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In this paper, we propose an amplify-and-forward multiple-input multiple-output (MIMO) relaying
scheme, which combines space shift keying (SSK) with the best and partial relay selection. In this scheme,
SSK transmission is considered by using the source (S) transmit antennas. Besides the direct link trans-
mission, a relay, which is selected according to the best or partial relay selection techniques, amplifies
the data received from S and forwards it to the destination (D). Theoretical error probability expressions
of the proposed cooperative SSK systems are derived and an asymptotic diversity analysis is also per-
formed to demonstrate the achievable diversity orders of the systems. It is shown that the proposed
SSK systems outperform the conventional cooperative single-input multiple-output (SIMO) systems. It
is also revealed that there is an interesting trade-off between SSK with the best and the partial relay
selection in terms of error performance and complexity as in conventional cooperative SIMO systems.
However, it is shown that the partial relay selection provides an almost identical error performance com-
pared to the best relay selection with a considerably lower complexity when the number of relays is less
than or equal to the number of receive antennas at D in the cooperative SSK system.

� 2017 Elsevier GmbH. All rights reserved.
1. Introduction

During the recent years, multiple-input multiple-output
(MIMO) wireless communication systems have provided high data
rates and improved error performance at the cost of using multiple
radio-frequency (RF) chains at the transmitter. Due to the use of
multiple antennas equipped with multiple RF chains, not only
inter-channel interference (ICI) occurs at the receiver but also
inter-antenna synchronization (IAS) among the transmit antennas
becomes a requirement and the transceiver complexity increases.
In this context, new techniques, namely spatial modulation (SM)
and space shift keying (SSK), provide promising solutions [1–7].
Due to the one-to-one mapping between the information bits
and transmit antenna indices, SM and SSK typically activate only
one transmit antenna. Hence, the ICI is entirely avoided, the
requirement of IAS is eliminated and the transceiver complexity
is reduced considerably in SM and SSK. Compared to SM, SSK fur-
ther decreases the transceiver complexity since mapping of the
information bits to M-ary symbols is not performed [7,8].
Cooperative relaying improves the transmission reliability and
extends the coverage of the wireless networks [9–13]. Further-
more, the fading effect of the wireless channels is mitigated effi-
ciently; as a result, the error performance is improved. However,
orthogonal sub-channel allocation for each of the relaying links
and the synchronization between the relays are required for coop-
erative diversity to be effective [13]. The activation of all available
relays by using orthogonal sub-channels limits the throughput of
the network. Therefore, there is a trade-off between data rate
and the error performance in cooperative networks. In this context,
relay selection, which provides improved error performance com-
pared to single-relay transmission and avoids the reduction in
the spectral efficiency at the same time, can be an efficient solution
[14,15].

Many studies have combined SM and SSK schemes with cooper-
ative networks in recent years. In [16], a new concept of SSK,
namely cooperative space-time shift keying, has been proposed.
In [17], a SSK scheme with dual-hop amplify-and-forward (AF)
relays has been proposed. The error performance of SM with mul-
tiple decode-and-forward (DF) relays and SSK with both AF and DF
relays has been analyzed in [18,19], respectively. Moreover, in [20],
the performance of source transmit antenna selection for SSK with
multiple DF relays is investigated. The outage probability of both
classical SM and cooperative SM systems has been investigated

http://crossmark.crossref.org/dialog/?doi=10.1016/j.aeue.2017.07.008&domain=pdf
http://dx.doi.org/10.1016/j.aeue.2017.07.008
mailto:oztoprako@itu.edu.tr
mailto:yarkinf@itu.edu.tr
mailto:ibraltunbas@itu.edu.tr
mailto:basarer@itu.edu.tr
http://dx.doi.org/10.1016/j.aeue.2017.07.008
http://www.sciencedirect.com/science/journal/14348411
http://www.elsevier.com/locate/aeue


Ö.C. Öztoprak et al. / Int. J. Electron. Commun. (AEÜ) 81 (2017) 74–82 75
in [21]. In [22], a new cooperative spectrum sharing protocol,
which employs SM at the secondary transmitter, has been pro-
posed for overlay cognitive radio networks. A cooperative SSK
scheme with DF relays, which considers the decoding errors at
the relays, has been proposed in [23]. On the other hand, studies
on the SM and SSK schemes with relay selection is considerably
limited. The performance of threshold-based best relay selection
in SSK with DF relaying is reported in [24]. The opportunistic relay
selection in a SSK with AF relaying scheme is reported in [25].
However, in [25], the direct link transmission is not considered
and the number of receive antennas at the destination is restricted
to one.

In this paper, we propose an SSK scheme with cooperative AF
relaying in which two different relay selection methods, namely
the best and the partial relay selection, are performed. Our contri-
butions are summarized as follows. First, a novel cooperative SSK
scheme with the best relay selection is proposed. Our system
model differs as that of [25] in the following aspects: (i) The direct
link transmission is considered; (ii) A new and more general coop-
erative MIMO scheme is proposed for multiple receive antennas.
Second, a partial relay selection-based cooperative SSK scheme is
proposed. To the best of our knowledge, partial relay selection is
applied to an SSK-based cooperative scheme for the first time in
this paper. Finally, we derive the exact bit error rate (BER) of the
proposed system when the source is equipped with two transmit
antennas and provide a sufficiently tight upper-bound on the
BER of the system for 2c transmit antennas, where c > 1 is an arbi-
trary integer, for both relaying strategies. It is shown via computer
simulation results that the proposed SSK systems outperform con-
ventional cooperative single-input multiple-output (SIMO) sys-
tems with relay selection, which employs M-PSK modulation at
the source, in terms of BER performance for especially high data
rates and sufficient number of receive antennas at the destination.
Furthermore, the proposed SSK system completely avoids ICI, elim-
inates the requirement of IAS in a cooperative network with relay
selection and can be implemented with a very simple hardware
that does not require I/Q modulation. Therefore, the use of SSK fur-
ther improves the system performance by decreasing the transcei-
ver complexity compared to conventional systems. Moreover, it
has been shown via extensive computer simulations that our ana-
lytical results are considerably consistent with the simulation
results.

The remainder of this paper is organized as follows. In Section 2,
the considered system model is described. In Section 3, the exact
and upper-bound expressions for the BER of the proposed system
are obtained. In Section 4, diversity orders of the systems are stud-
ied. Comparisons of computer simulations and analytical results
are given in Section 5. Finally, Section 6 concludes the paper.

Notation: Bold capital letters denote matrices, whereas bold
lowercase letters denote vectors. Qð�Þ;Wk;lð�Þ;Kvð�Þ and Wð�Þ
denote the Gaussian Q function [26, (26.2.3)], the Whittaker func-
tion [27, (9.222.2)], the vth order modified Bessel function of the
second kind [27, (8.432.1)] and the Digamma function [26,
(6.3.1)], respectively. Pð�Þ denotes the probability of an event.

ð�ÞH; �j j and j�j jj denote Hermitian transposition, the absolute value
and the Frobenius norm operations, respectively.
2. System model

We consider a cooperative SSK system with a single source (S)
equipped with Ns transmit antennas, N single-antenna AF relays
(R1, R2; . . ., RN) and a destination (D) equipped with Nd receive
antennas as indicated in Fig. 1. The overall transmission consists
of two phases. In the first phase, due to its simplicity, satisfactory
error performance and low complexity, the SSK technique is
applied at S, where an SSK signal is transmitted from S to the relays
and D. In the second phase, the relay, which is selected based on
one of the two selection techniques, namely the best or the partial
relay selection, forwards the received signal to D by following the
AF protocol. The transmission is performed in two orthogonal
channels. D uses the maximum likelihood (ML) detection principle
to determine the index of the activated antenna. Perfect channel
state information at D is assumed to be available. With
k 2 f1;2; . . . ;Ng denoting the index of a relay, we define the vector

of channel coefficients between S and Rk, and Rk and D as hSRk and

hRkD, whose dimensions are given as 1� Ns and Nd � 1, respec-
tively. Since we define the index of the selected relay as q, the vec-
tor of channel coefficients between the selected relay Rq and D is

represented as hRq�D (see Fig. 1). On the other hand, the matrix
of channel coefficients between S and D with dimensions Nd � Ns

is denoted by HSD. We assume that all the channel fading coeffi-
cients are independent and identically distributed (i.i.d.) complex
Gaussian random variables with zero mean and unit variance
and all receivers are exposed to additive white Gaussian noise
(AWGN) samples of variance N0.

With l 2 f1;2; . . . ;Nsg denoting the index of the activated
antenna at S, the received signal at Rk and the received signal vec-
tor at D can be expressed as

ySRk ¼
ffiffiffiffiffi
ES

p
hSRk
l þ nSRk ð1Þ

ySD ¼
ffiffiffiffiffi
ES

p
hSD
l þ nSD ð2Þ

where ES is the transmitted signal energy of S and k ¼ 1;2; . . . ;N.

hSD
l and hSRk

l denote the lth column of HSD and the lth element of

hSRk , respectively. Additionally, nSRk and nSD are the Gaussian noise
sample and Nd � 1 Gaussian noise vector at Rk and D, respectively.

In the second phase, the selected relay, whose index is q, for-
wards the received signal to D by following the AF protocol and
the received signal vector at D can be written as

yRqD ¼
ffiffiffiffiffiffiffiffiffiffi
ESER

p
GhSRq

l hRqD þ
ffiffiffiffiffi
ER

p
GhRqDnSRq þ nRqD ð3Þ

where ER is the transmitted signal energy of Rq and

hSRq
l ;q 2 f1; . . . ;Ng, is the lth element of hSRq , which is the vector

of channel coefficients between S and Rq. Here, nRqD is an Nd � 1
Gaussian noise vector at D and G ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ES þ N0

p
is the amplification

coefficient to fix the transmit energy at Rk. It is assumed that the
perfect CSI is available at D. Furthermore, by applying noise normal-
ization at D as in [17], the received signal vector can be expressed as

~yRqD ¼ AhSRq
l hRqD þ ~nRqD ð4Þ

where A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ESERG
2

ERG
2 hRqDk k2þ1

r
and ~nRqD is Nd � 1 Gaussian noise vector

whose elements are distributed with CN ð0;N0Þ. From (2) and (4),
the decision rule for the source antenna index based on the ML
principle can be expressed as

l̂ ¼ arg min
16q6NS

ySD �
ffiffiffiffiffi
ES

p
hSD
q

��� ���2 þ ~yRqD � AhSRq
q hRqD

��� ���2� �
: ð5Þ

In the following subsections, we describe the considered relay
selection protocols.

2.1. Best relay selection

In the best relay selection, the relay is selected by considering
the channel fading coefficients among all relaying paths between
S, Rk and D. We define the ’best’ relay as the one which maximizes
the worst case pairwise error probability (PEP) of the relaying link.



Fig. 1. System model of the proposed SSK scheme with cooperative relays and relay selection.
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Hence, the index of the selected relay according to the best relay
selection can be determined as [25]

q ¼ arg max
16k6N

min
i;j2 1;2;...;Nsf g; i–j

cRk�DcSi;j�Rk

cRk�D þ CS

( )( )
ð6Þ

where cSi;j�Rk
¼

ES h
SRk
i

�h
SRk
j

��� ���2
2N0

; cRk�D ¼ ER hRkDj jj j2
NdN0

and CS ¼ G2NdN0

� ��1
.

Note that such definition of cRk�D is used for the ease of operation.
The selected relay index q is fed back from D to the relays.

2.2. Partial relay selection

In this technique, the relay that has the best link between S and
Rk is selected. Hence, in the partial relay selection, since the selec-
tion is performed by considering only the channel fading coeffi-
cients between S and Rk, no feedback is required from D to the
relays and the overall system complexity will be lower than the
system with the best relay selection due to less signaling overhead
[28]. The index of the selected relay according to the partial relay
selection can be determined as

q ¼ arg max
16k6N

min
i;j2 1;2;...;Nsf g;i–j

cSi;j�Rk

n o� �
: ð7Þ
3. Performance analysis

In this section, we analyze the error performance of the cooper-
ative SSK system for the best and partial relay selection techniques,
respectively.

3.1. Pairwise error probability

3.1.1. Best relay selection

Pðl ! l̂Þ is the PEP associated with the erroneous detection of

the transmit antenna index l as l̂ at D. From (5), the PEP condi-
tioned on the channel coefficients can be calculated as

P l ! l̂jhSRq ;hRqD;HSD
� �

¼ Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cBRSS�Rq�D þ cS�D

q� �
ð8Þ
where BRS stands for the best relay selection and

cBRSS�Rq�D ¼
cRq�DcBRSS

l;̂l
�Rq

cRq�DþCS
; cRq�D ¼ ER hRqDk k2

NdN0
; cBRSSl;̂l�Rq ¼

ES h
SRq
l

�h
SRq
l̂

��� ���2
2N0

; cS�D ¼
ES hSD

l �hSD
l̂k k2

2N0
. Note that unlike conventional M-ary modulation

schemes such as M-PSK and M-QAM, information is conveyed by
the index of activated transmit antenna in SSK and the channel fad-
ing coefficients corresponding to the transmit antennas are used to
estimate active transmit antenna index as in (5). Therefore, the PEP
expression of the proposed SSK system depends on the Euclidean
distances between the channel fading coefficients corresponding
to S-Rq and S-D links since SSK transmission is conducted over these
links; however, the PEP for the M-PSK systems is dependent on the
Euclidean norm of channel fading coefficients and the Euclidean
distances between the M-PSK symbols. Considering the constella-
tion diagram of SSK for the S-Rq link, the total number of different

squared Euclidean distances in the diagram is equal to Ns

2

	 

and

these distances are statistically dependent. Since the selection crite-
rion given in (6) uses these Euclidean distances, it is not feasible to
provide the average PEP directly from (8). Hence, we use

~cBRSS�Rq�D ¼ max
16k6N

min
i;j2 1;2;...;Nsf g;i–j

cRk�DcSi;j�Rk

cRk�D þ CS

( )( )
ð9Þ

which is calculated by considering the minimum of all possible
Ns

2

	 

Euclidean distances belonging to S-Rq link, instead of

cBRSS�Rq�D in (8) for mathematical tractability. Then, the conditional

PEP can be upper-bounded by

P l ! l̂jhSRq ;hRqD;HSD
� �

6 Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~cBRSS�Rq�D þ cS�D

q	 

: ð10Þ

Since cBRSS�Rq�D ¼ ~cBRSS�Rq�D for Ns ¼ 2, the right-hand side of (10) gives

the exact value of P l ! l̂jhSRq ;hRqD;HSD
� �

for this case. Averaging

(10) over hSRq ;hRqD and HSD, and using the moment generation func-
tion (MGF) approach [29], the unconditional PEP upper-bound is
obtained as
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P l ! l̂
� �

6 1
p

Z p=2

0
McS�D

1

2 sin2 h

	 

M~cBRS

S�Rq�D

1

2 sin2 h

	 

dh ð11Þ

where Mxð�Þ stands for the MGF of x. Moreover, the probability
density function (PDF) of cS�D is given by [8]

f cS�D
xð Þ ¼ xNd�1e�

x
PS

PSð ÞNdC Ndð Þ ð12Þ

where PS ¼ ES=N0. Then, the MGF of cS�D can be expressed as

McS�D
sð Þ ¼ 1þ sPSð Þ�Nd : ð13Þ

In addition, since only cSi;j�Rk
depends on i and j in (9), ~cBRSS�Rq�D can be

rewritten as

~cBRSS�Rq�D ¼ max
16k6N

cRk�Dcmin
Si;j�Rk

cRk�D þ CS

( )
ð14Þ

where cmin
Si;j�Rk

¼ min
i;j2 1;2;...;Nsf g; i–j

cSi;j�Rk

n o
. With the help of [30, (2.1.2)],

the cumulative distribution function (CDF) of cmin
Si;j�Rk

can be given

as Fcmin
Si;j�Rk

xð Þ ¼ 1� e�
Tx
PS where T ¼ Ns

2

	 

. Furthermore, the CDF of

~cBRSS�Rq�D can be expressed as [31]

F~cBRS
S�Rq�D

xð Þ ¼
Z 1

0
Fcmin

Si;j�Rk

yþ CS

y

	 

x

	 

f cRk�D

yð Þdy
	 
N

ð15Þ

where f cRk�D
xð Þ ¼ xNd�1

C Ndð Þ
Nd
PR

� �Nd
e�

Nd
PR

x is the PDF of cRk�D, which is a

chi-square random variable [32] and PR ¼ ER=N0. By substituting
the CDF of cmin

Si;j�Rk
and the PDF of cRk�D into (15), the CDF of ~cBRSS�Rq�D

can be rewritten as

F~cBRS
S�Rq�D

xð Þ ¼ 1� e�
Tx
PS

C Ndð Þ
Nd

PR

	 
Nd
Z 1

0
yNd�1e�

TCSx
PSy

�Nd
PR

ydy

 !N

: ð16Þ

With the help of [27, (3.371.9)], the CDF of ~cBRSS�Rq�D can be derived as

F~cBRS
S�Rq�D

xð Þ ¼ 1� 2 TDSxð ÞNd=2

C Ndð Þ e�
Tx
PSKNd

2
ffiffiffiffiffiffiffiffiffiffiffi
TDSx

p� � !N

ð17Þ

where DS ¼ NdCS=PSPR. Then, the MGF of ~cBRSS�Rq�D can be expressed as

M~cBRS
S�Rq�D

sð Þ ¼ s
Z 1

0
e�sxF~cBRS

S�Rq�D
xð Þdx: ð18Þ

By substituting (13) and (18) into (11) and calculating numerical
integrals with the help of common mathematical softwares, an

upper-bound to P l ! l̂
� �

can be easily found.

3.1.2. Partial relay selection
The partial relay selection criterion given in (7) uses the metrics

that contain dependent Euclidean distances as in the best relay
selection. Hence, the PEP conditioned on the channel coefficients
can be upper-bounded by

P l ! l̂jhSRq ;hRqD;HSD
� �

6 Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~cPRSS�Rq�D þ cS�D

q� �
ð19Þ

where PRS stands for the partial relay selection and

~cPRSS�Rq�D ¼ cRq�DcPRSS�Rq
cRq�DþCS

and cPRSS�Rq ¼ max
16k6N

min
i;j2 1;2;...;Nsf g; i–j

cSi;j�Rk

n o� �
. Aver-

aging (19) over hSRq ;hRqD and HSD and using the MGF approach [29],
the unconditional PEP upper-bound is obtained as

P l ! l̂
� �

6 1
p

Z p=2

0
McS�D

1

2 sin2 h

	 

M~cPRS

S�Rq�D

1

2 sin2 h

	 

dh: ð20Þ
Since the relay selection is performed by considering only the relay-
ing links as in the best relay selection, statistics of the S-D link are
the same as the previous subsection and the MGF of cS�D is given in
(13). Hence, in order to obtain the PEP given in (20), we need to find
the distribution of the random variable ~cPRSS�Rq�D. The CDF of cPRSS�Rq can

be given as FcPRS
S�Rq

xð Þ ¼ 1� e�
Tx
PS

� �N
[30, (2.1.2)]. Then, the CDF of

~cPRSS�Rq�D can be written as

F~cPRS
S�Rq�D

ðxÞ ¼
Z 1

0
FcPRS

S�Rq

yþ CS

y

	 

x

	 

f cRq�D

ðyÞdy

¼
Z 1

0
1� e�

T yþCSð Þx
PSy

	 
N yNd�1

C Ndð Þ
Nd

PR

	 
Nd

e�
Nd
PR

ydy: ð21Þ

By using binomial expansion and [27, (3.381.4) and (3.471.9)], the
CDF of ~cPRSS�Rq�D can be derived as

F~cPRS
S�Rq�D

ðxÞ¼1þ
XN
a¼1

N

a

	 

�1ð Þa exp �aTx

PS

	 

2 aTDSxð Þ

Nd
2

C Ndð Þ KNd
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
aTDSx

p� �
ð22Þ

where DS is defined as in the previous subsection. Then, the MGF of
~cPRSS�Rq�D can be expressed as

M~cPRS
S�Rq�D

sð Þ ¼ s
Z 1

0
e�sxF~cPRS

S�Rq�D
xð Þdx: ð23Þ

By substituting (22) into (23) and using [27, (6.643.3)], the closed-
form expression for M~cPRS

S�Rq�D
sð Þ can be derived as

M~cPRS
S�Rq�D

sð Þ ¼ 1þ sNd

XN
a¼1

N

a

	 

�1ð Þa TaDSð Þ

Nd�1
2 exp

TaDS

2sþ 2Ta
PS

 !

� sþ Ta
PS

	 
�Ndþ1
2

W�Ndþ1
2 ;

Nd
2

TaDS

sþ Ta
PS

 !
: ð24Þ

By substituting (13) and (24) into (20) and evaluating the integrals
numerically with the help of common mathematical softwares, an

upper-bound to P l ! l̂
� �

can be calculated.

3.2. Average bit error probability

A tight upper bound on the average BER is given by the well-
known union bound [32]

Pb 6
1

Nslog2 Nsð Þ
XNs

l¼1

XNs

l̂¼1

N l; l̂
� �

P l ! l̂
� �

ð25Þ

where N l; l̂
� �

is the number of bits in error for the corresponding

pairwise error event. For the case of Ns being equal to a power of
two, (25) becomes

Pb 6
Ns

2
P l ! l̂
� �

ð26Þ

where the equality holds for Ns ¼ 2 [33].

4. Diversity order analysis

In this section, we analyze the achievable diversity order of the
cooperative SSK system for the best and partial relay selection
techniques, respectively.

4.1. Best relay selection

If we evaluate the PDF given in (12) at high SNR values, the MGF
of cS�D can be approximated as
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McS�D
sð Þ � s�Nd

PSð ÞNd
: ð27Þ

With the help of [27, (1.211)] and [27, (8.446)], the CDF of ~cBRSS�Rq�D

given in (17) can be expressed for high SNR values and Nd > 1 as

F~cBRS
S�Rq�D

ðxÞ � xN
T
PS

þ TDS

Nd � 1ð Þ!
	 
N

: ð28Þ

Hence, the MGF of ~cBRSS�Rq�D can be given as

M~cBRS
S�Rq�D

sð Þ � N!
sN

T
PS

þ TDS

Nd � 1ð Þ!
	 
N

; PS � 1: ð29Þ

By substituting (27) and (29) into (11) and evaluating numerical
integrals with the help of common mathematical softwares, the
upper-bound on the BER expression given in (25) can be calculated
numerically for high SNR values. It can easily be seen from expo-
nential power of s in (27) and (29) that the diversity order of the
system with the best relay selection is Nd þ N. Note that the diver-
sity order analysis given in this subsection is valid for Nd > 1 and it
is shown in [25] that the diversity order of the relaying part of the
system with the best relay selection for Nd ¼ 1 is N.

4.2. Partial relay selection

It is proved in [34] that if the PDF of ~cPRSS�Rq�D can be written as

f ~cPRSS�Rq�D
ðxÞ ¼ xxt þ oðxtÞ for x ! 0þ, the diversity order of the sys-

tem is obtained as t þ 1. By using Taylor series expansion and
definition of the modified Bessel function of the second kind
[27, (8.446)], the CDF of ~cPRSS�Rq�D in (21) can be rewritten as

F~cPRS
S�Rq�D

ðxÞ¼
XNd�1

m¼N

dmxm
XN
a¼1

�1ð Þa N

a

	 

amþ

X1
b¼Nd

/bx
b
XN
a¼1

�1ð Þa N

a

	 

ab lna

ð30Þ
where dm and /b are the coefficients in which the variables a and x
are not included. Interested readers are referred to the appendix for
the proof of (30). By derivating (30) with respect to x, the PDF of
~cPRSS�Rq�D can be obtained as

f ~cPRS
S�Rq�D

ðxÞ¼
XNd�1

m¼N

mdmxm�1
XN
a¼1

N

a

	 

�1ð Þaamþ

X1
b¼0

b/bx
b�1
XN
a¼1

N

a

	 

�1ð ÞaaNdþm lna:

ð31Þ

Then, the PDF of ~cPRSS�Rq�D around the origin, x ! 0þ, can be written as

f ~cPRS
S�Rq�D

ðxÞ ¼ e1xNd�1 þ o xNd�1
� �

; Nd < N
e2xN�1 þ o xN�1

� �
; Nd P N

(
ð32Þ

where e1 and e2 denote the coefficients of the lowest order terms.
Since e1 and e2 is very complicated, the asymptotic error perfor-
mance analysis of the partial relay selection cannot be performed
easily. However, considering (27) and (32), the diversity order of
the system can be calculated as 2Nd for Nd < N and Nd þ N for
Nd � N.

5. Simulation results and analysis

In this section, analytical expressions given in the previous sec-
tions are verified through Monte Carlo simulations. We provide
BER results for the cooperative SSK scheme with the best and the
partial relay selection techniques. Furthermore, the performance
comparisons between the proposed SSK system and conventional
cooperative scheme, which transmits M-PSK symbol from S, are
performed. Results are plotted as a function of ET=N0 where
ET ¼ ES þ ER is the total transmitted energy in the network. For
simplicity, we assume ES ¼ ER: In the figures, ðNs;N=1;NdÞ and
ð1;N=1;NdÞðM � PSKÞ stand for the SSK and conventional M-PSK
systems, respectively, where Ns and Nd transmit and receive
antennas are available at S and D, respectively. One relay is
selected among N relays and M stands for the size of the PSK
constellation.

Fig. 2 depicts the BER performance of the proposed SSK system
with the best relay selection ðNs;4=1;NdÞ for Ns 2 f2;4g and
Nd 2 f2;4g. As can be observed from Fig. 2, the theoretical results
exactly match with the computer simulation results for Ns ¼ 2
and the proposed upper-bound is sufficiently accurate for Ns ¼ 4.
In addition to these results, Fig. 2 also shows that the asymptotic
BER curves derived in Section 4.1 approaches to the exact BER
curves at high SNR values. According to the asymptotic analysis,
the asymptotic diversity orders of the curves corresponding to
the proposed SSK systems ð2;4=1;4Þ; ð2;4=1;2Þ and ð4;4=1;2Þ are
calculated as Nd þ N ¼ 8;6 and 6, respectively. It can be observed
from the slopes of the BER curves given in Fig. 2 that these values
are consistent with the computer simulation results.

Fig. 3 compares the BER performances of the proposed SSK sys-
tem with the best relay selection ðNs;4=1;4Þ and the conventional
cooperative M-PSK system ð1;4=1;4ÞðM � PSKÞ, which applies the
best relay selection technique, for Ns;M 2 f4;8g. Fig. 3 clearly indi-
cates that the proposed SSK system outperforms the conventional
cooperative M-PSK system when the data rate increases. It is
important to note that this improvement is achieved with no
increase in transceiver complexity; however, with the cost of
employing multiple antennas at S without increasing the number
of RF chains.

In Fig. 4, BER performances of the proposed SSK system
ðNs;2=1;4Þ with the partial relay selection and conventional coop-
erative M-PSK system ð1;2=1;4ÞðM � PSKÞ, which applies the par-
tial relay selection technique, are compared for Ns;M 2 f4;8g.
Fig. 4 shows that the conventional cooperative M-PSK system
ð1;2=1;4Þð4� PSKÞ outperforms the proposed SSK system
ð4;2=1;4Þ by approximately 1.33 dB; however, the proposed SSK
system ð8;2=1;4Þ outperforms the conventional cooperative M-
PSK system ð1;2=1;4Þ ð8� PSKÞ by approximately 2.67 dB at a
SER value of 10�4. Hence, the proposed SSK system outperforms
the conventional cooperative M-PSK system when the data rate
increases as in the proposed SSK scheme with the best relay selec-
tion. Note that since the proposed SSK systemwith the partial relay
selection provides the same diversity gain and almost the same
BER performance as that of the proposed scheme with the best
relay selection for ðNs;4=1;4Þ and Ns 2 f4;8g, we choose a different
scenario as the number of relays N ¼ 2 in this figure unlike Fig. 3.

In Fig. 5, computer simulation and theoretical BER performance
results of the SSK system with the partial relay selection
ðNs;N=1;3Þ are given for Ns 2 f2;4g and N 2 f2;5;10g. Fig. 5 clearly
indicates that the computer simulation results match with the the-
oretical results as well as the diversity order results given in Sec-
tion 4.2 and the BER performance of the system is improved
when the number of relays increases. As seen from Fig. 5, the the-
oretical results exactly match with the computer simulation
results for Ns ¼ 2 and the proposed upper-bound is sufficiently
accurate for Ns ¼ 4. Since the diversity order of the system is 2Nd

for Nd < N and Nd þ N for Nd � N as given in Section 4.2, the
improvement in BER performance decreases when Nd ¼ 3 < N.
According to the diversity order analysis, the diversity orders of
the curves corresponding to the proposed SSK systems
ðNs;N=1;3Þ are calculated as 5, 6 and 6 for N ¼ 2;5 and 10, respec-
tively. It can be observed from the slopes of the BER curves given in
Fig. 5 that these values are consistent with the computer simula-
tion results.



Fig. 2. The BER performance of the proposed SSK system ðNs;4=1;NdÞ with the best relay selection for fNs;Ndg 2 ff2;2g; f2;4g; f4;2gg.

Fig. 3. The BER performance comparison of the proposed SSK system ðNs;4=1;4Þ and conventional cooperative M-PSK system ð1;4=1;4Þ(M-PSK) with the best relay selection
for Ns;M 2 f4;8g.
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Fig. 6 compares the BER performance of the cooperative SSK
schemes applying the best and partial relay selection techniques
for Ns ¼ 2;N 2 f1;2;5g and Nd ¼ 2. Here, the system ð2;1=1;2Þ
(No Relay Selection) corresponds to the conventional cooperative
SSK system without relay selection. As seen from Fig. 6, SSK sys-
tems with the best and partial relay selection considerably outper-
form the SSK system without relay selection by introducing
additional diversity gain to the system. Moreover, the best relay
selection exhibits a better error performance by providing a con-
stant diversity order of Nd þ N regardless of the system parame-
ters. However, the partial relay selection provides a diversity gain
that depends on the number of receive antennas ðNdÞ in D and the
number of available relays ðNÞ; therefore, it provides a worse error
performance than the best relay selection. On the other hand, in
the best relay selection, since the selection is based on the channel
fading coefficients corresponding to S-Rk and Rk-D links, a feedback
channel between D and the relays is required. Hence, the signaling
overhead of the system with partial relay selection is lower than



Fig. 4. The BER performance comparison of the proposed SSK system ðNs;2=1;4Þ and conventional cooperative M-PSK system ð1;2=1;4ÞðM � PSKÞ with the partial relay
selection for Ns;M 2 f4;8g:

Fig. 5. The BER performance of the proposed SSK system ðNs;N=1;3Þ with the partial relay selection for Ns 2 f2;4g and N 2 f2;5;10g.

80 Ö.C. Öztoprak et al. / Int. J. Electron. Commun. (AEÜ) 81 (2017) 74–82
that of the best relay selection. As a result, we observe an interest-
ing trade-off between the error performance and system complex-
ity by the best and the partial relay selection methods. However,
since the partial relay selection gives almost an identical BER per-
formance compared to the best relay selection when Nd � N, it can
be a more effective solution for the case of Nd � N. On the other



Fig. 6. The BER performance comparison of the proposed SSK system ð2;N=1;2Þ with the best and partial relay selection methods for N 2 f1;2;5g.
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hand, the best relay selection would be a better choice for Nd < N
with the price of increased complexity.

6. Conclusion

A novel cooperative AF-SSK scheme, which applies the best and
partial relay selection methods, has been proposed in this paper. It
has been shown that the proposed SSK system outperforms the
conventional cooperative SIMO system with relay selection for
high data rates and sufficient number of receive antennas at D. It
has been also demonstrated that the proposed system provides
an interesting trade-off between complexity and error perfor-
mance by the best and partial relay selection; however, this
trade-off no longer exists when the number of receive antennas
at D is less than or equal to number of relays and the partial relay
selection becomes the preferable option. The exact average BER of
the system for Ns ¼ 2 and a substantially accurate upper-bound
expression on the BER of the system for Ns ¼ 2c , where c > 1 is
an arbitrary integer, have been obtained. Extensive computer sim-
ulation results have been provided to verify the theoretical analysis
and show the superiority of the proposed schemes. We conclude
that SSK provides a promising solution for cooperative networks
employing relay selection techniques.
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Appendix A. Derivation of (30)

By using Taylor series expansion [27], the term e�
aT
PS
x given in

(22) can be expanded as

e�
aT
PS
x ¼ 1� aT

PS
xþ aT

PS
x

	 
2 1
2!

� aT
PS

x
	 
3 1

3!
þ . . . : ð33Þ
Then, by using the definition of the modified Bessel function of the
second kind [27, (8.446)], the right-hand side term in (22) can be
rewritten as

2 aTDSxð Þ
Nd
2

C Ndð Þ KNd
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
aTDSx

p� �
¼
XNd�1

m¼0

�1ð Þm Nd�m�1ð Þ!
m! Nd�1ð Þ! � aTDSxð Þm

þ �1ð ÞNdþ1
X1
m¼0

aTDSxð ÞNdþm

Ndþmð Þ! Nd�1ð Þ!m!
� ln aTDSxð ÞþW mþNdþ1ð Þ�W mþ1ð Þð Þ:

ð34Þ

Since only the powers of a and x determine the diversity order, (34)
can be further simplified as [26, (4.1.26)]

2 aTDSxð Þ
Nd
2

C Ndð Þ KNd
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
aTDSx

p� �
¼ 1þ

X1
m¼1

bm axð Þm þ
X1
m¼0

am axð ÞNdþm ln a

ð35Þ

where bm and am are the coefficients in which the variables a and x
are not included. Substituting (33) and (35) into (22), the CDF of
~cPRSS�Rq�D can be written as

F~cPRS
S�Rq�D

xð Þ ¼ 1þ
XN
a¼1

N

a

	 

�1ð Þa 1� aT

PS
xþ aT

PS
x

	 
2 1
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� . . .

 !

� 1þ
X1
m¼1

bm axð Þm þ
X1
m¼0

am axð ÞNdþm ln a

 !
: ð36Þ

After some simple mathematical manipulations and transformation
of m into b ¼ mþ Nd, (36) can be expressed as

F~cPRS
S�Rq�D

xð Þ ¼
X1
m¼1

dmxm
XN
a¼1

N

a

	 

�1ð Þaam þ

X1
b¼Nd

/bx
b
XN
a¼1

N

a

	 

�1ð Þaab ln a

where dm and /b are the coefficients in which the variables a and x
are not included. Finally, with the help of [27, (0.154.3)], (30) can be
obtained.
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