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a b s t r a c t
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 transmission, 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 performed 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 compared 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.
Ó 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 further decreases the transceiver complexity since mapping of the
information bits to M-ary symbols is not performed [7,8].
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Cooperative relaying improves the transmission reliability and
extends the coverage of the wireless networks [9–13]. Furthermore, the fading effect of the wireless channels is mitigated efficiently; 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 cooperative 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 compared 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 cooperative 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 multiple 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
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in [21]. In [22], a new cooperative spectrum sharing protocol,
which employs SM at the secondary transmitter, has been proposed 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 contributions 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 cooperative 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 arbitrary integer, for both relaying strategies. It is shown via computer
simulation results that the proposed SSK systems outperform conventional cooperative single-input multiple-output (SIMO) systems 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, eliminates 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 further improves the system performance by decreasing the transceiver complexity compared to conventional systems. Moreover, it
has been shown via extensive computer simulations that our analytical 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 studied. 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. Q ðÞ; W k;l ðÞ; K v ðÞ and WðÞ
denote the Gaussian Q function [26, (26.2.3)], the Whittaker function [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. PðÞ denotes the probability of an event.
ðÞH ; jj and jjjj 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 N s transmit antennas, N single-antenna AF relays
(R1, R2 ; . . ., RN ) and a destination (D) equipped with N d 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
SRk

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

and

Rk D

h , whose dimensions are given as 1  N s and N d  1, respectively. Since we define the index of the selected relay as q, the vector of channel coefficients between the selected relay Rq and D is
R D

(see Fig. 1). On the other hand, the matrix
represented as h q
of channel coefficients between S and D with dimensions N d  N s
is denoted by HSD . We assume that all the channel fading coefficients 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 N 0 .
With l 2 f1; 2; . . . ; N s g denoting the index of the activated
antenna at S, the received signal at Rk and the received signal vector at D can be expressed as

ySRk ¼

pﬃﬃﬃﬃﬃ SR
ES hl k þ nSRk

ð1Þ

ySD ¼

pﬃﬃﬃﬃﬃ SD
ES hl þ nSD

ð2Þ

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

hl

SRk

and hl

denote the lth column of HSD and the lth element of

SRk

h , respectively. Additionally, nSRk and nSD are the Gaussian noise
sample and N d  1 Gaussian noise vector at Rk and D, respectively.
In the second phase, the selected relay, whose index is q, forwards the received signal to D by following the AF protocol and
the received signal vector at D can be written as

y Rq D ¼
where

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ SRq R D pﬃﬃﬃﬃﬃ R D
ES ER Ghl h q þ ER Gh q nSRq þ nRq D
ER

is

the

transmitted

SR

signal

energy

ð3Þ
of

Rq

and

SR

hl q ; q 2 f1; . . . ; Ng, is the lth element of h q , which is the vector
of channel coefficients between S and Rq . Here, nRq D is an Nd  1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gaussian noise vector at D and G ¼ 1= ES þ N0 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 normalization at D as in [17], the received signal vector can be expressed as
q Rq D
~ Rq D
~Rq D ¼ AhSR
y
þn
l h

where A ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ES ER G2

2

ER G2 khRq D k þ1

ð4Þ
~ Rq D is N d  1 Gaussian noise vector
and n

whose elements are distributed with CN ð0; N 0 Þ. From (2) and (4),
the decision rule for the source antenna index based on the ML
principle can be expressed as

^l ¼ arg min

16q6NS




2 
 SD pﬃﬃﬃﬃﬃ SD 2 ~Rq D
SR
R D
 Ahq q h q  :
y  ES hq  þ y

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.
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Fig. 1. System model of the proposed SSK scheme with cooperative relays and relay selection.

Hence, the index of the selected relay according to the best relay
selection can be determined as [25]

(

q ¼ arg max

(

cRk D cSi;j Rk
cRk D þ C S

min

i;j2f1;2;...;Ns g; i–j

16k6N

where cSi;j Rk ¼



 SR SR 2
ES hi k hj k 
2N0

; cRk D ¼

))

ER jjhRk D jj
Nd N0

ð6Þ

2


1
and C S ¼ G2 N d N0
.

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 selection is performed by considering only the channel fading coefficients 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

16k6N

min

i;j2f1;2;...;N s g;i–j

n

cSi;j Rk

o
:

ð7Þ

3. Performance analysis
In this section, we analyze the error performance of the cooperative SSK system for the best and partial relay selection techniques,
respectively.

stands

cRq D cBRS
S ^Rq
l;l

cBRS
SRq D ¼

cRq D þC S

for

the

best

relay

2

; cRq D ¼

ER khRq D k
Nd N0

;

cBRS
Sl;^l Rq

selection and


 SRq SRq 2
ES h
h^ 
l
l
¼
; cSD ¼
2N 0

2

SD
ES khSD
l h^ k
l

The selected relay index q is fed back from D to the relays.



BRS

2N0

Note that such definition of cRk D is used for the ease of operation.

q ¼ arg max

where

. 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 fading 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 constellation diagram of SSK for the S-Rq link, the total number of different
Ns
squared Euclidean distances in the diagram is equal to
and
2
these distances are statistically dependent. Since the selection criterion given in (6) uses these Euclidean distances, it is not feasible to
provide the average PEP directly from (8). Hence, we use

(
~BRS
SRq D

c

¼ max

16k6N

(
min

i;j2f1;2;...;N s g;i–j

cRk D cSi;j Rk
cRk D þ C S

))
ð9Þ

which is calculated by considering the minimum of all possible
Ns
Euclidean distances belonging to S-Rq link, instead of
2
cBRS
SRq D in (8) for mathematical tractability. Then, the conditional
PEP can be upper-bounded by

3.1. Pairwise error probability

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


SR
R D
P l ! ^ljh q ; h q ; HSD 6 Q
c~BRS
SRq D þ cSD :

3.1.1. Best relay selection
Pðl ! ^lÞ is the PEP associated with the erroneous detection of
the transmit antenna index l as ^l at D. From (5), the PEP condi-

~BRS
Since cBRS
SRq D ¼ cSRq D for N s ¼ 2, the right-hand side of (10) gives


SR
R D
the exact value of P l ! ^ljh q ; h q ; HSD for this case. Averaging

tioned on the channel coefficients can be calculated as



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SR
R D
P l ! ^ljh q ; h q ; HSD ¼ Q
cBRS
SRq D þ cSD

SR

ð8Þ

R D

ð10Þ

(10) over h q ; h q and HSD , and using the moment generation function (MGF) approach [29], the unconditional PEP upper-bound is
obtained as

77

Ö.C. Öztoprak et al. / Int. J. Electron. Commun. (AEÜ) 81 (2017) 74–82


 1 Z p=2
P l ! ^l 6
M cSD

p

1

1

M c~BRS

2

ð11Þ

dh

2

SRq D

2 sin h

0

2 sin h

where M x ðÞ stands for the MGF of x. Moreover, the probability
density function (PDF) of cSD is given by [8]
Px

xNd 1 e

f cSD ðxÞ ¼

S

ð12Þ

ðP S ÞNd CðNd Þ

SRq

c~PRS
SRq D can be written as

where P S ¼ ES =N0 . Then, the MGF of cSD can be expressed as

M cSD ðsÞ ¼ ð1 þ sP S ÞNd :

Since the relay selection is performed by considering only the relaying links as in the best relay selection, statistics of the S-D link are
the same as the previous subsection and the MGF of cSD is given in
(13). Hence, in order to obtain the PEP given in (20), we need to find
PRS
~PRS
the distribution of the random variable c
SRq D . The CDF of cSRq can

N
Tx

be given as F cPRS ðxÞ ¼ 1  e PS
[30, (2.1.2)]. Then, the CDF of

Z

ð13Þ

F c~PRS

SRq D

~BRS
In addition, since only cSi;j Rk depends on i and j in (9), c
SRq D can be
rewritten as

~BRS
SRq D

c

(

¼

min
Si;j Rk

)
ð14Þ
n

min

i;j2f1;2;...;Ns g; i–j

o
cSi;j Rk . With the help of [30, (2.1.2)],

the cumulative distribution function (CDF) of cmin
Si;j Rk can be given
as F cmin ðxÞ ¼ 1  e

PTx

Ns
. Furthermore, the CDF of
2

where T ¼

S

Si;j Rk

c~BRS
SRq D can be expressed as [31]
Z
F c~BRS

SRq D

1

ðxÞ ¼

Si;j Rk

N 1

k D

ðxÞ ¼ Cx ðdN

 Nd
Nd
PR

dÞ

ð15Þ

N

P d x

e

is the PDF of cRk D , which is a

R

chi-square random variable [32] and PR ¼ ER =N0 . By substituting
~BRS
the CDF of cmin
Si;j Rk and the PDF of cRk D into (15), the CDF of cSRq D
can be rewritten as

F c~BRS

SRq D

ðxÞ ¼

PTx

Nd

e S
Nd
Cð N d Þ P R

1

Z

1

TC x N
 P Sy  P d y
R
S

SRq D

yNd 1 e

dy

:

ðxÞ ¼

ð sÞ ¼ s

1

esx F c~BRS

SRq D

0

N

ðxÞdx:

ð18Þ



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SR
R D
P l ! ^ljh q ; h q ; HSD 6 Q
c~PRS
SRq D þ cSD
PRS

stands

cRq D cPRS
SRq
cRq D þC S

for

and cPRS
SRq
SR

ð19Þ

p

0

Nd

N

e

P d y
R

ð21Þ

dy:

d
N
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X
N
aTx 2ðaTDS xÞ 2
F c~PRS ðxÞ ¼ 1 þ
K Nd 2 aTDS x
ð1Þa exp 
SRq D
PS
Cð N d Þ
a
a¼1
N

ð22Þ
where DS is defined as in the previous subsection. Then, the MGF of

c~PRS
SRq D can be expressed as
Mc~PRS

SRq D

ðsÞ ¼ s
0

1

esx F c~PRS

SRq D

ðxÞdx:

ð23Þ

By substituting (22) into (23) and using [27, (6.643.3)], the closedform expression for Mc~PRS ðsÞ can be derived as
SRq D

Mc~PRS

SRq D

ðsÞ ¼ 1 þ sN d

N
X
N

a

a¼1

Ta
 sþ
PS



ð1Þ ðTaDS Þ

Nd þ1
2

W Nd þ1;Nd
2

TaDS
exp
2s þ 2Ta
PS
!

N d 1
2

a

2

TaDS
:
s þ 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 ! ^l can be calculated.

partial relay selection and

n
o
¼ max
min
cSi;j Rk . Aver-

A tight upper bound on the average BER is given by the wellknown union bound [32]

Pb 6

Ns X
Ns
  

X
1
N l; ^l P l ! ^l
Ns log2 ðN s Þ l¼1 ^

ð25Þ

l¼1

 
where N l; ^l 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 
P l ! ^l
2

ð26Þ

where the equality holds for N s ¼ 2 [33].
4. Diversity order analysis

the

16k6N

i;j2f1;2;...;Ns g;

i–j

R D

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


 1 Z p=2
P l ! ^l 6
M cSD

yNd 1 Nd
Cð N d Þ P R

3.2. Average bit error probability

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

c~PRS
SRq D ¼

T ðyþC S Þx
PS y

ð17Þ

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


upper-bound to P l ! ^l can be easily found.

where



1e

0

!
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ N
2ðTDS xÞNd =2 PTx
e S K Nd 2 TDS x
Cð N d Þ

1

Z

SRq D

1

By using binomial expansion and [27, (3.381.4) and (3.471.9)], the
~PRS
CDF of c
SRq D can be derived as

ð16Þ

~BRS
where DS ¼ Nd C S =PS P R . Then, the MGF of c
SRq D can be expressed as

M c~BRS

Z

¼

!N

~BRS
With the help of [27, (3.371.9)], the CDF of c
SRq D can be derived as

F c~BRS

SRq

Z

N

y þ CS
x f cR D ðyÞdy
k
y

F cmin

0

where f cR

y þ CS
x f cR D ðyÞdy
q
y

F cPRS

0

0

cRk D cmin
Si;j Rk
¼ max
16k6N
cRk D þ C S

where c

1

ðxÞ ¼

1
2

2 sin h

M c~PRS

SRq D

1
2

2 sin h

dh:

ð20Þ

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 cSD can be approximated as
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M cSD ðsÞ 

sNd
ðPS ÞNd

:

ð27Þ

~BRS
With the help of [27, (1.211)] and [27, (8.446)], the CDF of c
SRq D
given in (17) can be expressed for high SNR values and N d > 1 as

F c~BRS

SRq D

T
TDS
þ
P S ðN d  1Þ!

ðxÞ  xN

N

:

ð28Þ

~BRS
Hence, the MGF of c
SRq D can be given as

M c~BRS

SRq D

ð sÞ 

N! T
TDS
þ
sN PS ðNd  1Þ!

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 exponential 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 diversity order analysis given in this subsection is valid for N d > 1 and it
is shown in [25] that the diversity order of the relaying part of the
system with the best relay selection for N d ¼ 1 is N.
4.2. Partial relay selection
~PRS
It is proved in [34] that if the PDF of c
SRq D can be written as
f c~PRS

SRq D

ðxÞ ¼ xxt þ oðxt Þ 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
~PRS
[27, (8.446)], the CDF of c
SRq D in (21) can be rewritten as

F c~PRS

SRq D

ðxÞ ¼

NX
d 1

dm xm

m¼N

N
1
N
X
X
N m X
N b
a þ
a lna
ð1Þa
/b xb ð1Þa
a
a
a¼1
a¼1
b¼N
d

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
c~PRS
SRq D can be obtained as
f c~PRS

SRq D

ðxÞ ¼

NX
d 1

mdm xm1

m¼N

N
1
N
X
X
X
N
N
b/b xb1
ð1Þa am þ
ð1Þa aNd þm ln a:
a
a
a¼1
a¼1
b¼0

ð31Þ

~PRS
SRq D

Then, the PDF of c

(

f c~PRS

SRq D

ðxÞ ¼

þ

around the origin, x ! 0 , can be written as

e1 xNd 1 þ o xNd 1 ; Nd < N
e2 xN1 þ o xN1 ;
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 performance 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 2N d for N d < N and N d þ N for
N d  N.
5. Simulation results and analysis
In this section, analytical expressions given in the previous sections 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 =N 0 where

ET ¼ ES þ ER is the total transmitted energy in the network. For
simplicity, we assume ES ¼ ER : In the figures, ðN s ; N=1; N d Þ and
ð1; N=1; N d ÞðM  PSKÞ stand for the SSK and conventional M-PSK
systems, respectively, where N s and N d 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 ðN s ; 4=1; N d Þ for N s 2 f2; 4g and
N d 2 f2; 4g. As can be observed from Fig. 2, the theoretical results
exactly match with the computer simulation results for N s ¼ 2
and the proposed upper-bound is sufficiently accurate for N s 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 N d 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 system with the best relay selection ðN s ; 4=1; 4Þ and the conventional
cooperative M-PSK system ð1; 4=1; 4ÞðM  PSKÞ, which applies the
best relay selection technique, for N s ; M 2 f4; 8g. Fig. 3 clearly indicates 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
ðN s ; 2=1; 4Þ with the partial relay selection and conventional cooperative M-PSK system ð1; 2=1; 4ÞðM  PSKÞ, which applies the partial relay selection technique, are compared for N s ; 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 MPSK system ð1; 2=1; 4Þ ð8  PSKÞ by approximately 2.67 dB at a
SER value of 104 . 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 selection. Note that since the proposed SSK system with 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 ðN s ; 4=1; 4Þ and N s 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
ðN s ; N=1; 3Þ are given for N s 2 f2; 4g and N 2 f2; 5; 10g. Fig. 5 clearly
indicates that the computer simulation results match with the theoretical results as well as the diversity order results given in Section 4.2 and the BER performance of the system is improved
when the number of relays increases. As seen from Fig. 5, the theoretical results exactly match with the computer simulation
results for N s ¼ 2 and the proposed upper-bound is sufficiently
accurate for N s ¼ 4. Since the diversity order of the system is 2N d
for N d < N and N d þ N for N d  N as given in Section 4.2, the
improvement in BER performance decreases when N d ¼ 3 < N.
According to the diversity order analysis, the diversity orders of
the curves corresponding to the proposed SSK systems
ðN s ; N=1; 3Þ are calculated as 5, 6 and 6 for N ¼ 2; 5 and 10, respectively. It can be observed from the slopes of the BER curves given in
Fig. 5 that these values are consistent with the computer simulation results.
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Fig. 2. The BER performance of the proposed SSK system ðN s ; 4=1; N d Þ with the best relay selection for fN s ; N d g 2 ff2; 2g; f2; 4g; f4; 2gg.

Fig. 3. The BER performance comparison of the proposed SSK system ðN s ; 4=1; 4Þ and conventional cooperative M-PSK system ð1; 4=1; 4Þ(M-PSK) with the best relay selection
for N s ; M 2 f4; 8g.

Fig. 6 compares the BER performance of the cooperative SSK
schemes applying the best and partial relay selection techniques
for N s ¼ 2; N 2 f1; 2; 5g and N d 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 systems with the best and partial relay selection considerably outperform 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 N d þ N regardless of the system parameters. However, the partial relay selection provides a diversity gain
that depends on the number of receive antennas ðN d Þ 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
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Fig. 4. The BER performance comparison of the proposed SSK system ðN s ; 2=1; 4Þ and conventional cooperative M-PSK system ð1; 2=1; 4ÞðM  PSKÞ with the partial relay
selection for N s ; M 2 f4; 8g:

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

that of the best relay selection. As a result, we observe an interesting trade-off between the error performance and system complexity by the best and the partial relay selection methods. However,

since the partial relay selection gives almost an identical BER performance compared to the best relay selection when N d  N, it can
be a more effective solution for the case of N d  N. On the other
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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.

hand, the best relay selection would be a better choice for N d < N
with the price of increased complexity.
6. Conclusion

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

 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ X
d
2ðaTDS xÞ 2
ð1Þm ðNd  m  1Þ!
m
K Nd 2 aTDS x ¼
 ðaTDS xÞ
Cð N d Þ
m!ðN d  1Þ!
m¼0
Nd

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 performance 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 N s ¼ 2 and a substantially accurate upper-bound
expression on the BER of the system for N s ¼ 2c , where c > 1 is
an arbitrary integer, have been obtained. Extensive computer simulation 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.

þ ð1ÞNd þ1

m¼0

Since only the powers of a and x determine the diversity order, (34)
can be further simplified as [26, (4.1.26)]
d
1
1
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X
X
2ðaTDS xÞ 2
bm ðaxÞm þ
am ðaxÞNd þm ln a
K Nd 2 aTDS x ¼ 1 þ
CðNd Þ
m¼1
m¼0
N

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
c~PRS
SRq D can be written as

ð xÞ ¼ 1 þ

 1þ

PaT x

By using Taylor series expansion [27], the term e
(22) can be expanded as
S

¼1

aT
aT
xþ
x
PS
PS

1
aT
x

2!
PS

a

ð1Þ

a

aT
aT
1 xþ
x
PS
PS

2

1
 ...
2!
!

1
1
X
X
bm ðaxÞm þ
am ðaxÞNd þm ln a :

m¼1

!

ð36Þ

m¼0

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

Appendix A. Derivation of (30)

PaT x

N
X
N
a¼1
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X
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F c~PRS

SRq D

ð xÞ ¼

1
N
1
N
X
X
X
X
N
N
dm xm
/b xb
ð1Þa am þ
ð1Þa ab ln a
a
a
a¼1
a¼1
m¼1
b¼N
d

ð33Þ

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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