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a b s t r a c t

In this paper, we propose two different multi-hop multiple-input multiple-output (MIMO) space shift
keying (SSK) schemes and investigate their error performance. In the first scheme, we consider a multi-
hop multi-branch SSK system, in which the source and destination are equipped with multiple transmit
and receive antennas, respectively. In this scheme, SSK is applied by using the source transmit antennas.
Moreover, in eachbranch, single-antenna relays are used to amplify the transmitted signal from the source
and forward it to the next relay until it reaches to the destination. In the second scheme, we consider a
multi-hopMIMO-SSK systemwith path selection. In this scheme, the best path is selected amongmultiple
branches and amultiple-antenna source communicateswith amultiple-antennadestination via the relays
of the selected path. Each relay is equipped with multiple transmit and receive antennas. Moreover, the
source and all relays employ SSK modulation to transmit information bits and each relay in each path
follows the decode-and-forward protocol. Approximate theoretical error probability expressions are de-
rived for both schemes. Furthermore, an asymptotic symbol error probability performance analysis is also
performed for the multi-hop MIMO-SSK system with path selection. It is shown that the proposed multi-
hop SSK systems outperform conventional multi-hop M-PSK systems in terms of the error performance
for especially high data rates and sufficient number of receive antennas at the receiving nodes.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

High data rates and improved error performance can be ob-
tained by using multiple-input multiple-output (MIMO) systems
at the expense of using multiple radio-frequency (RF) chains at
the transmitter, which increase the inter-channel interference (ICI)
and the transceiver complexity as well as require synchroniza-
tion among the transmit antennas. These challenges have led re-
searchers to seek new solutions for the next generationMIMO sys-
tems [1]. In this context, novel single-RF MIMO techniques namely
spatial modulation (SM) and space shift keying (SSK) have been
proposed [2]. In SM and SSK, depending on the one-to-one map-
ping between the information bits and transmit antenna indices,
typically only one transmit antenna is activated in a transmission
interval and the other antennas remain turned off. Therefore, SM
and SSK entirely avoid ICI, require no inter-antenna synchroniza-
tion (IAS) among the transmit antennas and reduce the transceiver
complexity. SSK is a special case of SM,which further decreases the
transceiver complexity since it can be implemented with a very
simple hardware that does not require I/Q modulation as well as
employment of a RF chain [2–4].
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Cooperative communications improves the transmission relia-
bility and extends the coverage of wireless networks. Moreover,
the effect of fading inwireless channels can be efficientlymitigated
by the cooperative networks [5–10]. Due to their satisfactory error
performance and low complexity, many researchers have studied
SM and SSK in cooperative networks [11–21]. A dual-hop amplify-
and-forward (AF) relaying scheme with SSK modulation has been
studied in [11]. Furthermore, a cooperative decode-and-forward
(DF) relaying scheme with SM has been investigated in [12]. A
cooperative DF relaying scheme with SSK modulation, which con-
siders the decoding errors at the relays, has been proposed in [13].
SSK aided AF and DF relaying with relay selection have been in-
vestigated in [14] and [15], respectively. In [16], the performance
of SSK modulation with source transmit antenna selection and
multiple DF relays has been investigated. In [17], a distributed
SM protocol, in which the index of the relay conveys information,
has been proposed. An AF relaying-aided cooperative space–time
SSK scheme has been proposed in [18]. A cooperative AF-MIMO
relaying scheme combining SSK with the best and the partial relay
selection has been proposed in [19]. Moreover, in [20], DF-MIMO
relaying scheme, inwhich all the nodes are equippedwithmultiple
transmit and/or receive antennas, has been studied. The outage
probability of both classical SM and cooperative SM systems has
been investigated in [21].

On the other hand, employing multiple relays between source
and destination enables the division of long links into multiple
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shorter links and long distance communications can be provided
by multi-hop networks via hopping through relaying nodes. This
improves the error performance, extends battery life, and provides
broader and cheaper coverage [22–25]. Furthermore, in multi-
hop multi-branch networks, transmitted signal from the source
reaches to the destination via multiple cooperative multi-hop
branches and therefore, D receives different copies of the trans-
mitted signal. Hence, in addition to the advantages of multi-hop
relaying, cooperative diversity is also achieved in multi-branch
schemes [26–29]. Multi-hop relaying has been studied in many
standards, including LTE Release-10, IEEE 802.11s, IEEE 802.15.5,
IEEE 802.16, IEEE 802.16e, IEEE 802.16j and IEEE 802.20, and it
finds many applications in wireless, sensor and vehicular ad hoc
networks, cellular networks as well as Internet of Things applica-
tions [30–32]. However, to the best of author’s knowledge, avail-
able studies on SM/SSK with multi-hop multi-branch networks
are considerably limited. In the comprehensive study of [33], the
performance of SSK modulation in multi-hop diversity and multi-
hopmulti-branch networks with DF relays have been investigated.

Motivated by all of the above, in this paper,we propose twonew
MIMO-SSK schemes, one of them employing AF and the other one
employing DF relaying, in multi-hop networks and aim to utilize
the benefits of SSK modulation in multi-hop networks and obtain
diversity gain by using multiple branches and receive antennas.
The novel contributions of this paper can be summarized as fol-
lows:

1. A novel multi-hop multi-branch MIMO-SSK scheme is pro-
posed. In this scheme, S and D are equipped with multi-
ple transmit and receive antennas, respectively and SSK is
applied only at S. Single-antenna fixed-gain AF relays are
employed in each branch of this scheme. The major contri-
butions and important results for the proposed system can
be listed as follows:

• We derive a considerably accurate lower-bound ex-
pression for the pairwise error probability (PEP) of
multi-hop single-branch transmission and an approx-
imate expression for the average bit error probabil-
ity (BEP) of multi-hop multi-branch transmission. The
derived expressions are shown to become consistent
with computer simulation results.

• More importantly, numerical results demonstrate that
the proposed SSK system outperforms the classical
single-input multiple-output (SIMO) M-PSK system
employing fixed-gain AF relaying for especially high
data rates and sufficient number of receive antennas
at D.

2. A novel multi-hop multi-branch MIMO-SSK scheme with
multiple transmit and receive-antenna relays is proposed.
In this scheme, S and D are equipped with multiple anten-
nas as well and SSK is applied at S and all of the relays.
Note that our system model differs from that of [33] in the
following aspects: First, we consider the error propagation
in multi-hop DF relaying. Second, a path is selected among
available branches and transmission occurs via the selected
path instead of activating all of the branches. Our system
model is inspired by the path selection schemes of [28]
and [29] in which multi-hop DF protocol is adopted. The
major contributions and important results for the proposed
system can be listed as follows:

• Unlike [28] and [29], in which the performance for
conventional M-PSK modulation have been studied,
we consider the SSK modulation in each transmitting
node and derive a closed-form approximate symbol
error probability (SEP) expression for SSKmodulation.

The derived approximate SEP expression is shown
to become considerably accurate for especially high
signal-to-noise ratio (SNR) region.

• More importantly, numerical results show that the
proposed multi-hop SSK system with path selection
outperforms the conventional multi-hop M-PSK sys-
tem with path selection [28,29] in terms of the SEP
performance for especially high data rates and suf-
ficient number of receive antennas at the receiving
nodes.

3. Unlike [28] and [29], our first scheme is a more general
MIMO scheme with arbitrary number of receive antennas.
Within this perspective, our first schemehas a simpler struc-
ture with AF processing and single-antenna relays, while
the second scheme is a more sophisticated one with multi-
antenna relays.

4. The proposed SSK systems completely avoid ICI, eliminate
the requirement of IAS in a multi-hop network and can be
implemented with a very simple hardware that does not
require I/Q modulation as well as the employment of an
RF chain. It has been shown via computer simulations that
our analytical results are considerably consistent with the
simulation results.

Notation: Bold capital letters denote matrices, whereas bold low-
ercase letters denote vectors. E [·], Q (·) and G [·] stand for the
expectation operator, the Gaussian Q function [34, (26.2.3)] and
theMeijer’s G-function [34, (9.301)], respectively. P (·) denotes the
probability of an event. (·)H , |·|, ∥·∥ and Re{·} denote Hermitian
transposition, the absolute value, the Frobenius norm operation
and the real part operator, respectively. Moreover, CN (µ, σ 2) de-
notes complex normal distribution, where µ and σ 2 stand for the
mean and variance of the distribution, respectively.

2. Space shift keying for multi-hop multi-branch AF relaying

2.1. System model

We consider a multi-hop system employing AF relaying with
L parallel cooperative branches between the source (S) and the
destination (D), as shown in Fig. 1. There are Kp (1 ≤ p ≤ L) single-
antenna fixed-gain AF relays in the pth branch. Furthermore, S and
D are equipped with Nt and Nr transmit and receive antennas,
respectively. We denote the mpth relay in the pth branch by Rp,mp(
1 ≤ mp ≤ Kp

)
. At S, due to its low complexity and good perfor-

mance [3], the SSK technique is applied by using Nt antennas. We
assume that perfect channel state information (CSI) is available at
the receiving nodes for the proposed scheme. The performance
analysis in the presence of channel estimation errors is beyond
the scope of this paper. However, it is shown that cooperative
networks [35] and SSK modulation [36] are quite robust to im-
perfect CSI. It is also assumed that coordination among the relays
allows for accurate symbol-level timing synchronization at D and
orthogonal channel allocation as inmany studies such as [5,23–29].
However, the issue of how exactly the synchronization between
relays is performed is beyond the scope of our study. Finally, all
channel coefficients are assumed to follow complex Gaussian dis-
tribution with zero-mean and unit variance as in many studies [5].

At the first stage of the transmission, a group of information bits
ismapped to the index of the transmit antenna at S. Therefore, only
a single transmit antenna is activated at S with the transmitted
energy of ES . S transmits the SSK symbol to the first relay nodes of
parallel branches using the activated antenna. Each relay in each
branch amplifies its received signal and forwards it to the next
relay of the same branch until it reaches D. Hence, D receives L
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Fig. 1. System model of the multi-hop multi-branch SSK scheme with single-antenna AF relays.

different copies of the transmitted signal. Since each relay uses an
orthogonal channel for its transmission, inter-relay interference
is assumed to be zero. With l ∈ {1, . . . ,Nt} denoting the active
antenna index at S, the received signal at Rp,mp is given as

yp,mp =

√
EShl

p

mp−1∏
i=1

Ap,ihp,i +

mp−1∑
k=1

np,k

mp−1∏
i=k

Ap,ihp,i + np,mp (1)

where hl
p is the channel fading coefficient between S and Rp,1, and

hl
p ∼ CN (0, 1). Furthermore, Ap,i and hp,i, i = 1, 2, . . . ,mp − 1,

denote the amplification factor at the ith relay in the pth branch
and the channel fading coefficient between Rp,i and Rp,i+1 where
hp,i ∼ CN (0, 1), respectively. For the relay Rp,i, we assume a
fixed-gain amplification factor as Ap,i =

√
1

Ep,i−1+N0
, where Ep,i is

the transmitted energy of the ith relay in the pth branch. For the
ease of representation, we assume that Ep,0 = ES . Also, np,k, k =

1, . . . ,mp−1, is the additivewhite Gaussian noise (AWGN) sample
at Rp,k, where np,k ∼ CN (0,N0).

At the last stage of the transmission, D receives different copies
of the transmitted symbol from L parallel branches. Hence, the
vector of received signals from the pth branch at D can be written
as

yp =

√
EShl

pAp,Kphp,Kp

Kp−1∏
i=1

Ap,ihp,i

+ Ap,Kphp,Kp

⎛⎝np,Kp +

Kp−1∑
k=1

np,k

Kp−1∏
i=k

Ap,ihp,i

⎞⎠+ np,Kp+1 (2)

wherehp,Kp andnp,Kp+1 denote Rp,Kp−D channel fading coefficients
vector and AWGN samples vector at D with dimensions Nr × 1,
respectively, whose elements are distributed with CN (0, 1) and
CN (0,N0), respectively. After the noise normalization, (2) can be
rewritten as

ỹp =
yp

√
Ω

=
√
Ghl

php,Kp

Kp−1∏
i=1

hp,i + ñp,Kp+1 (3)

where Ω = 1 + A2
p,Kp

hp,Kp

2 (1 +
∑Kp−1

k=1
∏Kp−1

i=k A2
p,i

⏐⏐hp,i
⏐⏐2) ,G =

ES
∏Kp

i=1A
2
p,i

Ω
and ñp,Kp+1 is the vector of AWGN samples, whose ele-

ments are distributed with CN (0,N0).
Finally, D estimates the active transmit antenna index (l̂) using

maximum likelihood (ML) detector as follows

l̂ = arg min
n=1,...,Nt

L∑
p=1

̃yp −
√
Ghn

php,Kp

Kp−1∏
i=1

hp,i


2

= arg max
n=1,...,Nt

L∑
p=1

−
1
2
G
⏐⏐hn

p

⏐⏐2 hp,Kp

2 Kp−1∏
i=1

⏐⏐hp,i
⏐⏐2

+ Re

⎧⎪⎨⎪⎩̃yp ×
√
G

⎛⎝hn
php,Kp

Kp−1∏
i=1

hp,i

⎞⎠H
⎫⎪⎬⎪⎭ . (4)

2.2. Performance analysis

In this subsection, a considerably accurate lower-bound expres-
sion on the PEP of multi-hop single-branch SSK system and an
approximate expression on the average BEP of multi-hop multi-
branch SSK system are derived for the cases in which the numbers
of transmit antennas are two (Nt = 2) and greater than two
(Nt > 2) at the source, respectively.

2.2.1. Pairwise error probability
PEP , P(l → l̂), is the probability of the error event at D, which

corresponds to deciding l̂ instead of l as the index of active transmit
antenna of S. Hence, using (4), the PEP can be obtained as follows

P
(
l → l̂

)
= Pr

⎛⎜⎝ L∑
p=1

ỹp − x
√
Ghl

php,Kp

Kp−1∏
i=1

hp,i


2

>

L∑
p=1

ỹp −
√
Ghl̂

php,Kp

Kp−1∏
i=1

hp,i


2
⎞⎟⎠

= Pr

(
L∑

p=1

G
⏐⏐hl

p

⏐⏐2 hp,Kp

2 Kp−1∏
i=1

⏐⏐hp,i
⏐⏐2

+ 2
√
G Re

⎧⎪⎨⎪⎩ñp,Kp+1

⎛⎝hl
php,Kp

Kp−1∏
i=1

hp,i

⎞⎠H
⎫⎪⎬⎪⎭

<

L∑
p=1

2G Re
{
hl
p

(
hl̂
p

)H}hp,Kp

2 Kp−1∏
i=1

⏐⏐hp,i
⏐⏐2

− G
⏐⏐⏐hl̂

p

⏐⏐⏐2 hp,Kp

2 Kp−1∏
i=1

⏐⏐hp,i
⏐⏐2

+ 2
√
G Re

⎧⎪⎨⎪⎩ñp,Kp+1

⎛⎝hl̂
php,Kp

Kp−1∏
i=1

hp,i

⎞⎠H
⎫⎪⎬⎪⎭
)

. (5)
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This PEP expression can be rewritten as follows [23]

P(l → l̂) = E

⎡⎣Q

⎛⎝√ L∑
p=1

γp,tot

⎞⎠⎤⎦ (6)

where γp,tot =

(∑Kp
t=0
∏t

j=0
Cp,j−1
γp,j

)−1
. Here, Cp,−1 = 1, Cp,j−1 =

Ep,j−1
N0

+ 1, j = 1, . . . , Kp, γp,0 =
ES
⏐⏐⏐hlp−hl̂p

⏐⏐⏐2
2N0

and γp,j =
Ep,j|hp,j|

2

N0
for

j = 0, . . . , Kp − 1. Note that γp,Kp =
Ep,Kp

hp,Kp2
N0

. Since γp,tot is
the sum of many dependent random variables, it is not easy to find
an exact distribution for it. However, it can be upper-bounded as
follows [23]

γp,tot ≤ γ b
p,tot =

1
Kp + 1

Kp+1∏
j=0

γp,j
(Kp+2−j)/(Kp+1)

Cp,j−1
(Kp+1−j)/(Kp+1)

. (7)

Since γp,j follows exponential distribution for j = 0, . . . , Kp−1 and
γp,Kp follows chi-square distribution with 2Nr degrees of freedom,
the probability density function (PDF) of γ b

p,tot can be obtainedwith
the help of [23, (4)] as

fγ b
p,tot

(r) = (Kp + 1)Tr−1Gλ,0
0,λ

[
BrKp+1

⏐⏐⏐⏐⏐ −

ζ0, . . ., ζKp

]
(8)

where T =

∏Kp
i=1(Kp+2−j)1/2

(
√
2π)

(Kp+1)Kp
2 Γ (Nr )

, λ =
(Kp+1)(Kp+2)

2 , B = (Kp + 1)Kp+1

∏Kp
j=0Cp,j

Kp−j
×
∏Kp+1

i=1

(
1

(Ep,i−1/N0 )(Kp+2−i)

)Kp+2−i
and ζv = ∆

(
Kp +

1−v, 1
)
, v = 0, . . . , Kp −1, where ∆(κ, µ) =

µ

κ
,

µ+1
κ

, . . . ,
µ+κ−1

κ
.

Note that ζKp = Nr . Using the PDF of γ b
p,tot (fγ b

p,tot
(r)), a lower-

bound on PEP corresponding to the single-branch (pth-branch)
transmission can be formulated as [3]

Pp(l → l̂) ≥

∫
∞

0
Q
(√

r
)
fγ b

p,tot
(r)dr. (9)

Using theMeijer’s G-function representation of theQ function [37]
and [38, (21)], the lower-bound on PEP given in (9) can be rewritten
in closed form as

Pp(l → l̂) ≥

TGλ,2Np
2Np,λ+Np

[
BNp

Np

(1/2 )Np

⏐⏐⏐⏐⏐∆(Np, 1), ∆(Np, 1/2)
ζ0, . . ., ζKp , ∆(Np, 0)

]
(√

2
)Np+1(√

π
)Np

(10)

whereNp = Kp+1 is the number of hops in the pth branch. Since D
receives signals from L different branches, the overall average PEP
can be lower-bounded as follows

P
(
l → l̂

)
≥ E

⎡⎣Q

⎛⎝√ L∑
p=1

γ b
p,tot

⎞⎠⎤⎦
=

1
π

∫ π
2

0

L∏
p=1

Mγ b
p,tot

(
1

2sin2θ

)
dθ (11)

whereMγ b
p,tot

(s) is themoment generating function (MGF) of γ b
p,tot .

Cumulative distribution function (CDF) of γ b
p,tot can be obtained as

Fγ b
p,tot

(r) =
∫ r
0 fγ b

p,tot
(γ )dγ . Using [38, (26)], Fγ b

p,tot
(r) can be given in

closed-form as

Fγ b
p,tot

(r) = TGλ,1
1,λ+1

[
Br

⏐⏐⏐⏐⏐ 1
ζ0, . . ., ζKp , 0

]
. (12)

Then, the MGF of γ b
p,tot can be expressed as

Mγ b
p,tot

(s) = s
∫

∞

0
e−srFγ b

p,tot
(r)dr. (13)

By substituting (12) into (13) and using [34, (7.813)], a closed-form
expression forMγ b

p,tot
(s) can be derived as

Mγ b
p,tot

(s) = TGλ,2
2,λ+1

[
B
s

⏐⏐⏐⏐⏐ 0, 1
ζ0, . . ., ζKp , 0

]
. (14)

Substituting (14) into (11), a lower-bound on PEP can be obtained.
To avoid numerical integration, (11) can be approximated as fol-
lows

P(l → l̂) ≈
1
π

L∏
p=1

Mγ b
p,tot

(
1
2

)
. (15)

Note that the PEP is equivalent to average BEP when Nt = 2 for
SSK systems. We perform approximate BEP analysis in the next
subsection for Nt > 2.

2.2.2. Approximate analysis for Nt > 2
In the previous subsection, the approximate PEP for the multi-

hop multi-branch AF-SSK system is derived in (15). We can sub-
stitute the derived approximate PEP expression into well-known
union bound to get the approximate BEP for Nt > 2 as in [15].
Hence, the approximate BEP of the system can be given as

Pb ≈
1

Nt log2 (Nt)

Nt∑
l=1

Nt∑
l̂=1

N(l, l̂)P(l → l̂) (16)

where N(l, l̂) is the number of bits in error for the corresponding
pairwise error event.

2.3. Numerical results

In this subsection, analytical expressions given in the previous
subsections are verified through Monte Carlo simulations. We
provide BER results of the proposed multi-hop multi-branch AF-
SSK scheme for different number of S transmit antennas (Nt ),
relays (Kp), D receive antennas (Nr ) and parallel branches (L). We
also provide BER results corresponding to multi-hop multi-branch
classical SIMO systemwithAF relays, inwhichM-QAM is applied at
S, to comparewith theproposed SSK system. The results are plotted
as a function of ES/N0, where we assume the transmitted energy of
all relays is equal to ES , i.e., Ep,mp = ES .

In Fig. 2, the BER performance of the proposed AF-SSK system
is given for Nt = 2, Kp + 1 ∈ {3, 4, 5}, Nr = 4 and L = 1. As seen
from Fig. 2, the derived lower-bound on PEP for the single-branch
transmission given in (10) is considerably accurate for especially
low SNR values and the system performance degrades when the
number of the relays/hops increases.

Fig. 3 shows the BER performance corresponding to the pro-
posedmulti-hopmulti-branch AF-SSK system for Kp +1 = 3 hops,
Nt ∈ {2, 4, 8}, L ∈ {1, 2, 3} and Nr = 3. As can be seen from
Fig. 3, the analytical results match with the computer simulation
results and the proposed approximation is sufficiently accurate
for Nt ∈ {2, 4, 8} and L ∈ {1, 2, 3}. Furthermore, Fig. 3 clearly
indicates that the BER performance is improved when the number
of branches (L) increases.

In Fig. 4, we compare the BER performance of the proposed SSK
system with classical SIMO systems, in which M-QAM modula-
tion is applied at single-antenna S, for different spectral efficiency
values (η) in terms of bits/s/Hz. The curves in Fig. 4 are given for
η ∈ {2, 4, 6} bits/s/Hz, i.e., Nt ,M ∈ {4, 16, 64}, L = 2, K1, K2 = 4
and Nr = 4. To make fair comparisons, the data rates for the SSK
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Fig. 2. BER performance of the proposed multi-hop multi-branch AF-SSK system
for Nt = 2, Kp + 1 ∈ {3, 4, 5}, Nr = 4 and L = 1.

and classical SIMO systems are assumed to be equal. As seen from
Fig. 4, the classical SIMO scheme provides better BER performance
at low data rates; however, the effectiveness of the proposed SSK
scheme become more evident when the data rate is increased and
the proposed SSK scheme outperforms the classical SIMO system
for η = 6 bits/s/Hz at mid-to-high SNR values.

3. Space shift keying formulti-hop DF relayingwith path selec-
tion

In this section, we propose a multi-hop MIMO DF-SSK scheme
with path selection. Closed-form approximate and asymptotic SEP
expressions are derived and theoretical and simulation results are
provided for the proposed SSK scheme.

3.1. System model

The system model of the proposed multi-hop DF-SSK system is
given in Fig. 5. We consider a multi-hop multi-branch system, in

Fig. 4. BER performance comparison of the proposed multi-hop multi-branch SSK
system with the classical SIMO system for Nt ,M ∈ {4, 16, 64}, L = 2, K1 = K2 = 4
and Nr = 4.

which S is equipped with Nt transmit antennas and D is equipped
with Nr receive antennas. Furthermore, there are L branches and
each branch consists of K relays, which are equipped with Nt
transmit and Nr receive antennas. We denote the mpth relay in
the pth branch by Rp,mp

(
1 ≤ mp ≤ Kp, 1 ≤ p ≤ L

)
. Note that we

assume all the branches have the same number of relays, in other
words Kp = K , in the DF-SSK scheme for ease of representation.
We also assume that the perfect CSI is available at the receiving
nodes and the coordination among the relays allows for accurate
symbol-level timing synchronization at D and orthogonal channel
allocation. Furthermore, all channel coefficients follow complex
Gaussian distribution with zero-mean and unit variance as in the
first system, namely multi-hop multi-branch AF-SSK system.

In such a system, S communicates with D via half duplex DF
relays of the best path as follows: The overall transmission occurs
in K + 1 phases. In the first phase, a group of information bits
are mapped to a transmit antenna index at S according to the SSK
modulation. Due to the SSK mapping, only one transmit antenna

Fig. 3. BER performance of the proposed multi-hop multi-branch AF-SSK system: (a) Nt ∈ {2, 4, 8}, Kp + 1 = 3, Nr = 3 and L = 1; (b) Nt = 2, Kp + 1 = 3, Nr = 3 and
L ∈ {1, 2, 3}.
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Fig. 5. System model of the multi-hop MIMO DF-SSK system with path selection.

is activated during the transmission and active antenna transmits
a constant-parameter signal with the energy of ES . In K − 1 hops,
after the first phase, the relays on the selected path decode their
received signals according to ML detection and forward themwith
energy of ES , using SSK modulation as in the first phase. Hence,
information is conveyed hop by hop until it reaches D over the
selected path. With li denoting the active transmit antenna index
at the ith hop (i = 1, . . . , K + 1), the received signal vector at the
ith hop of the pth branch can be given as

yp,i =

√
ESh

li
p + np,i (17)

where hli
p is the lith column of Hp,i, which is the channel matrix

between the ith and (i + 1)th nodes at the path p. Note that the
elements of Hp,i are distributed with CN (0, 1). np,i is the additive
Gaussian noise vector at the ith hop of the pth branch, whose
elements are distributed with CN (0,N0). Since, the relays decode
their received signals and then, forward them applying the SSK
modulation, the system is exposed to error propagation. Finally,
at the last phase of the transmission, D receives the signal from the
last relay of the selected path and then decodes its received signal
according to ML detection rule.

The PEP of end-to-end SSK systems depends on the Euclidean
distances between channel fading coefficients corresponding to
the transmit antennas [3]. Hence, we consider these Euclidean
distances to perform the path selection in our system. Since each
transmitting node uses SSK modulation to send information bits,
PEP for the ith hop of the pth branch, or in other words, the
probability that li is detected erroneously as l̂i, can be given as [3]

P
(
li → l̂i

)
=

∫
∞

0
Q
(√

r
)
f
γ
li,l̂i
p,i

(r) dr (18)

where γ
li,l̂i
p,i =

ES

hlip−hl̂ip

2
2N0

. Here, hl̂i
p denotes the vector of channel

fading coefficients corresponding to l̂ith transmit antenna of the
ith hop of the pth branch for li ̸= l̂i. The best path is selected con-
sidering the squared Euclidean distances between channel fading
coefficients for each hop as follows:

γsel = max
p=1,...,L

{
min

i=1,...,K+1

{
min

li,l̂i=1,...,Nt , li ̸=l̂i
γ

li,l̂i
p,i

}}
. (19)

It is assumed that such the path selection procedure is per-
formed by a central controller, in which the CSI of all paths is
available, as in [39,40] and we have error-free feedback channels
between the controller and the relays. Such an assumption is
reasonable since the feedback is very reliable at very-low-rates
and useful protocols can also be applied to overcome the effects
of feedback errors [5].

3.2. Performance analysis

In this subsection, closed-form approximate and asymptotic
SEP expressions of the proposed DF-SSK system are derived. Note
that the reason why a SEP analysis is performed instead of a PEP
analysis in here, is that the approximate expressions obtainedwith
the SEP analysis are in a closer agreement with the computer sim-
ulation results compared to the union-bound expressions obtained
with the PEP analysis at especially high data rates. Moreover, since
the diversity order of the approximate SEP expression matches
with the diversity order of the DF-SSK system, we perform asymp-
totic error probability analysis in this subsection unlike the AF-SSK
system.

3.2.1. Approximate symbol error probability analysis
It is considerably difficult to derive the exact mathematical

results for the proposed multi-hop DF-SSK system with path se-
lection since we need to consider all error events occurred at
each node. However, to simplify the analysis, the worst case PEP
of the selected path can be used to determine the approximate
SEP of the proposed system [29]. In SM/SSK systems, PEP is de-
pendent to the difference of channel fading coefficients. We can
define the Euclidean distance between channel fading coefficients
corresponding to the lith and l̂ith transmit antennas as λ

li,l̂i
p,i =hli

p − hl̂i
p

2. Since hli
p and hl̂i

p follow complex Gaussian distribution,

λ
li,l̂i
p,i follows chi-square distribution and its CDF is given as [41]

F
λ
li,l̂i
p,i

(r) = 1 − e−
r
2

Nr−1∑
z=0

1
z!

( r
2

)z
. (20)

The minimum Euclidean distance for the ith hop can be expressed
as

λp,i = min
li,l̂i=1,...,Nt ,li ̸=l̂i

λ
li,l̂i
p,i . (21)

Since we have
(Nt
2

)
squared Euclidean distances in each hop, CDF of

λp,i can be written with the help of order statistics as [42, (2.1.2)]

Fλp,i (r) = 1 −

[
1 − F

λ
li,l̂i
p,i

(r)
](Nt2 )

= 1 −

[
e−

r
2

Nr−1∑
z=0

1
z!

( r
2

)z](Nt2 )

. (22)

On the other hand, the minimum Euclidean distance for the pth
branch can be expressed as

λp = min
i=1,...,K+1

λp,i. (23)
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Therefore, the CDF of λp can be written as

Fλp (r) = 1 −
[
1 − Fλp,i (r)

]K+1

= 1 −

[
e−

r
2

Nr−1∑
z=0

1
z!

( r
2

)z](K+1)(Nt2 )

. (24)

Considering (19), the selected path has the largest minimum
squared Euclidean distance among all branches. Hence, we can
define this distance (λsel) as follows

λsel = max
p=1,...,L

λp. (25)

Therefore, the CDF of λsel can be expressed as

Fλsel (r) =
[
Fλp (r)

]L
=

⎡⎣1 −

[
1 − F

λ
li,l̂i
p,i

(r)
](Nt2 )(K+1)

⎤⎦L

=

⎡⎢⎣1 −

[
e−

r
2

Nr−1∑
z=0

1
z!

( r
2

)z](Nt2 )(K+1)
⎤⎥⎦

L

. (26)

By applying binomial expansion, the CDF of λsel can be rewritten as

Fλsel (r) =

L∑
ν=0

Mν∑
t=0

(
L
ν

)
(−1)νCt (Nr ,Nt , ν) e−

r
2 (

Nt
2 )(K+1)νr t (27)

whereMν = (Nr − 1)
(Nt
2

)
(K + 1) ν and Ct (Nr ,Nt , ν) is the coeffi-

cient of r t in the expansion of[
Nr−1∑
z=0

1
z!

( r
2

)z]Kν

(28)

where Kν =
(Nt
2

)
(K + 1)ν. Using the nearest neighbor approach,

the approximate SEP of the system can be given as [43]

Ps ≈
2
Nt

∫
∞

0
Q

(√
ESr
2N0

)
fλsel (r) dr. (29)

The PDF fλsel (r) is obtained by taking the derivative of Fλsel (r) as

fλsel (r) =

L∑
ν=0

Mν∑
t=0

(
L
ν

)
(−1)νCt (Nr ,Nt , ν) e−

r
2 (

Nt
2 )(K+1)ν

×

[
tr t−1

−

(
Nt

2

)
(K + 1)

ν

2
r t
]

. (30)

By substituting (30) into (29) and evaluating the integral with the
help of [44, (3.63)], approximate SEP of the proposed system can
be obtained in the closed-form as

Ps ≈
2
Nt

L∑
ν=1

(Nr−1)Kν∑
t=0

(
L
ν

)
(−1)νCt (Nr ,Nt , ν)

×
t!
Kν

t

[
1 −

(
2Kν

ES/N0
+ 1

)−1/2
]t

−
1
2

[
1 −

(
2Kν

ES/N0
+ 1

)−1/2
]

t∑
u=0

2−u
(
t + u
u

)

×

[
1 +

(
2Kν

ES/N0
+ 1

)−1/2
]u

×

t−1∑
u=0

2−u
(
t − 1 + u

u

)[
1 +

(
2Kν

ES/N0
+ 1

)−1/2
]u

. (31)

3.2.2. Asymptotic symbol error probability analysis
Considering the well-known behavior of the PDFs of the direct

and relaying links around the origin [45], the diversity and coding
gains of the system, Gd and Gc , respectively, can be derived. Hence,
the asymptotic SEP of the proposed system at high SNR values can
be given as [45]

P̄s(ε) ≈ (GcES/N0 )−Gd . (32)

Taking the derivative of (24), the PDF of λp can be obtained as

fλp (r) = (K + 1)
(
Nt

2

)

×

[
e−

r
2

Nr−1∑
z=0

1
z!

( r
2

)z](K+1)(Nt2 )−1
e−r/2rNr−1

Γ (Nr )2Nr
. (33)

The PDF of λp around the origin can be written as

fλp (r) =
(K + 1)

(Nt
2

)
rNr−1

Γ (Nr )2Nr
+ HOT , r → 0+ (34)

where HOT stands for the higher order terms. Note that λp
denotes the minimum squared Euclidean distance in the pth
branch. Using (34) and [45], the diversity and coding gains pro-
vided by the pth branch can be given as Gp

d = Nr and Gp
c =

1
2

[(Nt
2

) (K+1)Γ (Nr+1/2 )

2
√

π(Nr !)

]−
1
Nr

, respectively. Sincewe consider the path
with the largest minimum Euclidean distance, using [45, Eq. (15)],
the diversity and coding gains provided by the proposed system
can be written respectively as

Gd =

L∑
p=1

Gp
d =

L∑
p=1

Nr = LNr , (35)

Gc =

[
2L−1π (L−1)/2Γ (LNr + 1/2)(

Gp
c
)LNr

(Nr + 1/2)L

]−
1

LNr

. (36)

3.3. Numerical results

In this subsection, the analytical expressions given in the pre-
vious subsections for DF-SSK system are verified through Monte
Carlo simulations. Moreover, SER comparisons are performedwith
the classicalmulti-hop SIMO schemes inwhich theM-PSKmodula-
tion is used instead of SSKmodulation in eachhop, the transmitting
and receiving nodes are equipped with one transmit and multiple
receive antennas, respectively. We consider the system models
of [28] and [29] for the classical multi-hop SIMO scheme; however,
the only difference between the classical multi-hop SIMO scheme
and the system models of [28] and [29] is that the receiving nodes
are equippedwith single receive antennas for the given references.
The SER results of the proposed SSK system are provided for dif-
ferent number of transmit antennas Nt , branches L, relays K and
receive antennas Nr .

Fig. 6 depicts the SER performance of the proposed multi-hop
DF-SSK systemwith path selection. The curves in Fig. 6 are given for
L ∈ {1, 2, 3}, K +1 = 5,Nt ∈ {2, 4} andNr = 3. As seen from Fig. 6,
computer simulation resultsmatch the analytical SEP and diversity
order results given in the previous subsection. Moreover, Fig. 6
indicates that the SER performance is improved and a diversity
gain is obtainedwhen the number of branches increases. According
to the asymptotic analysis, the asymptotic diversity orders of the
curves corresponding to the proposed SSK systems for L = 1, 2 and
3 are calculated as LNr = 3, 6 and 9, respectively. It can be verified
from the slopes of the SER curves given in Fig. 6(a) that these values
are consistent with the computer simulation results.
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Fig. 6. SER performance of the proposed multi-hop SSK system with path selection: (a) L ∈ {1, 2, 3}, K + 1 = 5, Nt = 4 and Nr = 3; (b) L = 3, K + 1 = 5, Nt ∈ {2, 4} and
Nr = 3.

Fig. 7. SER performance comparison of the proposed multi-hop SSK system and
classical SIMO system [28,29] for Nt ,M ∈ {2, 4}, L = 4, K + 1 = 4 and Nr = 4.

In Fig. 7, we compare the SER performance of the proposed
multi-hop SSK and classical SIMO schemes with path selection
for different data rates η ∈ {2, 3} bits/s/Hz, i.e., Nt ,M ∈ {4, 8},
where the derived analytical SEP curves are shown with dashed
lines. Note that amapping between information bits and amplitude
and/or phase modulated symbols is not performed in the SSK
modulation, consequently, the number of the transmit antennas
is used to determine the data rate. The curves in Fig. 7 are given
for L = 4, K + 1 = 4, Nt ,M ∈ {4, 8} and Nr = 4. As seen
fromFig. 7, the derived approximate SEP expression is considerably
accurate for especially high SNR region and the effectiveness of the
proposed multi-hop SSK scheme with path selection against the
classical multi-hop SIMO [28,29] scheme becomesmore evident at
higher data rates. Fig. 7 shows that the classical multi-hop SIMO
scheme outperforms the proposed multi-hop SSK scheme for η =

2 bits/s/Hz, i.e.,Nt = M = 4, by approximately 1.8 dB; however the
proposed multi-hop SSK scheme outperforms the classical multi-
hop SIMO scheme for η = 3 bits/s/Hz, i.e., Nt = M = 8, by
approximately 1.8 dB at a SER value of 10−4.

4. Conclusion

In this paper, we have proposed two novel MIMO-SSK schemes
for multi-hop relaying networks. In the first scheme, we have
considered SSK modulation for a multi-hop multi-branch network
employing AF relaying and in the second scheme, we have consid-
ered SSK modulation for a multi-hop network with DF relays and
path selection. We have derived error probability expressions for
both schemes. Furthermore, the proposed SSK systems have been
compared with the conventional schemes and it has been proved
that the effectiveness of the proposed SSK schemes compared to
the conventional schemes becomemore evident for especially high
data rates and sufficient number of receive antennas. Obtained
results have revealed that SSK is a promising technique with its
simple transceiver structure and remarkable error performance for
next-generation multi-hop relaying networks.
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