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Summary

A new high-performance low-complexity cooperative maximal ratio combining

(C-MRC)-based cooperative relaying scheme, which is called antenna

selection-aided cooperative spatial modulation scheme with C-MRC (AS-

CSM), is proposed for decode and forward (DF)-based cooperative relaying

networks operating over independent but non-identically distributed (i.n.d.)

Rayleigh fading channels. The AS-CSM scheme is formed with the combina-

tion of cooperative SM with the high-performance low-complexity coherent

demodulator C-MRC and antenna selection techniques. In the AS-CSM

scheme, the information is transmitted from the source terminal (ST) to the

relay terminal (RT) and the destination terminal (DT) in the form of not only

modulated symbols but also antenna indices, which carry additional informa-

tion bits in the spatial domain. Therefore, a high spectral efficiency is obtained

by the proposed scheme for cooperative relaying networks. In this scheme,

first, the index of the activated antenna of ST is estimated, and the best

antenna selection at RT is investigated considering the received instantaneous

equivalent to signal-to-noise values acquired at DT. The transmitted symbols

are estimated with low-complexity coherent demodulator C-MRC at DT by

using the noisy signals from ST and RT. An exact closed-form expression for

the bit error probability (BEP) of the AS-CSM scheme is derived, and the

theoretical results are validated with Monte-Carlo simulation results.
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1 | INTRODUCTION

By 2022, traffic volume in mobile 5G networks is expected to reach 77 exabytes per month. This will require the
capacity provided by 5G networks to be at least 1000 times higher than existing cellular systems. However, this is not
enough with existing systems; we need innovative next-generation communication systems because this situation can
lead to severe economic and environmental problems. The current network architectures are designed to maximize
capacity by increasing their power. However, the number of devices will grow tremendously in the coming years,
especially with internet of thing (IoT) and the internet of everything (IoE), and consequently, network architectures
will be inadequate. Using more energy each day to increase the communication capacity will result in severe operating
costs and will be insufficient no matter how much effort they make. On the other hand, current information and
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communication technology (ICT) is responsible for at least 5% of the world's CO2 emissions. Besides, 75% of the ICT
sector is expected to be wireless by the end of 2020; for this reason, next-generation communication techniques should
be designed to be energy efficient in a way to reduce CO2 emissions.1-4

Multiple-input multiple-output (MIMO) systems offer reliable communications as well as higher capacity in the
presence of multipath propagation.5 Consequently, MIMO transmission techniques have been comprehensively
adapted into most of the recent communication standards.6 On the other hand, relaying transmission techniques in
MIMO systems have been studied over the past decade by researchers and have recently emerged as powerful
technologies for many wireless applications and standards.7,8 In the literature, several relaying protocols such as
decode-and-forward (DF) and amplify and forward (AF) are proposed for cooperative networks. In DF relaying, the
received signal at the relay terminal (RT) is decoded first and then remodulated and transmitted to the destination
terminal (DT). On the other hand, in AF relaying protocol, RT simply amplifies the received signal and forwards the
scaled version of the received signal to DT without decoding the message. Through terminal cooperation, relay
transmission scheme can also obtain spatial diversity in a distributed manner. The use of multiple antennas at both
MIMO and cooperative relaying systems has been considered as an effective way to improve the data rate and
reliability.5However, while MIMO and cooperative relaying systems have recently emerged as powerful potential
technologies for many wireless applications and standards,6,7,9,10 using multiple antennas at the terminals of MIMO
systems and the relay causes problems such as extra transceiver complexity due to interchannel interference (ICI) and
high cost with multiple radio frequency (RF) chains.

Recently, some solutions have been put forward by the researchers to overcome the above-mentioned prob-
lems, and two general transmission strategies, spatial modulation (SM) and antenna selection techniques, have
been proposed. The increasing demand for high data rates and, consequently, high spectral efficiencies has led to
the development of antenna selection systems in which a combining technique, such as selection combining (SC),
maximal ratio combining (MRC), and cooperative-MRC (C-MRC), is used to obtain the diversity gain.11 C-MRC is
a high-performance low-complexity coherent detector and provides maximum possible diversity while its error
performance is very close to maximum likelihood (ML) performance. In Kumbhani and Kshetrimayum,12 the error
performance of two-hop cooperative communication systems with the help of transmit antenna selection at ST
and RT is proposed over η− μ fading channels. A novel high data rate transmission concept, which is known as
SM, has been introduced by Mesleh et al13 to remove ICI completely between the transmit antennas of MIMO
and cooperative relaying systems. SM appears as a promising form of index modulation (IM),14 in which the
information is conveyed not only by amplitude/phase of the modulated signal but also by antenna indices. Its
advantages make SM useful also in relay networks, and its application to the relay networks is investigated in
recent studies.

A dual-hop SM scheme is proposed in Serafimovski et al15 by exploiting SM in a DF relaying-aided three-node
cooperative network. Similarly, a space-shift keying (SSK)-based dual-hop AF relaying scheme is investigated in Mesleh
et al.16 Opportunistic relay selection is considered for SM-based dual-hop networks with multiple relays in Mesleh and
Ikki.17 SM techniques have been also studied for classical relay networks, in which a direct transmission link exists
between ST and DT. In Mesleh et al,18 both DF and AF-based cooperative SSK schemes are proposed. Later, SM is
adopted to classical relay networks in Mesleh and Ikki.19,20 Partial, hybrid, and hierarchical modulation-based DF
relaying protocols are proposed for cooperative SM systems in Yang et al.21 On the other hand, previous studies22-24

investigated the application of SSK to cooperative networks, in which all nodes are equipped with multiple antennas.
More recently, the outage probability of the cooperative SM scheme is analyzed for fixed DF/AF, selective DF, and
incremental relaying.25 In Li et al,26 the SM technique is adapted to the cooperative nonorthogonal multiple access
(NOMA) structure. Furthermore, Altin et al27 examined the bit error probability (BEP) of cooperative SM. Recently,
quadrature SM (QSM) is explored for cooperative DF networks in Afana et al.28 Afana et al29 also considered QSM for
cooperative dual-hop AF relaying systems.

Besides, antenna selection techniques have been studied for SM-based schemes in recent years.30 Euclidean distance
and capacity optimization-based antenna selection algorithms are proposed for point-to-point SM systems in
Rajashekar et al31 and Pillay and Xu.32 Ntontin et al33 investigated the error performance of SSK with antenna subset
selection, while a low-complexity antenna selection method is proposed for SM systems in Ntontin et al.34 Another
antenna selection technique based on IM for SM is proposed in Aydin and Ilhan.35 The outage probability of SM-MIMO
scheme with transmit antenna selection for binary phase shift keying signals is derived over Rayleigh fading channels
in Kumbhani and Kshetrimayum.36 Finally, a cooperative SSK scheme, which employs transmit antenna selection at
ST, is proposed in Yarkin et al. 37
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Against this background, in this paper, we propose a new low-complexity SM-based cooperative relaying scheme
with C-MRC, in which antenna selection is employed at RT. This scheme, which is called as antenna selection-aided
cooperative SM (AS-CSM), exploits the benefits of both cooperative SM with C-MRC and antenna selection techniques.
We use SM in ST for the transmission of source data through antenna indices as well as ordinary M-ary modulation
symbols. Exploiting the feedback of DT, the best antenna based on instantaneous equivalent received SNR is selected at
RT for relaying, while DT uses C-MRC to combine the signals received from ST and RT. The main contributions of this
paper can be summarized as follows:

• This paper explores the application of SM in a C-MRC based cooperative network with RT antenna selection for the
first time in the literature. As a result, a new high-rate DF-based cooperative relaying scheme called AS-CSM with
the best RT antenna selection is proposed.

• A general system model is constructed for any number of antennas at ST, RT, and DT, while only a single RF chain
is required at ST, which remarkably reduces its cost.

• Exact closed-form expressions for BEP of the considered DF-based AS-CSM scheme are derived in the presence of
C-MRC technique with low-complexity over independent but nonidentically distributed (i.n.d.) Rayleigh fading
channels. According to the computer simulations, the proposed AS-CSM scheme has significant performance
advantages over point-to-point SM due to cooperative diversity advantages.

The remaining of the paper is organized as follows: In Section 2, we introduce the general AS-CSM scheme. In
Section 3, the performance analyses for the BEP of AS-CSM scheme are provided. Simulation results and performance
comparisons are given in Section 4. Finally, Section 5 concludes the paper.

Notation: The following notation is used throughout this paper. (i) Bold lower/upper case symbols represent
vectors/matrices; (ii) (�)H, (�)T, �k kF , �j j , and E[�] denote Hermitian, transpose, Frobenius norm, Euclidean norm, and
expectation operators, respectively, ℜ(.) and ℑ(.) are the real and imaginary parts of a complex-valued quantity; (iii) �

�
� �

denotes the binomial coefficient.

2 | SYSTEM MODEL

In this section, we generalize the SM scheme for a cooperative relaying network by using antenna selection technique
at RT to cope with several problems that are explained in the previous section for classical MIMO and cooperative
relaying networks.

2.1 | AS-CSM system design and relaying protocol

In this section, we introduce the AS-CSM scheme and represent the designed relaying protocol. We particularly benefit
from a combination of two models: SM-based source model and antenna selection-based relay model. Figure 1 shows
the block diagram of AS-CSM in which we consider a two-phase DF relaying cooperative communication system,
which consists of one source with NS antennas, one relay with NR antennas and one destination with ND antennas.
We assume that each terminal operates in a half-duplex mode, that is, a node cannot transmit and receive simulta-
neously, and time division multiple access protocol38 is considered. Every fading coefficient between terminals is fixed
within the coherence time interval and each coefficient experiences slow, flat, i.n.d. Rayleigh fading and CSI is known
by DT. We also assume that M-QAM is used during signaling.

In the AS-CSM scheme, first, the pilot symbols are transmitted from ST to all available antennas of RT, DT as well
as from RT to DT in order to determine CSI that will be used to determine the best antenna of RT and DT for relaying.
Afterwards, the instantaneous equivalent SNRs for each antenna of RT are obtained at DT. After selecting the best
antenna of RF based on the largest of the received instantaneous equivalent SNRs, DT feeds back index of the best
antenna of RT to be used at each frame for relaying by a feedback channel illustrated by the dashed line given in
Figure 1. After obtaining the best antenna information of RT, transmission protocol starts. The transmission protocol is
divided into two main phases.

In the first phase, ST transmits spatially modulated symbol from its active antenna to RT and DT. In this phase,
first, the active antenna index ℓ at ST is estimated by DT, and then, this information of ℓ̂ is transmitted to RT by a
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feedback channel illustrated by the dashed line shown in Figure 1. Here, the reason why we send the active antenna
index from the feedback channel is that SM cannot be used at RT. According to AS-CSM scheme RT transmits only the
source's data symbol to DT. Since the symbol transmitted by RT does not contain the index information about the ST's
active antenna, the active antenna index of ST is transmitted to RT in order to decrease the complexity of detection at
RT side.

In order to obtain the spatially modulated symbol, the information bit stream b, which is an (1 × K) binary
information vector that will be transmitted through AS-CSM scheme, of ST is divided into two sets as follows:
active antenna index-bits and M-ary signal constellation-bits. In the first stage, b is converted into a matrix of size
~m× K= ~mð Þ shown in Figure 1, where ~m is the total number of bits for each symbol. Since the channel is assumed to be
flat throughout one frame with K bits, the channel will remain constant during ðK= ~mÞ time slots. Next, each row
vector with dimension ð1× ~mÞ is further split into subvectors with log2ðN SÞ and log2ðMÞ bits. The bits in the first sub-
vector are used for activating a unique antenna for transmission. The remaining bits in the second subvector are
mapped to an M-QAM symbol s. Note that the antenna activation process can be described by the NS -dimensional

standard basis vector uℓ 1⩽ ℓ⩽ NSð Þ e:g:,u2 = 0,1,0,…,0½ �T
� �

. Finally, the transmitted symbol vector xℓn comprised

the symbol sℓn , where n= 0, 1, 2,…M− 1, emitted from the activated antenna ℓ. The modulated symbol can be formu-

lated as xℓn = sℓnuℓ 2CNS × 1,13 where C denotes the field of complex numbers.

On the other hand, in the second phase, RT transmits the estimated symbol from its best antenna to the best
antenna of DT.

2.2 | ML detector for AS-CSM system

In this section, the coherent ML detection for the AS-CSM scheme is formulated, and ML detector is used at both RT
and DT.

2.2.1 | ML-based relaying model

The corresponding vector-based noisy signals received at DT and RT are given respectively by

ySD =
ffiffiffiffiffiffi
ES

p
HSDxℓn +nSD, ð1Þ

ySR =
ffiffiffiffiffiffi
ES

p
HSRxℓn +nSR, ð2Þ

FIGURE 1 System model of the AS-CSM scheme
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where ySD = ½ySD1
,ySD2

,…,ySDND
�T , ySR = ½ySR1

,ySR2
,…,ySRNR

�T and ES is the average transmitted energy per symbol.

HSD and HSR are the channel matrices with dimensions ðND ×NSÞ and ðNR ×NSÞ , whose elements are
complex Gaussian random variables with zero means and variances of σ2SDi

and σ2SDj
, respectively. Furthermore, nSD

and nSR are the AWGN components with zero mean and N0 variance. The instantaneous SNRs in the links ST!DT

and ST!RT from the activated antenna can be written as γℓSDi
=ESjhℓSDi

j2=N0 and γℓSRj
=ESjhℓSRj

j2=N0 , respectively,

where i=1,2, …, ND and j=1,2, …, NR . h
ℓ
SDi

and hℓSRj
denote the ith and jth element of the ℓth column of HSD and

HSR , respectively. The average SNR values are given as �γSDi
= ðESμSDi

Þ=N0 and �γSRj
= ðESμSRj

Þ=N0 , where

μSDi
=E jhℓSDi

j2
h i

and μSRj
=E jhℓSRj

j2
h i

. During the transmitting process, symbol blocks with ðK= ~mÞ length are succes-

sively transmitted.

After determining the best antenna of RT by means of the feedback received from DT, RT detects and decodes only
one symbol, which is transmitted by the ℓ̂ th active antenna of ST, by performing coherent ML detection. Thus, the
complexities of RT and DT are reduced significantly. The ML decoded signal at RT can be written as

ŝℓ̂SR =arg min
sℓ̂n2fsℓ̂1 ,sℓ̂2 ,…,sℓ̂M−1g

~yℓ̂SR−
ffiffiffiffiffiffi
ES

p
~hSRs

ℓ̂
n

��� ���2� 	
, ð3Þ

where ~yℓ̂SR and ~hSR denote the signal received at the best antenna of RT from the estimated ℓ̂ th active antenna of ST,
and ST!RT channel coefficient of the best equivalent ST!RT!DT link, respectively. In (4), the estimated symbol ŝℓ̂SR
is transmitted from the best antenna of RT to the best antenna of DT. The signal received at the best antenna of DT is
given by

~yRD =
ffiffiffiffiffiffi
ER

p
~hRDŝℓ̂SR + ~nRD, ð4Þ

where ~yRD , ~hRD and ~nRD denote the signal received at DT from best antenna of RT, and RT!DT channel coefficient
and the noise term of the best equivalent ST!RT!DT link, respectively.

2.2.2 | ML-based destination model

We describe the ML-based destination model that estimates information symbols of ST by using C-MRC technique.
After estimating the active antenna index of ST, which will be discussed in Section 3, the noisy signals
received from both the active antenna of ST and the best antenna of RT can be combined at the best antenna of
DT by using C-MRC technique as shown in Figure 1, and then, ML detector of AS-CSM scheme can be
formulated as

ŝD =arg min
s2fs1,s2,…,sM−1g

wSD~y
ℓ̂
SD +wRD~yRD

� �
− wSD

ffiffiffiffiffiffi
ES

p
hℓ̂SD +wRD

ffiffiffiffiffiffi
ER

p
~hRD

� �
s

��� ���2� 	
, ð5Þ

where ~ySD denote the best received signal of the ST!DT link and the weighting factors for C-MRC are chosen as
wSD = ð~hℓSDÞ

∗
and wRD = ð~hRDÞ

∗
~γeq=~γRD. Here ~γeq denotes the best equivalent SNR in the ST!RT!DT link and will be

described in detail in the next section. By using the estimated active antenna index information of ST, spatial demodula-
tion is performed at DT, and the estimated information bit stream of ST b̂ is obtained by using the final matrix to vector
conversion as depicted in Figure 1.

3 | BEP ANALYSIS OF THE PROPOSED AS-CSM SCHEME

In this section, first, we obtain the total error probability of the AS-CSM scheme at DT, then, the analytical error
calculation of the transmit antenna index estimation process and ML symbol detection of the transmitted symbols are
performed. Finally, we derive a closed form expression for the BEP performance of the proposed AS-CSM scheme.
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3.1 | Total error probability of the proposed AS-CSM scheme

Computation of the analytical BEP performance of the AS-CSM scheme requires four estimation processes. These steps
are given as follows:

Step 1. The active antenna index of ST should be estimated by DT.
Step 2. The best antenna of RT in terms of the link SNRs is determined by DT.
Step 3. Information obtained at steps 1 and 2 are both transmitted from DT to RT via a reliable feedback channel illus-

trated by the dashed line as shown in Figure 1.
Step 4. DT combines the received signals of ST and RT by using C-MRC technique and estimates the symbol transmit-

ted. Afterwards, by using both estimated active antenna index number and symbol information, the transmitted
bit streams are constructed at DT by using the SM demapping table.

In the AS-CSM scheme, the transmitted bits are correctly recovered only if it estimates both the active antenna
index of ST and the transmitted symbol correctly. In this case, the probability of correct estimation of information bits
Pc can be written as

Pc = 1−Pindð Þ 1−Pεð Þ, ð6Þ

where Pind denotes the probability that estimation of the active antenna index of ST is incorrect, and Pε expresses the
probability that estimation of the transmitted bits is incorrect. Then, the total error probability ð1−PcÞ of the proposed
AS-CSM scheme at the destination can be written as

Pe =Pind +Pε−PindPε: ð7Þ

Note that, when Pind is zero, i.e., there is only a single transmit antenna of ST, the overall error probability of the
system is reduced to Pε. Thus, Pε (without SM) is an upper bound of BER for the performance of the proposed AS-CSM
scheme.

3.2 | BEP analysis of the active antenna index estimation

In this section, error probability of the active antenna index estimation process (Pind ) will be calculated. The modified
decision rule of estimation of the active antenna index at DT can be written as follows39:

Θℓ =
hH
SDℓ

ySD
hSDℓk kF

, ℓ=1,2,…,NS , ð8Þ

where hSDℓ is the ℓth column of HSD . The active antenna index of ST is estimated by the vector Θ= ½Θ1,Θ2,…,ΘNS �
T

whose index or position of the maximum absolute value corresponds to the active antenna. Then, the active antenna
index is estimated by

ℓ̂=argmin
ℓ

fjΘℓjg, ℓ2f1,2,…,N Sg ð9Þ

where ℓ̂ represents the estimated active antenna index.
The BEP of the active antenna index detection can be derived by using the same approach as in Jeganathan et al.40

The union-bound formula of the average BEP of the active antenna index number is given by41

Pind ⩽Eℓ
P
ℓ̂

N ℓ, ℓ̂
� �

P xℓn ! xℓ̂n
� �" #

=
XNS

ℓ=1

XM
n=1

XNS

ℓ̂=1

N ℓ, ℓ̂
� �

Pr xℓn ! xℓ̂n
� �

NSM
,

ð10Þ
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where N ℓ, ℓ̂
� �

denotes the number of bits in error between the active antenna index ℓ and the estimated active antenna
index ℓ̂ and P xℓn ! xℓ̂n

� �
is the pairwise error probability (PEP) of selecting signal vector xℓ̂n given that xℓn is

transmitted.
The PEP conditioned on channel matrix H can be expressed as39

P xℓn ! xℓ̂n
��H� �

=P ySD−
ffiffiffiffiffiffi
ES

p
hℓ̂xn



 


F < ySD−

ffiffiffiffiffiffi
ES

p
hℓxn



 


F

��H� �

=Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ES

2
hℓxn−hℓ̂xn
� �

 

2

F

r !

=
X2NS

k=1

α2k,

ð11Þ

where αk �Nð0,σ2αÞ with σ2α =
ES
2 xnj j2.

After some mathematical operations, unconditional BEP is obtained by the following final expression39:

P xℓn ! xℓ̂n
� �

=ANS
α

XNS−1

v=0

NS−1+ v
v

� �
1−Aα½ �v, ð12Þ

where Aα = 1
2 1−

ffiffiffiffiffiffiffiffiffi
σ2α

1+ σ2α

q� �
.

Finally, substituting (12) into (10), BEP of the active antenna index detection is bounded by

Pind ≤
XNS

ℓ=1

XM
n=1

XNS

ℓ̂=1

N ℓ, ℓ̂
� �

ANS
α

XNS−1

v=0
N −1+ v

v

� �
1−Aα½ �v

NSM
: ð13Þ

3.3 | Analytical BEP of AS-CSM scheme for M-QAM signal

In this section, analytical BEP calculation of the proposed AS-CSM scheme for M-QAM signaling is presented. Consid-
ering the theorem on total probability, the average BEP at DT can be formulated as a weighted sum of BEP for C-MRC
corresponding to each set of decoding antennas χset. The number of antennas at RT in the decoding set χset is a random
variable n with n2 1,2,…,NRf g, since χset is a random set. Therefore, for each n, there are NR

n

� �
possible subsets with

size of n. Thus, the exact average BEP expression at DT can be written over all antennas of RT and DT as follows:

Pε =P χset = ∅f gð Þ�Bχ χset = ∅f gð Þ

+
XNR

i1 = 1

P χset = T i1f gð Þ�Bχ χset = T i1f gð Þ

+
XNR

i1<i2
i1, i2 = 1

P χset = T i1 ,T i2f gð Þ�Bχ χset = T i1 ,T i2f gð Þ+…

+
XNR

i1<…<in
i1,…, i2 =n

P χset = T i1 ,…,T inf gð Þ�Bχ χset = T i1 ,…,T inf gð Þ

+…

+
XNR

i1<i2<…<iNR

i1, i2,…, iNR
=1

P χset = T i1 ,…,T iNR

n o� �
�Bχ χset = T i1 ,…,T iNR

n o� �
,

ð14Þ

where P χset = fT i1 ,…,T ingð Þ represents the probability of decoding set χset whose cardinality equals to n, P χset = ∅f gð Þ
and �Bχ χset = ∅f gð Þ describes the probability and average BEP expression in ST!DT link, respectively.
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�Bχ χset = fT i1 ,…,T ingð Þ expresses the average BEP conditioned on the decoding set χset for the combined signal obtained
by using C-MRC. The probability of decoding set can be represented by

P χsetð Þ=
Y

T j2χset

1−�ϵT j

� �0
@

1
A Y

T j=2χset

�ϵT j

0
@

1
A, j=1,2,…,NR, ð15Þ

where �ϵT j denotes the average symbol error probability (SEP) of M-ary square QAM modulated symbols at the jth
antenna of RT and will be explained in detail in subsection-part 3. For example, if RT has two antennas, (14) can be
rewritten as follows:

�Pϵ = �ϵT 1�ϵT 2
�Bχ χset = f∅gð Þ+ 1−�ϵT 1ð Þ�ϵT 2 × �Bχ χset = fT 1gð Þ�ϵT 1 1−�ϵT 2ð Þ�Bχ χset = fT 2gð Þ

+ 1−�ϵT 1ð Þ 1−�ϵT 2ð Þ�Bχ χset = fT 1,T 2gð Þ:

The average BEP �BχðeÞ
� �

of M-QAM in slow Rayleigh fading channels is formulated by averaging the error rate in the
presence of AWGN channel over the pdf of SNR in Rayleigh fading as follows:

�BχðeÞ= ð

∞

0

�Bχ ejγð Þf γðγÞdγ, ð16Þ

where �Bχ ejγð Þ and fγ(γ) represent the BEP conditioned on γ and the end-to-end pdf at DT after the C-MRC combiner,
respectively. In the following, derivations for pdf of γ, that is, fγ(γ) and then conditional BEP �Bχ ejγð Þ and the average
BEP �BχðeÞ of the proposed AS-CSM scheme are presented, respectively.

3.3.1 | End-to-end PDF after C-MRC combiner

Under the policy of AS-CSM scheme, C-MRC type receiver combines the best equivalent STℓ̂ ! RT!DT link SNR ðγ∗1Þ
with the best STℓ̂ ! DT link SNR ðγ∗2Þ. Therefore, the combined SNR at DT can be written as γ= γ∗1 + γ∗2 . The pdf of γ
can be obtained after convolution of f γ∗1ðγÞ with f γ∗2ðγÞ, that is, by assuming the independence of γ∗1 with γ∗2:

f γðγÞ= ð

γ

0

f γ∗1 ðτÞf γ∗2 γ−τð Þdτ, ð17Þ

In the following, first, the equivalent pdf of γ∗1 is obtained and, then, the pdf of γ∗2 is defined. Finally, the convolution
expression in (17) is calculated. The best instantaneous equivalent SNR ðγ∗1Þ can be defined as

γ∗1 =max γeq,1,γeq,2,…,γeq,NR ×ND

n o
, ð18Þ

where γeq,j is the equivalent SNR per bit for jth channel of the relaying links,42 and it is calculated as

γeq,j =
1
ψ Q−1 Pb

eq,j γSRj
,γRjD

� �h in o2
, where ψ is a constant depending on underling constellation; for example, ψ = 4 for

4-QAM, and QðtÞ= Ð∞t 1ffiffiffiffi
2π

p eð−z2=2Þdz , and Pb
eq,j γSRj

,γRjD

� �
is the end-to-end BEP of ST!RTj!DT link for any type of

modulation and it is defined as

Pb
eq,j γSRj

,γRjD

� �
= 1−Pb

SRj
γSRj

� �h i
Pb

RjD γRjD

� �
+ 1−Pb

RjD γRjD

� �h i
Pb

SRj
γSRj

� �
, ð19Þ
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where Pb
SRj

ðγSRj
Þ=2pQ

ffiffiffiffiffiffiffiffiffiffiffi
qγSRj

p� �
−2p2Q2 ffiffiffiffiffiffiffiffiffiffiffi

qγSRj

p� �
and Pb

RjDðγRjDÞ=2pQ
ffiffiffiffiffiffiffiffiffiffiffiffi
qγRjD

p� �
−2p2Q2 ffiffiffiffiffiffiffiffiffiffiffi

qγRjD
p� �

with

p=2 1− 1ffiffiffiffi
M

p
� �

and q= 3log2M
ðM−1Þ

41 are the of instantaneous BEPs of the ST!RT link and the RT!DT link, respectively. If

these links are independently faded; then, CDF of instantaneous equivalent SNR can be written as

Fγ∗1
ðγÞ =P γeq,1⩽γ,…,γeq,NR ×ND⩽γ

h i

=
YNR ×ND

j=1

Feq,jðγÞ,
ð20Þ

where Feq,j(γ) represents the CDF of γeq,j. When the strongest diversity branch is selected from a total NR ×ND avail-
able i.n.d. diversity branches to decide the best antenna by DT, the joint pdf of γ∗1 can be derived by differentiating (20)
as follows:

f γ∗1 ðγÞ =
∂

∂γ

YNR ×ND

j=1

Feq,jðγÞ
 !

=
XNR ×ND

j=1

f eq,jðγÞ
YNR ×ND

m=1,m≠j

P γm⩽γð Þ,
ð21Þ

where for Rayleigh fading channel case, with the help of Wang et al,42 we can write the pdf of equivalent SNR feq,j(γ)
and P γm⩽γð Þ, respectively, as follows:

f eq,jðγÞ≈f γmin,j
γmin,j

� �
=

1
�γmin,j

e
γmin,j
�γmin,j

� �
, ð22aÞ

P γm⩽γð Þ=1−e
− γ

�γj

� �
: ð22bÞ

Finally, substituting (22a) and (22b) into (21), the selected pdf of γ∗1 is calculated as

f γ∗1 ðγÞ =
XNR ×ND

j=1

1
�γmin,j

e
− γ

�γmin,j

� � YNR ×ND

m≠j
m=1

1−e
− γ

�γmin,m

� � !

=
XNR ×ND

j=1

ð−1Þj−1
XNR ×ND

i1<i2<…<ij
i1, i2,…, ij =1

Xj
m=1

�γimin,im

� �−1
e
−
Xj
m=1

�γimin,im

� �−1
γ

 !8>>><
>>>:

9>>>=
>>>;

2
6664

3
7775

=
XNR ×ND

j=1

ð−1Þðj−1Þ XNR ×ND

i1<i2<…<ij
i1, i2,…, ij =1

W je
−γW j

2
664

3
775,

ð23Þ

where to simplify the representation of (23) W j is defined as W j≜
Xj
m=1

1
�γmin,im

� �
.

The best instantaneous SNR ðγ∗2Þ of the STℓ̂ ! DT link can be written in a similar manner of γ∗1 as

γ∗2 =max γ1,γ2,…,γND


 �
. As in (21), the joint pdf of γ∗2 is given by f γ∗2 ðγÞ=

XND

i=1

f iðγÞ
YND

m=1,m≠i
P γm⩽γð Þ, where the pdf of

γi follows the Rayleigh distribution and defined as f iðγÞ= 1
�γi
e γ=�γið Þ . By performing similar operations used in f γ∗1 ðγÞ, the

selected pdf of γ∗2 can be written as follows:

f γ∗2 ðγÞ=
XND

i=1

ð−1Þði−1Þ XND

i1<i2<…<ii
i1, i2,…, ii =1

U ie
ð−γU iÞ

2
64

3
75, ð24Þ
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where U i≜
Xi
m=1

1
�γim

� �
. Substituting (23) and (24) into (17), the combined pdf of SNR after C-MRC combiner can be

finally calculated as follows:

f γðγÞ=
XNR ×ND

j=1

ð−1Þðj−1Þ XNR ×ND

i1<i2<…<ij
i1, i2,…, ij =1

XND

i=1

ð−1Þði−1Þ XND

i1<i2<…<ii
i1, i2,…, ii =1

W jU i ð

γ

0

e−τWj e− γ−τð ÞU i dτ

2
64

3
75: ð25Þ

The integral in (25) is calculated after some tedious manipulations as follows:

Δ W j,U i
� �

≜W jU i ð

γ

0

e−τW j e− γ−τð ÞU idτ

=

W jU i

W j−U i
e−γW j −e−γU i
� �

, if W j≠U i

W jU iγe−γW j , if W j =U i:

8><
>:

ð26Þ

The pdf obtained in (25) represents the pdf of end-to-end SNR of AS-CSM scheme, and it can be employed for
deriving the expression for M-ary BEP calculation.

3.3.2 | Average BEP analysis of the proposed AS-CSM scheme for M-QAM signal

Using (16), the average BEP of M-QAM signaling is formulated by averaging the error rate in presence of AWGN
channel over the pdf of SNR in Rayleigh fading as �BχðeÞ= Ð∞0 �Bχ ejγð Þf γðγÞdγ, where the BEP conditioned on γ for square
M-QAM, where M= 4m with m= 1, 2,…, in the AWGN channel is given in Cho and Yoon43 as

�Bχ ejγð Þ=Z
Xlog2 ffiffiffiffiMp

d=1

X1−2−dð Þ ffiffiffiffiMp
−1

t=0

Gd
t erfc

ffiffiffiffiffiffiffiffi
Ktγ

p� �
, ð27Þ

where Z = 1ffiffiffiffi
M

p
log2

ffiffiffiffi
M

p , Gd
t = ð−1Þb

t × 2d−1ffiffiffi
M

p c × 2d−1−bt × 2d−1ffiffiffiffi
M

p + 1
2c

� �
and Kt =

sð2t+1Þ23log2M
2ðM−1Þ , where bνc represents the largest

integer to ν, and erfc(.) is the complimentary error function and denoted as erfcðxÞ= 2
π Ðπ=20 e

−x2

2sin2θ

� �
dθ . For AS-CSM

scheme with i.n.d. Rayleigh channel, using (25) and (27), the final form of average BEP expression can be derived by
interchanging the order of integration and some tedious manipulations as follws in case of W j =U i and W j≠U i:

�BχðeÞ =Z
Xlog2 ffiffiffiffiMp

d=1

Xð1−2−dÞ
ffiffiffiffi
M

p
−1

t=0

Gd
t

XNR ×ND

j=1

ð−1Þðj−1Þ XNR ×ND

i1<i2<…<ij
i1, i2,…, ij =1

XND

i=1

ð−1Þði−1Þ XND

i1<i2<…<ii
i1, i2,…, ii =1 ð

∞

0

erfc
ffiffiffiffiffiffiffiffi
Ktγ

p� �
Δ W j,U i
� �2

64
3
75dγ

8>><
>>:

9>>=
>>;

=Z
Xlog2 ffiffiffiffiMp

d=1

Xð1−2−dÞ
ffiffiffiffi
M

p
−1

t=0

Gd
t

XNR ×ND

j=1

ð−1Þðj−1Þ XNR ×ND

i1<i2<…<ij
i1, i2,…, ij =1

XND

i=1

ð−1Þði−1Þ XND

i1<i2<…<ii
i1, i2,…, ii =1

2
64

8>><
>>:

×

1
W j−U i

W j 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KtW −1

j

1+KtW −1
j

s !
−U i 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KtW−1

j

1+KtW−1
j

vuut
0
@

1
A

2
4

3
5, if W j≠U i

U iW j 2−3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiK
Kt +U i

q� �
−2KtW j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kt

Kt +U i

r
−1

� �
2 U i Kt +U ið Þ , if W j =U i:

8>>>>>>>><
>>>>>>>>:

ð28Þ

10 of 18 AYDIN ET AL.



3.3.3 | Average SEP (�ϵ) analysis of ST!RT link for M-QAM signal

The average SEP �ϵ of ST!RT link can be calculated as in (16) as follows:

�ϵT jðeÞ= ð

∞

0

�ϵ ejγð Þf γðγÞdγ, ð29Þ

where �ϵðejγÞ=2pQ
ffiffiffiffiffi
qγ

p� �
−2p2Q2 ffiffiffiffiffi

qγ
p� �

and f γðγÞ= 1
�γj
e−γ=�γj for i.n.d. Rayleigh fading case. Therefore, the average SEP �ϵ

can be derived as follows:

�ϵT jðeÞ = ð

∞

0

2pQ
ffiffiffiffiffi
qγ

p� �
−2p2Q2 ffiffiffiffiffi

qγ
p� �� � 1

�γj
e
− γ

�γj dγ

=
2p
�γj

1
π ð

π=2

0

2sin2θ

q�γj +2sin2θ
dθ−

p2

�γj

1
π ð

π=4

0

2sin2θ

q�γj +2sin2θ
dθ

=
p
�γj

1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q�γj

2+ q�γj

s !
−
p2

�γj

1
4

1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q�γj

2+ q�γj

s
4
π
tan−1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2+ q�γj
q�γj

s !" #
:

ð30Þ

Finally, substituting (30), (28), (16), (14), and (13) into (7), we obtain average BEP expression of AS-CSM with
C-MRC.

3.4 | Complexity and optimality analysis of AS-CSM system

We can express the total complexity of the AS-CSM system (OAS-CSM) as follows:

OAS-CSM =ORT +ODT, ð31Þ

where ORT refers to the complexity of RT; on the other hand, ODT refers to the complexity at DT. Considering (3), it
seems that only the best antenna is active in RT since DT gives the best antenna information with feedback. Hence, the
complexity of the ML detector in RT can be expressed in real-valued multiplications (RVMs) type as follows:

ORT = 6M: ð32Þ

In (3), the product of ~hSRsℓ̂n takes 4 RVMs, while ~yℓ̂SR−
ffiffiffiffiffiffi
ES

p ~hSRsℓ̂n

��� ���2 = ℜ ~yℓ̂SR−
ffiffiffiffiffiffi
ES

p ~hSRsℓ̂n
� �h i2

+ ℑ ~yℓ̂SR−
ffiffiffiffiffiffi
ES

p ~hSRsℓ̂n
� �h i2

expression takes place with two RVMs. Therefore, a total of 6 RVMs are required for a single

symbol. For the possible M symbol, the complexity of RT will be 6M RVMs. If the best antenna of RT is not selected for
relaying, the RVMs expression would be ORT = 6NR for the single symbol; on the other hand, the total complexity
would be 6MNR. As seen here, the complexity of RT is significantly reduced.

On the other hand, we can express the complexity of DT as follows:

ODT =Oind +OC-MRC, ð33Þ

where Oind refers to the complexity resulting from Equations (8) and (9) to obtain the active antenna index
of ST. OC-MRC refers to the detection complexity of the symbol transmitted using the C-MRC technique on the

DT presented in the (5). Considering the (8) and (9), the computational complexity of the ℓ̂

ℓ̂=argminℓ jΘℓj

 �

, hereΘℓ =
hH
SDℓ

ySD
hSDℓk kF

,ℓ2f1,2,…,NSg
� �

expressed as Oind can be obtained step by step as follows:
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1. hH
SDℓ

ySD takes 4ND RVMs,

2. hH
SDℓ

ySD
�� �� takes 2 RVMs,

3. hSDℓk kF takes 2ND RVMs,

4. The division
hH
SDℓ

ySD
hSDℓk kF

takes 1 RVMs.

As a result, Oind can be written as follows:

Oind = ð6ND +3ÞN S : ð34Þ

Finally, for (5), OC-MRC is obtained step by step as follows:

1. wSD~y
ℓ̂
SD takes 4 RVMs,

2. wRD~yRD takes 4 RVMs,

3. wSD
ffiffiffiffiffiffi
ES

p
hℓ̂SD +wRD

ffiffiffiffiffiffi
ER

p ~hRD
� �

s takes 16 RVMs,

4. j.j2 takes 2 RVMs.

Considering the above products, OC-MRC can be written as follows:

OC-MRC = 18M +8: ð35Þ

Note that the product wSD~y
ℓ̂
SD and wRD~yRD are calculated only once since it is independent of s. Also, since only

one receiver antenna is active in DT, the complexity analysis is not multiplied by ND . This significantly reduces the
complexity of DT.

As a result, the overall complexity of the AS-CSM system can be expressed final form as follows:

OAS-CSM = ð6ND +3ÞN S +24M +8: ð36Þ

The C-MRC based combining method used in DT is not as optimal as ML detector. However, it gives a near-optimal
result.42 On the other hand, ML detector is performed for data detection in RT. However, ML detector uses ℓ̂ in the
decision rule while decoding the data. ℓ̂ is obtained with a near-optimal estimate. Therefore, the symbol decoded in RT
is obtained with near-optimal accuracy. As a result, the estimated data decoded from the symbols and indices is
obtained with a near-optimal accuracy in DT.

4 | SIMULATION RESULTS

In this section, we present simulation results for DF based AS-CSM system with different numbers of antennas
ðN S , NR, NDÞ for the source, relay and destination terminals and make comparisons with AS-CSM with traditional
MRC combining technique. Furthermore, SNR-based antenna selection cooperative MIMO (AS-Coop MIMO)
relaying system curves (without SM) with C-MRC and MRC are given and depicted in some figures for comparison.
The end-to-end BER performance of the proposed system is evaluated by Monte-Carlo simulation for M-QAM over
both independent and identically distributed (from Figures 2 to 5) and independent and nonidentically distributed
(Figures 6 and 7) Rayleigh fading channels. The SNR term given in the figures is SNRdB =10log10 Es=N0ð Þ, where Es is
the transmitted symbol energy of the signal and all performance comparisons are made at a BER of 10−5 values.

From Figures 2 to 5, it has been assumed that μSDi
= μSRj

= μRjDi
= μ and ES =ER =Es , where i=1,2,…,ND and

j=1,2,…,NR . It has been also assumed that every fading coefficient of the channel between nodes is fixed within
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coherence time interval and experiences slow and flat fading. The simulation results are obtained for 4-QAM, 8-QAM,
16-QAM, 64-QAM, and 256-QAM modulations.

We first present the theoretical and simulation BER performance curves of the proposed AS-CSM scheme with
C-MRC at 4 bits/s/Hz for 4-QAM with NS =4 in Figure 2 when the number of relay and destination antennas are
NR =2,4 and ND =2,4, respectively. It can be seen from this figure that the derived theoretical results become very
tight to simulation results with increasing the number antennas of RT and DT as well as SNR values for all cases.

In Figure 3, BER performance curves of AS-CSM with NS =2, 4-QAM and AS-Coop MIMO with NS =1, 8-QAM
and 4-QAM are presented when NR =2 (dashed line), NR =4 (solid line) and ND =4. In AS-CSM, the transmission

FIGURE 2 Theoretical and

simulation BER performance curves of

AS-CSM scheme at 4 bits/s/Hz for

4-QAM constellation with NS =4

FIGURE 3 BER performance at

2 and 3 bits/s/Hz for AS-CSM and AS-

Coop MIMO schemes using C-MRC and

MRC when ND =4
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rate is ~m= log2NS + log2M =3 bits/s/Hz. As a reference, BER performance curves of AS-CSM and AS-Coop MIMO
schemes with C-MRC are also compared with traditional MRC combining technique and depicted in the same figure.
When the number of antennas of ST increases from NS =1 to NS =2 , the bit-based achievable throughput of the
AS-CSM scheme increases from 2 to 3 bits/s/Hz. The results obtained clearly show that when number of antennas of
RT increases, where only the best one is active during the entire transmission period, the proposed method
approximates successfully the BER results obtained with AS-Coop MIMO at 2 bits/s/Hz ðM =4,NS =1Þ as shown in
Figure 3. SNR differences between the proposed AS-CSM scheme with C-MRC and AS-Coop MIMO with C-MRC at 3

FIGURE 4 BER performance of

AS-CSM scheme with C-MRC and MRC

at 4, 6, and 8 bits/s/Hz for 4-QAM,

16-QAM, 64-QAM modulation with

NS =NR =ND =4

FIGURE 5 BER performance of

AS-Coop MIMO scheme with C-MRC

and MRC at 4, 6, and 8 bits/s/Hz for

16-QAM, 64-QAM, 256-QAM

modulation with NS =1,NR =ND =4
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bits/s/Hz are 3.5 and 4 dB when NR =2,4, respectively. It is seen from this figure that AS-CSM with MRC provides
SNR gains of 4 dB over AS-Coop MIMO with MRC when NR =4. We also observe that AS-Coop MIMO with C-MRC at
2 bits/s/Hz provides SNR gains of 0.8 and 0.4 dB over AS-CSM with C-MRC at 3 bits/s/Hz when NR =2,4.

FIGURE 6 BER performance of

AS-CSM scheme with C-MRC at 4 and

6 bits/s/Hz with NS =NR =ND =4,

4-QAM and 16-QAM over

i.n.d. Rayleigh fading channels

FIGURE 7 BER performance of AS-CSM scheme with C-MRC at 3 and 4 bits/s/Hz with NR =ND =2 and 4-QAM over i.n.d. Rayleigh

fading channels
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In Figure 4 with NS =4 and Figure 5 with NS =1, the average BER curves of the AS-CSM scheme with C-MRC
and MRC for 4-QAM, 16-QAM, 64-QAM and AS-Coop MIMO with C-MRC and MRC for 16-QAM, 64-QAM and
256-QAM are depicted for 4, 6, and 8 bits/s/Hz when NR =ND =4, respectively. We can see from Figure 4 that the
bit-based achievable throughput of the proposed system increases from 2 to 4 bits/s/Hz, 4 to 6 bits/s/Hz, and 6 to 8
bits/s/Hz when the number of antennas of ST increases from NS =2 to NS =4 according to AS-Coop MIMO system,
respectively. For BER results with C-MRC given in Figures 4 and 5, SNR differences between AS-CSM and AS-Coop
MIMO at 4, 6, and 8 bits/s/Hz are 3, 5.35, and 8 dB.

The comparisons of throughput for bits/s/Hz according to some values of M and NS are given in Table 1. The
results obtained from Figures 2 to 5 and Table 1 clearly show that when the number of antennas NS of ST and the
value of M increase, the proposed method significantly provides high achievable data rate despite a single active
antenna of ST.

The average BER performance curves of the proposed AS-CSM scheme with C-MRC technique at 4 and 6 bits/s/Hz
over the i.n.d. Rayleigh fading channels in case of NS =NR =NR =4, 4-QAM and 16-QAM are shown in Figure 6. In
this figure, corresponding to the i.n.d. channel parameters from the active antenna of ST to DT and RT as well as the
best antenna of RT to DT are chosen as μSℓD = ½1:2 0:8 1:4 0:6�T , μSℓR = ½1:3 0:7 1:5 0:5�T and μR∗D = ½1:1 0:8 1:4 0:7�T ,
respectively. In Figure 7A, with NS =2, 4, NR = ND =2, 4-QAM at 3 and 4 bits/s/Hz, the results, where corresponding
to the i.n.d. channel parameters are chosen as μSℓD = ½0:6 1:4�T , μSℓR = ½0:6 1:4�T and μR∗D = ½0:8 1:2�T , respectively, are
shown. If values of μ for both the active antenna of ST and the best antenna of RT are chosen better than other inactive
antennas of ST and RT terminals by arranging the power of ST!DT, ST!RT and RT!DT links, performance of the
proposed AS-CSM scheme increases sufficiently (see Figures 2,3,6, and 7A). In addition, even the total power of
proposed system is reduced, we can still obtain the same BER performance or better than the system which has fixed
power (see Figures 2,3, and 7B). In Figure 7B with 4-QAM at 3 bits/s/Hz, i.n.d. channel parameters are chosen as
μSℓD = ½0:8 1:2�T , μSℓR = ½0:7 1:3�T and μR∗D = ½0:8 1:2�T , respectively. In Figures 6 and 7, the average BER
performance of the AS-CSM system with different power values of ST!DT, ST!RT and RT!DT channels are shown
while other channel power values are fixed.

5 | CONCLUSIONS AND FUTURE WORK

In this study, we have introduced a new high-rate, high spectral efficiency, low power, and low complexity cooperative
relaying technique called AS-CSM by using the C-MRC combining technique. The proposed new relaying scheme con-
sists of the combination of SM at ST and antenna selection technique at RT. A general method has been presented for
construction of the AS-CSM scheme for any number antennas of ST and RT. Exact closed-form BER expression of the
considered system with C-MRC methods over i.n.d and i.i.d. Rayleigh fading channels has been obtained using M-QAM
modulation. We have also made comparisons with AS-CSM with MRC technique as well as SNR-based antenna

TABLE 1 Comparison of throughput with AS-CSM and AS-Coop MIMO

Comparison of Throughput

AS-Coop MIMO, AS-CSM,
bits/s/Hz bits/s/Hz

NS =2 4-QAM 2 3

16-QAM 4 5

64-QAM 6 7

NS =4 4-QAM 2 4

16-QAM 4 6

64-QAM 6 8

NS =16 4-QAM 2 6

16-QAM 4 8

64-QAM 6 10
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selection cooperative MIMO relaying system. It has been shown via theoretical BER analysis and also supported by
computer simulations that the AS-CSM scheme offers significant improvements spectral efficiency. On the other hand,
in our proposed scheme, since the number of required RF chains at ST-DT and RT-DT nodes is only two, ICI and neces-
sity for synchronization of all antennas are completely avoided for cooperative relaying networks. Thus, power con-
sumption, complexity and therefore cost have been reduced. We conclude that the AS-CSM scheme can be useful for
high-rate, high spectral efficiency, low power and low complexity emerging wireless cooperative communication
systems.

For future work, we plan to apply the proposed AS-CSM to the QSM technique. We also consider combining the
index modulation technique, which is popular recently, with the proposed technique. Thus, we plan to introduced a
new technique that has faster and better error performance than the proposed technique.
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