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Abstract: This paper analyzes the performance of space shift keying (SSK) modulation for a generic multipleinput multiple-output (MIMO) wireless system operating over generalized κ − µ fading channels. In particular,
an expression of the pair wise error probability (PEP) is obtained. In addition, simple and general asymptotic
expression for the PEP is given. The derived expression for the PEP is general, such that the PEP over various
well-known fading channels can be derived as special cases, such as Nakagami-m and Nakagami-n (Rice) fading
channels. Numerical results are provided, sustained by simulation results, which corroborate the exactness of the
theoretical analysis.
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1 Introduction

Also, both gains can be achieved through pre-coding
at the expense of increasing complexity [11].
However, practical deployment of multiple antennas at the transmitter and the receiver in a MIMO
system may not be feasible in all applications due to
size, cost, and hardware limitations [12]. Therefore,
Many MIMO techniques were proposed to mitigate
these hardware limitations [13–16].
Space shift keying (SSK) is a MIMO technique
proposed to alleviate most of existing practical problems. In SSK system, a single transmit-antenna is
activated during each time instant. The activated antenna index is utilized to implicitly convey information [16]. The fundamental idea of SSK is originally proposed in [17], which was further developed
into spatial modulation in [18, 19]. Activating single
transmit-antenna at a time eliminates inter-channel interference, relaxes inter-antenna synchronization requirements, reduces receiver complexity, and allows
the use of a single RF chain at the transmitter. In addition, SSK is shown to enhance error performance with
moderate number of transmit antennas as compared
to other conventional MIMO techniques such as STC
and V-BLAST. Hence, it has been investigated widely
by several researchers and variant schemes based on
its concept have been proposed [20–22, and references
therein].
In all previous literature that consider SSK system and its performance analysis, Rayleigh, and
Nakagami-m fading channels are only considered.

In the past few years, the demand for a variety of
wireless applications have seen tremendous growth.
Data rate requirements of these application is growing exponentially as well. As such, several technologies are proposed to cope-up with these requirements.
Multiple-input multiple-output (MIMO) is among the
set of proposed technologies and considered one of
the most important contributions to the progress in
wireless communications in recent years. It is a key
technology in many recent standards such as, 3rd Generation Partnership Project (3GPP) [1–5], Wireless
World Initiative New Radio (WINNER) [6], and Long
Term Evolution (LTE) [7].
MIMO techniques aim at improving power efficiency by maximizing spatial diversity (as in spacetime coding (STC)) [8, 9], or at boosting the data rate
by transmitting independent streams from each transmit antenna (as in V-BLAST (vertical Bell Labs layered space-time)) [10], or to achieve both of them at
the same time at the expense of increasing complexity [11].
The use of multiple antennas at either transmitter/
receiver or at both of them can be utilized to achieve
spatial diversity or multiplexing gains. Spatial diversity aims at improving power efficiency (as in spacetime coding (STC)) [8,9]. Spatial multiplexing, on the
other hand, boosts the data rate by transmitting independent streams from each transmit antenna (as in VBLAST (vertical Bell Labs layered space-time)) [10].
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2 System and Channels Models

However, there exists a number of distributions that
well describe the wireless channels, such as the κ − µ
channel proposed in [23], where famous distributions
such as Rayleigh, Nakagami-m, Hoyt (Nakagamiq) and Rice (Nakagami-n) can be derived as special
cases from them [24]. Hence, it is the aim of this paper to study the performance of SSK system with κ−µ
channel and study the effect of changing the values of
µ and κ on the performance of the system. Similar
works for other MIMO techniques proposed recently
in literature. For instance, analytical expressions for
the exact random coding exponent of MIMO systems
employing STBC and operating over η − µ fading
channels are derived in [25]. Vergara and Barbin derived an upper bound expression for the capacity of
MIMO systems under the general η − µ fading model.
They showed that the theoretical bound depends only
on the first and the second moments of the random
elements in the channel matrix [26].

2.1 SSK System Model
A generic Nt × Nr SSK-MIMO system is considered,
where Nt and Nr represent the number of transmitand receive-antennas, respectively. In SSK-MIMO
systems, the transmitter encodes a group of m =
log2 (Nt ) data bits into an index of a single transmitantenna, which is also known as antenna index coded
modulation. In other words, m bits are mapped to
a symbol xk , which is then transmitted by the k th ,
k ∈ {1 : Nt } antenna. The transmitted vector
x ∈ CNt ×1 specifies the activated antenna, during
which all other antennas remain idle, which has the
following form:
kth antenna position

xk = [0 0 · · ·

0 · · · 0]T .

The signal vector xk is then transmitted over the wireless channel H ∈ CNr ×Nt and experiences an n ∈
CNr ×1 complex additive white Gaussian (AWGN)
noise vector with zero mean and variance N0 . The
received signal vector y ∈ CNr ×1 is given by:
√
(1)
y = EHxk + n,

With reference to current literature, the contributions in this paper are four folds: i) the performance
of SSK system operating over generalized κ − µ
fading channel is studied and a closed-form expressions for the pairwise error probability (PEP) is given.
ii) An approximate expression, yet simple and accurate, for the PEP is also obtained to clearly analyze
the impact of fading parameters on the system under
study. iii) The derived PEP is used to derive an upper bound of the average bit error rate (BER), and iv)
Well-known fading channels, such as Nakagami-m,
one sided Gaussian, Nakagami-q and Rice are derived
from the obtained results as special cases.

where E denotes the transmitted energy and H models the η − µ or κ − µ fading channel. At the receiver, the optimal maximum likelihood (ML) detector is used to estimate the antenna index that is used
during the transmission, and then de-maps the symbol
to its components.

2.2 Channels Models

The rest of the paper is organized as follows: In
Section 2, the system and channel models are introduced. In Section 3, the derivation of the PEP using two approaches, namely, the moment generation
function (MGF) and power series approaches are presented. Some representative plots for the analytical
results, along with their interpretations are illustrated
in Section 4. Finally, Section 5 concludes this paper.

The κ − µ is a general fading distribution that represents the small-scale variation of the fading signal in
a line-of-sight environment with the pdf of the instantaneous SNR given by [23]


µ−1
µ+1
µ(1 + κ)γ
µ(1 + κ) 2 γ 2
fκ−µ (γ) =
−
µ−1
µ+1 exp
γ̄
κ 2 exp(µκ)γ̄ 2
s
!
κ(1 + κ)γ
×Iµ−1 2µ
,
(2)
γ̄

Mathematical Notations and Functions: matrices
or vectors are shown with bold letters. E(·) denotes
expectation, [·]T for transpose, fX (·) represents the
probability density function (pdf), Iv (·) denotes the
v th -order modified Bessel function of first kind, Γ(·)
is the gamma function, PEPX (·) and PEPAsym
(·)
X
are the PEP and asymptotic PEP over X fading channel, Q(·) is the Q-function, MX (·) is the MGF, F1 (·)
and F (·) represents the Appell’s hypergeometric function and the Gaussian hypergeometric function, respectively, and Φ1 (·) is the confluent hypergeometric
function of two variables.
E-ISSN: 2224-2864

↓

1

where κ > 0 represents the ratio between the total power of the dominant components and the total
power of the scattered waves and µ > 0 describes the
number of multi-path clusters.
Note that the κ − µ distribution includes the
Nakagami-m (κ → 0, µ = m), the Rayleigh (κ →
0, µ = 1), the One-Sided Gaussian (κ → 0, µ = 0.5)
and the Rice (Nakagami-n) (κ = K, µ = 0.5), with
K being the Rice K factor, as special cases.
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3 Performance Analysis

where Mκ−µ (·) denotes the MGF of fκ−µ (γ) and is
given by
Z ∞
MX (s) ,
fX (γ) exp(−sγ)dγ.
(10)

The average BER of an SSK system can be calculated
using the union-bound technique [16, 27–30] given by

0

Nt
Nt
X
X
1
PEP (ti1 → ti2 ) ,
PABER ≤
Nt − 1
i1 =1 i2 =i1 +1
(3)
where PEP (ti1 → ti2 ) represents the pairwise error probability among the transmit-antenna ti1 and
ti2 , with i1 , i2 = 1, 2, · · · , Nt .
Furthermore,
PEP (ti1 → ti2 ) is the average BER of an equivalent
2 × Nr MIMO SSK system where only first or second
transmit antenna is activated for transmission. The
PEP (ti1 → ti2 ) is defined as [16, 31],

v
u Nr 
uX
γℓ 
PEPX (ti1 → ti2 |H) = Q t

Using the definition of λ above and with the help
of [23], the pdf of fκ−µ (γ) for an SSK-MIMO system
can be written as:

√1
2π

R∞
x

2 /2

e−t

(4)

dt and γℓ being defined

and the average SNR (γ̄) is then give as
( Eσ2
h
for i = j
2N0
γ̄ = Eσ
2
h
for i 6= j.
N0
The PEP in (4) can, then, be computed by
Z ∞ √
PEPX (ti1 → ti2 ) =
Q( λ)fλ (v)dv,

(7)

(8)

P Nr

ℓ=1 γℓ .

3.1 SSK-MIMO Performance Analysis over
κ − µ Fading Channels
Based on the MGF approach, the PEP for SSK-MIMO
system over κ − µ fading channels can be derived using


Z
1 π/2
1
PEPκ−µ (ti1 → ti2 ) =
Mκ−µ
dθ.
π 0
2 sin2 θ
(9)
E-ISSN: 2224-2864

Nr µ−1
2

Substituting (12) into (9) and following a similar approach as in [33], a closed-form expression for the
PEP is obtained in terms of confluent hypergeometric
function of two variables as given in (13).
The derived close-form expression in (13) is a
general expression for the PEP of SSK-MIMO systems operating over κ− µ fading channels. Therefore,
the PEP for other well-known fading channels such as
Nakagami-m and Nakagami-n can be obtained using
(13) as special cases.
Special Case 1 (Nakagami-m fading channels).
The PEP of SSK-MIMO systems that operate over
Nakagami-m is obtained using (13) when κ → 0
and µ = m. Using the relation between the Appell’s
hypergeometric function and the confluent hypergeometric function of two variables and with the help
of [34, eq. (22)], (13) reduces to (15).
Special Case 2 (Nakagami-n fading channels).
When κ = n2 and µ = 1 in (13), the PEP of over
Nakagami-n fading channels is obtained as in (16).
Special Case 3 (Rice fading channels). To obtain
the desired result for the Rician fading channel, we
substitute n2 = K in (16), which results in (17).

0

where fλ (v) is the pdf of λ =

w

An expression for the MGF of the instantaneous
SNR in (9) is obtained, by substituting (11) into (10)
and applying Laplace transform [32, eq. (3.15.2.8)],
as

N rµ
µ(1 + κ)
Mκ−µ (s) =
exp (−µNr κ)
µ(1 + κ) + γ̄s

 2
µ Nr κ(1 + κ)
(12)
× exp
µ(1 + κ) + γ̄s

E
|hj,ℓ − hi,ℓ |2 ,
(5)
2N0
with hj,ℓ being the channel fading coefficient between
the j th transmit- and the ℓth receive-antennas. Note
that γℓ in (5) can be simplified to
(
E
|hj,ℓ |2
for i = j
0
γℓ = 2N
(6)
2
E
for i 6= j,
2N0 |hj,ℓ − hi,ℓ |
γℓ =

Nr µ+1
2

Nr µ−1
Nr µ+1 ×
(Nr κ) 2 exp(Nr µκ)γ̄ 2
s
!


−µ(1 + κ)w
Nr κ(1 + κ)w
exp
×INr µ−1 2µ
.
γ̄
γ̄
(11)

fκ−µ (w) =

ℓ=1

where Q(x) =
as

µ(1 + κ)

3.1.1

Asymptotic Analysis

In order to clearly show the system diversity gain and
the effect of system parameters on the overall system
12
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Γ(Nr µ + 12 ) exp (−µNr κ) [2µ(1 + κ)]Nr µ

=

1

q

γ̄
π

2Γ(Nr µ + 1) [2µ(1 + κ) + γ̄]Nr µ+ 2


1
2µ(1 + κ)
2µ2 Nr κ(1 + κ)
×Φ1 Nr µ + , 1, Nr µ + 1;
,
2
[2µ(1 + κ) + γ̄] [2µ(1 + κ) + γ̄]

(13)

where
Φ1 (a, b, c; x1 , x2 )

△

=

Z 1
∞
X
1
(a)k+l (b)k xk1 xl2
ta−1 (1 − t)c−a−1 (1 − x1 t)−b exp(tx2 )dt
=
(c)k+l k!l!
B(a, c − a) 0

k,l=0

|x1 | < 1, ℜ(c) > ℜ(a) > 0
q

PEPN ak−m (ti1 → ti2 ) = √
2 π 1+

PEPN ak−n (ti1 → ti2 )

PEPRice (ti1 → ti2 )

E-ISSN: 2224-2864

=

=

γ̄
2m
1

γ̄ Nr m+ 2
2m

(14)

Γ(Nr m + 21 )
F
Γ(Nr m + 1)

Γ(Nr + 12 ) exp −Nr n2



1
1
1, Nr m + ; Nr m + 1;
γ̄
2
1 + 2m

(15)

N q
2(1 + n2 ) r πγ̄
1

2Γ(Nr + 1) [2(1 + n2 ) + γ̄]Nr + 2


1
2(1 + n2 )
2Nr n2 (1 + n2 )
×Φ1 Nr + , 1, Nr + 1;
,
2
[2(1 + n2 ) + γ̄] [2(1 + n2 ) + γ̄]

Γ(Nr + 12 ) exp (−Nr K) [2(1 + K)]Nr
1

q

(16)

γ̄
π

2Γ(Nr + 1) [2(1 + K) + γ̄]Nr + 2


1
2(1 + K)
2Nr K(1 + K)
×Φ1 Nr + , 1, Nr + 1;
,
2
[2(1 + K) + γ̄] [2(1 + K) + γ̄]

13

!

(17)
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performance, an asymptotic expression for the PEP
is obtained in what follows. According to [35], the
asymptotic PEP can be derived based on the behavior
of the PDF of the instantaneous SNR around the origin. As such and by using Taylor’s series, the fκ−µ(γ)
given in (11) can be represented by

10

Asymptotic
Analytical
Simulation

0

10

κ= 1
µ = 0.5, 1, 1.5, 2

−1

10

−2

PABER

10

µNr µ (1

κ)Nr µ

+
γ Nr µ−1 + O.
Γ(Nr µ) exp(Nr µκ)γ̄ Nr µ
(18)
where O stands for higher order terms. Now plugging
(18) into (8), the asymptotic PEP for SSK-MIMO systems in κ − µ fading channels can be given as
fκ−µ (γ) ≈=

PEPAsym
κ−µ (ti1

−3

10

−4

10

−5

10

2Nr µ−1 Γ(Nr µ + 12 )
√
→ t i2 ) =
Nr µ πΓ(Nr µ) exp(Nr µκ)


µ(1 + κ) Nr µ
,
(19)
×
γ̄

where the system diversity is shown to equal Nr µ.
It can be easily shown that the asymptotic PEP
of Nakagami-m fading channels, using (19), can be
reduced to
 
2Nr m−1 Γ(Nr m + 12 ) m Nr m
Asym
√
×
PEPN ak−m(ti1 →ti2 )≈
.
γ̄
πΓ(Nr m + 1)
(20)
The asymptotic PEP for Rayleigh fading channel
can be readily obtained from (20) when m = 1.
For Nakagami-n fading channels, the asymptotic
PEP can be expressed as
PEPAsym
N ak−n (ti1 → ti2 ) =

2Nr −1 Γ(Nr + 12 )
√
Nr ! π exp(Nr n2 )

N
(1 + n2 ) r
×
(21)
γ̄

Similarly, substituting n2 = K in (21), the asymptotic
PEP in Rice fading channels is deduced as
PEPAsym
Rice (ti1 → ti2 ) =

2Nr −1 Γ(Nr + 21 )
√
Nr ! π exp(Nr K)


(1 + K) Nr
×
.(22)
γ̄

0

5

10

15
SNR [dB]

20

25

Figure 1: Impact of µ on the system performance:
κ = 1, µ = 0.5, 1, 1.5, 2, Nt = 2, and Nr = 1.
(PABER ) are presented. Specifically, the PABER is
portrayed as a function of SNR for different values of
the fading parameters. Furthermore, the numerical results are accompanied with Monte-Carlo simulations
to validate the accuracy of the conducted analysis.
The impact of the fading parameters κ and µ, assuming κ − µ fading channels, on the system performance is illustrated in Figs. 1 and 2. Again, it is
clear from Fig. 1 that as µ increases the system performance improves. The effect of κ on the PABER is
depicted in Fig. 2. One can note that as κ increases the
system performance slightly improves. This occurs
because κ represents the ratio between the total power
of the dominant components and the total power of
the scattered waves. Thereby, higher κ indicates that
one channel component dominates over the other and
enhances the detection of the active antenna.
The effect of increasing the number of receive antennas on the system performance assuming κ−µ fading channels is shown in Figs. 3 and 4. As clearly
shown and expected, increasing the number of receive
antennas enhances the performance noticeably. Note
that the diversity order of the κ − µ fading channels is
Nr µ.

5 Conclusion

Note that for Nakagami-n and Rice fading channels the diversity order equals Nr .

This paper analyzes the performance of SSK-MIMO
systems operating over i.i.d generalized η − µ and
κ − µ fading channels. A closed-form expression
for the PEP of SSK-MIMO systems is derived. Because the derived expression is general, it can readily
allow derivation for various well-known fading channels such as Nakagami-m, Rayleigh, and Nakagami-n

4 Numerical and Simulation Results
In this section, various numerical examples to study
the impact of the fading parameters κ and µ on the
system performance in terms of average bit error rate
E-ISSN: 2224-2864
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Figure 2: Impact of κ on the system performance:
µ = 0.5, κ = 0.5, 1, 1.5, 2. Nt = 2, Nr = 1.
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Figure 3: Impact of µ on the system performance
where κ = 1, µ = 0.5, 1, 1.5, 2, Nt = 2, and Nr = 4.
0

10

(Rice) distributions. Besides, the effect of varying the
fading parameters, κ and µ, on the overall system performance can be easily investigated. Results demonstrated that the fading parameter µ has a significant
effect on the system performance as compared to κ.
Conducted asymptotic analysis demonstrate a diversity gain of Nr µ for the system under study.
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