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Abstract

This paper presents the performance evaluation of an amplify-and-forward

(AF) relay-assisted multiuser multiple input–multiple output (MU–MIMO)

downlink transmission system for correlated fading channels. The overall sys-

tem performance was improved by incorporating a double-quadrature spatial

modulation (DQSM) scheme. The bit error rate (BER) performance and detec-

tion complexity of the AF–MU–MIMO–DQSM system were analyzed and com-

pared with those of a conventional AF–MU–MIMO system under the same

conditions and parameters. The results showed that the correlated fading

channel severely affected the performance of systems with higher spectral effi-

ciency (SE). Considering an SE of 12 bpcu/user, the AF–MU–MIMO–DQSM
system yielded a gain of up to 3 dB in BER performance compared with that of

its conventional counterpart for the analyzed cases. In terms of detection com-

plexity, the AF–MU–MIMO–DQSM system showed a reduction of up to 56 %

compared with that of the conventional system for the optimal maximum like-

lihood detection criterion.
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1 | INTRODUCTION

The exponential growth in the number of people and
things connected to mobile communication networks
and the data traffic generated by them represent a signifi-
cant challenge for new wireless communication technol-
ogies [1, 2]. Existing mobile networks are becoming less
capable of meeting the demand, partly due to their

inflexible and expensive equipment. Thus, new technolo-
gies should be considered. Recently, index modulation
(IM) in the spatial domain, which is based on multiple
input–multiple output (MIMO) techniques, has been con-
sidered for the implementation of sixth-generation net-
works [3, 4]. In the IM, part of the information is
implicitly embedded into the transmitted signal. There-
fore, a smaller number of radio frequency chains are
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required for MIMO configurations [5]. The word index in
the IM refers to any dimension that can be modulated
during transmission, including frequency slot, space,
transmit (Tx) antenna, code, and channel characteristic
types. In particular, spatial modulation (SM) is a novel
technique that can be considered part of an IM system.
In SM, a complete array of Tx antennas forms a spatial
constellation. To transmit input bits, the transmitter acti-
vates only one Tx antenna during symbol transmission. If
an uncorrelated fading channel is assumed, a different
path channel will exist between each Tx and receiver
(Rx) antenna. If the receiver knows the channel state
information (CSI), it can determine the Tx antenna that
has been used to transmit the received symbol [6].
Quadrature SM (QSM) is an improved version of SM. In
QSM, the quadrature amplitude modulation (QAM) of
the Mth-order (M-QAM) symbol is split into quadrature
and in-phase parts to independently represent a spatial
symbol [7]. Therefore, QSM increases the SE according to
the spatial domain availability by a factor of two trans-
mitted bits. Recently, the concept of QSM has been
extended to increase the SE. The extended QSM (EQSM)
transmission scheme uses the power dimension to
increase the SE of QSM by N times [8]. Hence, an EQSM
system using two branches can be considered as double
QSM (DQSM) transmission scheme. Therefore, DQSM
has double the SE of the QSM scheme.

Specifically, the bits transmitted to each user using
the QSM are mQSM ¼ log2ðMÞþ2log2ðLÞ bits per channel
use (bpcu) [7], where L is the length of the transmission
vector, that is, the number of Tx antennas reserved for a
single user. For DQSM, mDQSM ¼ 2ðlog2ðMÞþ2log2ðLÞÞ
bpcu [8]. A reference scheme using M-QAM modulation
and spatial multiplexing (SMux) transmits an mSMux ¼
Ntlog2ðMÞ bpcu. For example, for SE = 8 bpcu, DQSM
can use 4QAM and L¼ 2 (two Tx antennas per user),
whereas the conventional SMux scheme requires 16QAM
and two Tx antennas. To ensure a fair comparison, we
considered the same SE and number of Tx antennas for
both systems under analysis.

On the contrary, relay networks can be used to
extend the coverage area [9–12]. In particular, Shang and
others [11] investigated secure communications in a coop-
erative network that included hybrid relay (HR) wireless
power, in which an intruder attempts to capture the data
transmitted between a user and the HR. In Singh and
others [13], the performance of a relay-assisted wireless
network over fluctuating fading channels was evaluated.
However, a possible drawback of relay-assisted MIMO sys-
tems is the complexity of detection, which is caused by the
number of antennas used, such as in future massive
MIMO (mMIMO) systems [14]. In these systems, the SM

and QSM schemes are capable of reducing the complexity
of the detectors [15, 16]. For example, in Althunibat and
Mesleh [16], two source nodes simultaneously transmitted
QSM signals in the same time slot to a relay node. In ear-
lier research [15, 17], QSM techniques were deployed
using traditional cooperative communication schemes.
More specifically, Castillo-Soria [18] proposed an
EQSM-based amplify-and-forward (AF) relay-assisted
MU–MIMO downlink transmission system (AF–MU–
MIMO), which also uses DQSM. This scheme has better
bit error rate (BER) performance than the conventional
AF–MU–MIMO–SMux transmission scheme using
M-QAM or phase-shift keying (PSK). However, there are
presently no reports on the performance of AF–MU–
MIMO–DQSM systems over correlated fading channels
in terms of the BER and complexity at the receiver.
Therefore, in this study, we investigate the BER perfor-
mance and detection complexity of an AF–MU–MIMO–
DQSM system over correlated fading channels. The con-
tributions of this study are as follows:

• The AF–MU–MIMO–DQSM system is evaluated for
correlated fading channels. This approach is relevant
mainly considering the number of antennas that can
be utilized in future mMIMO systems where the effect
of spatial correlation is critical to system
performance [19].

• The detection complexity of AF–MU–MIMO–DQSM is
evaluated and compared with the conventional SMux
system for two different configurations and a different
number of relays considering the optimal maximum
likelihood (ML) detection criterion.

Notably, the complexity of ML detectors is challeng-
ing for the implementation of practical systems. There-
fore, it is important to develop new detectors with
reduced complexities. Various detectors, such as sphere
decoding [20, 21], distance-based ordered detection [22],
signal vector-based detection [23], and signal vector-
based minimum mean square error [24] types, have been
proposed to achieve optimal performance at low com-
plexities using SM and QSM systems.

The remainder of this paper is organized as follows. A
description of the AF–MU–MIMO–DQSM system model,
including DQSM signal generation and its interference
cancelation technique, is given in Section 2. Section 3
describes the correlated fading channel model consid-
ered, and Section 4 describes the optimal ML detection
criterion and evaluates the detection complexity of the
systems. The results related to BER performance are then
presented in Section 5, and conclusions are summarized
in Section 6.
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2 | SYSTEM MODEL

Figure 1 shows the AF–MU–MIMO–DQSM system. The
system model assumes that there is no direct link
between the base station (BS) and the users. Therefore,
all communications pass through R relays. The BS has N t

Tx antennas, whereas K users or mobile stations (MSs)
that are equipped with N r receive antennas. The system
uses R relays to retransmit received signals using the AF
technique. Each relay uses a single Rx/Tx antenna to
retransmit the signals received from the BS to K users in
the system. Thus, the end-to-end configuration can be
considered a ðK �N rÞ�R�N t relay-assisted downlink
MU–MIMO transmission system.

The BS has K DQSM blocks. Each DQSM block is fed
with a sequence of input bits, aj ¼fbngmn¼1, with
bn � f0, 1g intended for the jth user or MS. The output of
the jth DQSM block, ~xj �CL�1, is defined as follows:

~xj ¼ ½~x1, ~x2, …, exL�T, ð1Þ

where ~xk � f0, sℜ, sℑg represent the transmitted signal at
the kth position. sℜ and sℑ represent the real and imagi-
nary components of the M–QAM symbol, s, respectively.
Subsequently, signals ~xj �A are precoded and combined
to obtain the transmission vector, x, as shown in
Figure 1. The transmitted signal, x, at the BS is defined as
follows:

x¼ ½x1, x2, :::, xNt �T: ð2Þ

Signal x is transmitted to R relays through channel
matrix HSR �CR�Nt . The channel between R relays and
the jth MS at the destination is defined as HRD

j �CNr�R.
The uncorrelated fading channel is defined as a Rayleigh

wireless channel, where the elements of the matrices,
HSR and HRD

j , are independent and identically distrib-
uted (i.i.d.) complex Gaussian random variables with a
mean of zero and a variance of one, respectively. The cor-
related fading channel is based on the geometrical model
defined in Section 3.

We considered the conventional SMux scheme as the
reference system in which all Tx antennas transmit dif-
ferent M-QAM symbols. Therefore, the SE of the SMux is
mSMux ¼N tlog2ðMÞ bpcu.

2.1 | DQSM signals

Two branches of the previously generated QSM
signals are used to generate the DQSM signals because
DQSM has good BER performance, low detection com-
plexity, and improved SE compared with the conven-
tional QAM modulation scheme [8]. DQSM signals are
generated by adding two QSM signals, ~x01 and ~x02. Weight
factors β1 and β2 are used to examine the QSM signals
and obtain a normalized output signal.

The signals are then combined to generate the DQSM
signal [8] as follows:

~xj ¼ β1~x
0
1þβ2~x

0
2: ð3Þ

Figure 2 shows the DQSM transmission block, and
Table 1 lists the DQSM mapping rule. Only the first
16 values of the input sequence with β1 ¼ 1 and β2 ¼ 0:5
were considered in this case. For example, looking the
second row of Table 1, the QSM–1 signal is obtained
based on the first four input bits. The QSM–2 signal is
obtained based on the second four input bits. For the
QSM–2 signals, x02, the last two bits in column 1 modulate
a 4-QAM symbol, 01!ð�1þ jÞ, and the remaining two
bits modulate the positions of the real and imaginary
parts. That is, the real part of the M-QAM symbol is
placed in the first position of the output vector with size
L¼ 2. The imaginary part is then assigned to the first

F I GURE 1 Amplify-and-forward (AF) relay-assisted multiuser

multiple input–multiple output–double-quadrature spatial
modulation (MU–MIMO–DQSM) system model.

F I GURE 2 Double-quadrature spatial modulation (DQS)

transmission block.
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position (00! first position). As L¼ 2,M¼ 4, a total of
mQSM ¼ log2ðMÞþ2log2ðLÞ¼ 4 bits can be utilized for
each QSM signal in this case. The number of bits that can
be transmitted to each MS using the DQSM is
mDQSM ¼ 2ðlog2ðMÞþ2log2ðLÞÞ [8]. Therefore, mDQSM ¼ 8
bits/user in this example.

2.2 | Interference cancelation

The received signal for the ith relay is [18]

yðiÞr ¼hSR
i xþnðiÞr , ð4Þ

where hSR
i is the ith row of channel matrix HSR and nðiÞr is

the noise at the ith relay, which is assumed to be i.i.d.
with CN ð0, σ2Þ. The signal received by the relay arrange-
ment can be written in the matrix form as follows:

yr ¼HSRxþnr , ð5Þ

where nr �CR�1 denotes a noise vector. These signals are
retransmitted by R relays using the AF technique, defined
as

tx ¼ ffiffiffi
γ

p
yr , ð6Þ

where γ is the relay amplification factor. The signal
received by the jth MS at the destination can then be
written as

yðjÞd ¼HRD
j txþnðjÞ

d : ð7Þ

The received signal, yðjÞd �CN r�1, in (7) is a vector con-
taining a combination of all signals transmitted by the
relays. By substituting (5) and (6) into (7), we obtain

yðjÞd ¼HRD
j

ffiffiffi
γ

p
yr þnðjÞ

d ¼ ffiffiffi
γ

p
HRD

j HSRxþ ffiffiffi
γ

p
HRD

j nr þnðjÞ
d :

ð8Þ

This result can be represented [18] as follows:

yðjÞd ¼ ffiffiffi
γ

p
HEq

j xþzðjÞd , ð9Þ

where HEq
j ¼HRD

j HSR �CN r�N t is defined as the jth
equivalent channel matrix and zðjÞd ¼ ffiffiffi

γ
p

HRD
j nr þnðjÞ

d is a
vector that contains the total noise plus interference com-
ponent for the jth MS. The complete system can be math-
ematically described [18] as follows:

yð1Þd

yð2Þd

..

.

yðKÞd

2
666664

3
777775¼ ffiffiffi

γ
p

HEq
1

HEq
2

..

.

HEq
K

2
666664

3
777775xþ

zð1Þd

zð2Þd

..

.

zðKÞd

2
666664

3
777775: ð10Þ

The interference generated by multiple users and
relays in the system can be eliminated using a precoding
matrix, Wi �CN t�Nr , in the transmission.

x¼
XK
i¼1

Wi~xi: ð11Þ

By substituting (11) into (9), the received signal,
yd �CN r�1, by the jth MS becomes

yðjÞd ¼ ffiffiffi
γ

p
HEq

j

XK
i¼1

Wi~xiþzðjÞd , ð12Þ

which can be rewritten as follows:

yðjÞd ¼ ffiffiffi
γ

p
HEq

j Wj~xjþ ffiffiffi
γ

p
HEq

j

XK
i¼1, i≠ j

Wi~xiþzðjÞd , ð13Þ

TAB L E 1 DQSM signals in the transmitter.

Input QSM-1 QSM-2 Output
ak x01 x02 DQSM

0000 0000 1� j, 0 1þ j, 0 1:5�0:5j, 0

0000 0001 1� j, 0 �1þ j, 0 0:5�0:5j, 0

0000 0010 1� j, 0 1� j, 0 1:5�1:5j, 0

0000 0011 1� j, 0 �1� j, 0 0:5�1:5j, 0

0000 0100 1� j, 0 1, j 1:5� j, 0:5j

0000 0101 1� j, 0 �1, j 0:5� j, 0:5j

0000 0110 1� j, 0 1, � j 1:5� j, �0:5j

0000 0111 1� j, 0 �1, � j 0:5� j, �0:5j

0000 1000 1� j, 0 j, 1 1�0:5j, 0:5

0000 1001 1� j, 0 j, �1 1�0:5j, �0:5

0000 1010 1� j, 0 �j, 1 1�1:5j, 0:5

0000 1011 1� j, 0 �j, �1 1�1:5j, �0:5

0000 1100 1� j, 0 0, 1þ j 1� j, 0:5þ0:5j

0000 1101 1� j, 0 0, �1þ j 1� j, �0:5þ0:5j

0000 1110 1� j, 0 0, 1� j 1� j, 0:5�0:5j

0000 1111 1� j, 0 0, �1� j 1� j, �0:5�0:5j

Abbreviations: DQSM, double-quadrature spatial modulation; QSM,

quadrature SM.
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where the first term in (13) is the signal sent to the jth
user. The second term is the interference caused by other
users in the system, and the third term is noise. The
mathematical model of the complete system is repre-
sented [18] as follows:

yð1Þd

yð2Þd

..

.

yðKÞd

2
666664

3
777775¼

HEq
1 HEq

1 … HEq
1

HEq
2 HEq

2 … HEq
2

..

. . .
. ..

.

HEq
K HEq

K … HEq
K

2
666664

3
777775

W1~x1
W2~x2

..

.

WK~xK

2
66664

3
77775þ

zð1Þd

zð2Þd

..

.

zðKÞd

2
666664

3
777775,

ð14Þ

where we assume
ffiffiffi
γ

p ¼ 1 for simplicity. Hence, interfer-
ence can be eliminated if HEq

j Wi ¼ 0, 8i≠ j, where 0 is
an all-zero matrix. This condition can be written as
follows:

H
Eq
j Wj ¼ 0, j¼ 1, 2, :::, K, ð15Þ

where H
Eq
j is a matrix containing all system user matri-

ces, apart from that of the jth user. Thus,

H
Eq
j ¼ HEq

1

� �H
, …, HEq

j�1

� �H
, HEq

jþ1

� �H
, …, HEq

K

� �H� �H
:

ð16Þ

Matrix Wj can be obtained by decomposing matrix
H

Eq
j into singular values as follows:

H
Eq
j ¼Uj Σj,0

� �
Vð1Þ

j Vð0Þ
j

h iH
, ð17Þ

where Uj is a unitary matrix, Σj is a diagonal matrix con-
taining nonnegative singular values of H

Eq
j , and 0 is an

all-zero matrix. Matrix Vð1Þ
j is composed of vectors corre-

sponding to nonzero singular values, and Vð0Þ
j is com-

posed of vectors corresponding to zero singular values.
Thus, Vð0Þ

j contains the last Nr columns of Vj, which
forms an orthogonal basis in the null space of H

Eq
j .

Therefore, Vð0Þ
j can be used as the precoding matrix, Wj.

Considering (15), the received signal in (13) is reduced to

yðjÞd ¼ ffiffiffi
γ

p
HEq

j Wj~xjþzðjÞd , ð18Þ

which is an interference-free signal. Finally, consider-
ing (15), the complete system is reduced to

yð1Þd

yð2Þd

..

.

yðKÞd

2
666664

3
777775¼

HEq
1 W1 … 0

0 … 0

..

. . .
. ..

.

0 … HEq
K WK

2
66664

3
77775

~x1
~x2

..

.

~xK

2
66664

3
77775þ

zð1Þd

zð2Þd

..

.

zðKÞd

2
666664

3
777775:

ð19Þ

Equation (19) shows the cancelation of the undesired
components for all MSs at the destination.

3 | CHANNEL MODEL

The kth channel matrix, Hk, is modeled by assuming that
the kth MS is surrounded by a cluster of local interfering
objects (IOs) that reflect the transmitted signal, which
produces multipath propagation. However, the transmit-
ter is free from IOs. It is further assumed that the BS and
K MSs are equipped with uniform linear arrays (ULAs)
of antennas. Therefore, following Gutiérrez-Mena and
others [25], we characterize Hk as

Hk ¼
XL0
ℓ¼1

gℓ,ke
�j θℓ,kþ2π

λ dtℓ,kþdrℓ,k½ �ð ÞaTr ϕr
ℓ

	 

atðϕt

ℓÞ ð20Þ

for k � f1, 2, …, Kg, where L0 represents the number of
local IOs located near the kth MS. The attenuation fac-
tors, gℓ,k, are modeled using deterministic quantities
given as gℓ,k ¼ 1=

ffiffiffiffi
L0

p
, 8ℓ,k, whereas the phase shifts,

θℓ,k, are i.i.d. random variables uniformly distributed on
the circle. The carrier signal wavelength is denoted by
λ,dtℓ,k denotes the initial distance between the BS and the
ℓth IO surrounding the kth MS, and drℓ,k denotes the ini-
tial distance from the IO to the kth MS. These two dis-
tances are determined by the geometrical configuration
of the propagation scenario. The distance, drℓ,k, follows
the geometrical one-ring model [25], such that
drℓ,k ¼ rK , 8k. Thus, dtℓ,k is

dtℓ,k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2
kþ r2K �2r Dcos ϕr

ℓ

	 
q
, ð21Þ

where Dk is the initial distance between the kth MS and
the BS and ϕk

r is the angle of arrival (AOA) of the ℓth
multipath component (MPC) of Hk. The AOAs are mod-
eled using i.i.d. random variables that are uniformly dis-
tributed on the circle. Array vectors aTr ðϕt

ℓÞ and at ϕr
ℓ

	 

are given by
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atðϕt
ℓÞ¼ e�jAt

1 sinðϕt
ℓÞ, … ,e�jAt

Nt
sinðϕt

ℓÞ
h iT

, ð22Þ

ar ϕr
ℓ

	 
¼ e�jAr
1 cos ϕr

ℓð Þ, … ,e�jAr
Nr

cos ϕr
ℓð Þ

h iT
: ð23Þ

The angle of departure (AOD) of the ℓth MPC of Hk

is denoted as ϕt
ℓ. This angle is computed from the corre-

sponding random AOA, ϕr
ℓ, as follows:

ϕt
ℓ ¼ arctan

rK sin ϕr
ℓ

	 

Dkþ rK cos ϕr

ℓ

	 

 !

: ð24Þ

Scalar parameters At and Ar are

At ¼ πΔtð1�N tÞ
λ

, Ar ¼ πΔrð1�N rÞ
λ

, ð25Þ

where Δt and Δr denote the distances between the adja-
cent elements of the ULAs mounted on the BS and MS,
respectively.

The spatial cross-correlation of the MIMO channel
model defined in this section plays a central role in
determining the BER performance of the transmission
system. The details of this statistical function are omitted
here for brevity; however, the reader can refer to Gutiér-
rez-Mena and others [25] for a comprehensive descrip-
tion and analysis of the correlation function. Notably, if
the number of MPCs is sufficiently large (L0 ≥ 7), then it
can be shown that the elements of the kth channel
matrix, Hk, are complex-valued standard normal random
processes [26]. Therefore, one can state that the envelope
of the kth MIMO subchannel follows a first-order Ray-
leigh distribution [27].

4 | OPTIMAL DETECTION

The detection procedure assumes perfect CSIs at the
transmitter and receivers. In this study, the optimal ML
detection criterion was used for all systems and configu-
rations. The ML detection criterion for the AF–MU–
MIMO–DQSM (hereafter referred to as AF–MU–DQSM)
system [18] is defined as

~xj ¼ argmin~x AkyðjÞd � ffiffiffi
γ

p
HEq

j Wj~xk2F: ð26Þ

In this study, a perfect CSI was assumed at the trans-
mitter and receiver, which is a common assumption
when evaluating system performance. However, the

manner in which CSI is transmitted in MIMO systems
can pose a challenging task when dealing with
relay-assisted systems that also have many antennas at
both the transmitter and receiver.

4.1 | Detection complexity

Detection complexity was evaluated by considering the
total number of floating-point operations (flops) per-
formed using the ML criterion in (26). Real additions and
multiplications require one flop, while 2 and 6 flops are
required for complex addition and multiplication, respec-
tively. Division and subtraction require the same number
of flops, respectively. Thus, the complex matrix multipli-
cation of m�n by n�p requires 8mnp flops.

For the reference AF–MU–SMux system, the lattice of
the ML detector is defined as

Gj ¼HEq
j WjB, ð27Þ

where matrix B�CN r�2m is composed of all possible com-
binations of transmitted symbols. Matrix HEq

j ¼HRD
j HSR

requires 8N rRN t flops to be evaluated in a particular
receiver. The product, HEq

j Wj, requires 8N tN2
r flops and

generates a matrix with N r�N r dimensions. Further-
more, the multiplication of this matrix by B requires
8N2

r 2
m flops. Thus, the generation of matrix Gj requires

8N2
r ðN tþ2mÞ flops. Evaluating the differences in (26)

requires 2ð2mÞN r flops, and evaluating the magnitude uti-
lizes 3N r2m flops. Combining these results requires
2ðN r�1Þ2m flops, and determining the minimum value
in (26) requires 2ð2mÞ flops. Finally, by adding these
results, the detection complexity of a general AF–MU–
MIMO system is

η¼N rð8N tðN rþRÞþ2mζð8N rþ7ÞÞ flops, ð28Þ

where ζ is the cardinality of the search space of each
topology. For the DQSM system, the cardinality of the
constellation is reduced by the zeros inserted in the trans-
mission (when the Tx antenna is turned off). Therefore,
for the conventional AF–MU–Smux system, ζ¼ 1. How-
ever, the complexity of the AF–MU–DQSM system can
be evaluated by counting the number of zeros inserted
into matrix B. The factor, ζ, is evaluated as the number
of complex signals used by the DQSM constellation
divided by the number of complex signals used by the
conventional constellation. In DQSM-based systems, two
QSM symbols are transmitted simultaneously, and the
same Tx antenna can be used for both. Using an SE of
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8 bpcu/user requires a 256-point mesh. The numbers
of zeros in the real and imaginary parts of the DQSM
constellation are 64. Thus, ζ¼ð256�64Þ=256¼ 0:75. For
the SE of 12 bpcu/user, the value is ζ¼ 0:4375. Table 2
compares the detection complexity of all configurations
in both systems with that of the conventional system. For
an SE of 8 bpcu/user, the AF–MU–DQSM system
achieved a 22.5% reduction in complexity, whereas for an
SE of 12 bpcu/user, it reached up to a 56% reduction from
the conventional system.

5 | SIMULATION RESULTS AND
DISCUSSION

In this section, we compare the BER performance of the
AF–MU–DQSM with that of a conventional AF–MU–
SMux system that uses PSK/QAM modulation. For the
simulation, the Rayleigh and spatially correlated fading
channels described in Section 3 were considered, includ-
ing the normalized power transmission per user. Table 3
lists the parameters used in the simulations.

Two different configurations were considered to
evaluate the performance of the system under the

correlated fading channel. First, a ð4 �2Þ�R�8 configu-
ration with an SE = 8 bpcu/user was evaluated for 8, 16,
and 32 relays in both systems. Note that the AF–MU–
DQSM system uses 4-QAM modulation, whereas the con-
ventional AF–MU–SMux scheme requires 16-QAM to
achieve the same SE. For the second case, an ð8 �4Þ�R�
32 configuration with SE = 12 bpcu/user was evaluated
for 32, 48, and 64 relays. In this case, the AF–MU–DQSM
system used 4-QAM modulation, whereas the conven-
tional AF–MU–SMux scheme requires 8PSK to achieve
the same SE.

TAB L E 2 Comparison of detection complexities ðηÞ.
Spectral System ðηÞ, AF–MU ðηÞ, AF–MU
efficiency configuration SMux DQSM

ð4 �2Þ�8�8 13056 flops 10112 flops

8 bpcu/user ð4 �2Þ�16�8 14080 flops 11136 flops

ð4 �2Þ�32�8 16128 flops 13184 flops

ð8 �4Þ�32�32 675840 flops 316416 flops

12 bpcu/user ð8 �4Þ�48�32 692224 flops 332800 flops

ð8 �4Þ�64�32 708608 flops 349184 flops

Note: All systems were evaluated considering the optimal ML detection
criterion, the same SE, and the same number of Rx antennas.
Abbreviations: AF, amplify-and-forward; DQSM, double-quadrature spatial
modulation; MU, multiuser.

TAB L E 3 Simulation parameters.

Parameter Value

Power Tx K

Dk 500 mts.

rk 50 mts.

L0 20

λ 0.0508 mts.

Speed of MS 50 km/h

Detection Optimal ML

F I GURE 3 Bit error rate (BER) performance comparison of

the ð4 �2Þ�R�8 configuration (SE = 8 bpcu/user) and the

uncorrelated fading channel.

F I GURE 4 Bit error rate (BER) performance comparison of

the ð8 �4Þ�R�32 configuration (SE = 12 bpcu/user) and the

uncorrelated fading channel.
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Figures 3 and 4 show that for the ð4 �2Þ�R�8 config-
uration, a diversity gain of 8–10 dB can be expected when
the number of relays in the system increases by 50 %.
However, when the number of relays was increased by
a similar quantity, the diversity gain increased by
only 2 dB.

For the uncorrelated fading channel, the AF–MU–
DQSM system performed slightly better than the refer-
ence scheme, as shown in Figure 3. Figure 4 shows that
for the ð8 �4Þ�R�32 configuration, the AF–MU–DQSM

system had 2–3 dB gains compared with the reference
scheme. This gain margin was similar for all configura-
tions at different relay quantities.

For the spatially correlated channel, it can be seen
that systems with a ð4 �2Þ�R�8 setup had BER perfor-
mance losses of 2 dB, as shown in Figure 5. However, for
the ð8 �4Þ�R�32 setup, both systems were affected by
20 dB–25 dB in BER, as shown in Figure 6. This compari-
son clearly shows the effect of the correlated channel
when the number of Rx/Tx antennas is increased. Spa-
tially correlated channels affected the diversity gain of
both systems similarly.

In terms of complexity, the DQSM system clearly
outperformed its conventional counterparts. Although
both systems suffered from moderate to high complexi-
ties derived from singular value decomposition, they
operated at the transmitter, where it can be assumed
that the BS has sufficient resources to perform the task.
The use of optimal ML detectors requires receivers to
know the precoding matrices, which can be difficult to
ensure. However, the use of optimal ML detectors
provided a lower bound for the BER performance of the
systems under comparison. The implementation of
low-complexity detectors for the AF-MU-MIMO system
is an interesting task that will be considered in future
studies.

In conclusion, relay-based systems can be used to
extend cellular coverage. However, the use of two hops
from the transmitter for mobile users increases overall
system interference. In addition, MU–MIMO systems
increase the system complexity when the number of uti-
lized antennas increases. These results show that the AF–
MU–DQSM system outperforms a similar system based
on conventional QAM in terms of BER and detection
complexity, even in spatially correlated channel scenarios
that are characteristic of novel mMIMO communication
systems.

6 | CONCLUSION

In this study, the BER performance and detection com-
plexity of a relay-assisted AF–MU–DQSM downlink
transmission system for correlated fading channels were
investigated. The AF–MU–DQSM system was compared
with its conventional counterpart under the same
conditions and parameters. The results show that the
AF–MU–DQSM system has advantages in terms of BER
performance and detection complexity compared with
the reference scheme. In general, a better BER perfor-
mance can be expected when an increased number of
antennas is utilized. In conclusion, cell coverage can be
effectively extended using the AF–MU–DQSM system

F I GURE 6 Bit error rate (BER) performance comparison for

the ð8 �4Þ�R�32 configuration (SE = 12 bpcu/user) and the

correlated fading channel.

F I GURE 5 Bit error rate (BER) performance comparison for

the ð4 �2Þ�R�8 configuration (SE = 8 bpcu/user) and the

correlated fading channel.
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with advantages in BER performance and detection
complexity. However, the BER performance of systems
with higher SE can be severely affected when a correlated
fading channel is considered.
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