The SI of the FDR has also been
considered. Theoretical analyses of the ergodic capacity and
the BER have been derived. Finally, the simulation results have
verified the theoretical analyses and revealed that the proposed
system achieves superior performances compared with MIMO-
NOMA-FDR and SM-OMA-HDR systems.
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