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Abstract—Space shift keying (SSK) is an attractive modulation
technique for multi-antenna communications. In SSK, only one
among the available transmit antennas is activated during one
channel use, and the index of the chosen transmit antenna con-
veys information. In this paper, we analyze the performance
of SSK in multi-hop, multi-branch cooperative relaying systems.
We consider the decode-and-forward relaying protocol, where
a relay forwards the decoded symbol if it decodes the symbol
correctly from the received signal. We derive closed-form ex-
pressions for the end-to-end bit error rate of SSK in this system.
Analytical and simulation results match very well.

Keywords – Space shift keying, decode-and-forward, multi-hop, multi-

branch, BER analysis.

I. INTRODUCTION

Spatial modulation (SM) is a relatively new modulation tech-
nique for multi-antenna communication systems [1]. In this
modulation technique, only one among the available transmit
antennas is activated during signal transmission, and informa-
tion is conveyed by the index of the active antenna. This helps
in addressing the issues related to multiple antenna transmis-
sion, e.g., 1) inter-antenna synchronization, and 2) complex-
ity, size and cost of hardware due to the use of multiple trans-
mit radio frequency chains. Space shift keying (SSK) is a
special case of SM [2], where a signal known to the receiver
(say +1) is transmitted from the active transmit antenna. In a
ns = 2m transmit antenna system, each antenna is mapped to
a distinct information bit sequence of length m. This trans-
mitting antenna, at any instant, is chosen based on the m in-
formation bits at that instant. At the receiver, the detection
involves the determination of the index of the active transmit
antenna based on the received signal. Thus, the information
bit sequence associated with the detected transmit antenna in-
dex is conveyed to the receiver.

Recent works [3]-[8] have considered the concept of SM/SSK
in relay assisted communication. SM was considered for dec-
ode-and-forward (DF) non-cooperative dual-hop relay chan-
nel in [3]. In [4], [5], a modulation scheme based on SSK,
namely space time shift keying, has been proposed for co-
operative communication. An information guided relaying
scheme based on the concept of SSK was studied in [6]. In
[7], the bit error rate (BER) performance of SSK in amplify-
and-forward (AF) dual-hop relay channel in the absence of
direct link between the source and the destination was ana-
lyzed. In [8], the BER analysis of dual-hop cooperative net-
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work with multiple relays for DF and AF relaying protocol
was presented.

The performance of general multi-branch multi-hop cooper-
ative network has been studied for conventional QAM/PSK
modulation in [9]-[13]. The performance of AF multi-hop
multi-branch cooperative relay network has been analyzed
for variable gain relays in [9], for fixed gain relays in [10],
for channel state information assisted cooperative network in
[11], and for log-normal fading in [12]. The performance in
the presence of co-channel interference has been analyzed in
[13]. In this paper, we consider SSK modulation in multi-hop
multi-branch cooperative network and analyze its BER per-
formance. We consider DF relaying, where, in a given hop,
only those relays which decode the SSK symbol correctly for-
ward the decoded symbol to the next hop. We derive closed-
form expressions for the end-to-end BER, and validate the
analytical results through simulation.

The rest of the paper is organized as follows. The system
model is presented in Section II. The BER analysis is pre-
sented in Section III. Analytical and simulation results on the
BER performance are presented in Section IV. Conclusions
are presented in Section V.

II. SYSTEM MODEL

We consider a general multi-hop multi-branch cooperative
network consisting of source node S, destination node D, and
L + 1 diversity branches B0, B1, · · · , BL, connecting S and
D. The branch B0 denotes the direct S-to-D link. The branches
B1, · · · , BL contain M1, · · · ,ML relay nodes, respectively,
as shown in Figure 1. The kth relay in the branch Bl is de-
noted as Rk,l. The source and relays are each equipped with
ns transmit antennas. The SSK symbol alphabet is given by

Sns
≡ {sj : j = 1, · · · , ns}, (1)

sj = [0, · · · , 0, 1︸︷︷︸
jth coordinate

, 0, · · · , 0]T .

The relay Rk,l and the destination D are equipped nrk,l and
nd receive antennas, respectively. In the first phase, S broad-
casts the SSK signal x, which is heard by D and all the relays
in the first hop of the branches B1, · · · , BL, i.e., R1,1, · · · ,
R1,L, respectively. The received signal vectors at R1,l and D,
respectively, are given by

ysr1,l = Hsr1,l x + wsr1,l, l = 1, 2, .., L (2)

ysd = Hsd x + wsd, (3)
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Fig. 1. System model of multi-hop multi-branch cooperative network.

where Hsr1,l ∈ C
nr1,l×ns is the S-to-R1,l channel matrix,

wsr1,l ∈ C
nr1,l×1 is the additive noise vector at R1,l, Hsd ∈

C
nd×ns is the S-to-D channel matrix, and wsd ∈ C

nd×1 is
the additive noise vector at D. We consider DF relaying. Each
relay in the first hop of every branch (R1,l; l = 1, 2, .., L)
decodes the signal in the first phase of communication and
forwards to the next hop relays only if it decodes correctly.
Likewise, at every hop, the relays in each diversity branch for-
ward the regenerated symbol if the decoding is correct. This
relaying protocol has been considered for SSK in dual-hop
multiple relay cooperative system in [8]. Each branch Bl,
that correctly decodes the signal at the relay terminal RMl,l,
forwards the decoded SSK signal to D in different time slots.
Let U denote the set of the indices of the diversity branches
that forward to the destination D. Without loss of generality,
let us assume the case where the cardinality of U denotes n
(0 � n � L). n = 0 corresponds to the case when U is
null set, i.e., no multi-hop diversity branch can decode sig-
nal correctly. When n > 0, the elements of U are denoted
as u1, u2, · · · , un, respectively. Here, 1 � u1, · · · , un � L,
and u1 �= u2 �= · · · �= un. The destination combines the sig-
nal vectors and carries out optimal detection. The combined
received vector is represented as⎡
⎢⎢⎢⎢⎣

ysd

yMu1d,u1

.

.
yMun d,un

⎤
⎥⎥⎥⎥⎦

︸ ︷︷ ︸
y

=

⎡
⎢⎢⎢⎢⎣

Hsd

HMu1d,u1

.

.
HMun d,un

⎤
⎥⎥⎥⎥⎦

︸ ︷︷ ︸
H

x +

⎡
⎢⎢⎢⎢⎣

wsd

wMu1d,u1

.

.
wMun d,un

⎤
⎥⎥⎥⎥⎦

︸ ︷︷ ︸
w

, (4)

where yMu1d,u1 , · · · ,yMun d,un
are the received signal vec-

tors from the relay nodes RMu1 ,u1 , · · · , RMun ,un
, respec-

tively. HMu1d,u1 , · · · ,HMun d,un
are the RMu1 ,u1-to-D,· · · ,

RMun ,un
-to-D channel matrices, respectively. wMu1d,u1 , · · · ,

wMun d,un
are the noise vectors at D. The detected signal at

D is given by

x̃ =
min

s ∈ Sns

‖y − Hs‖2 . (5)

The elements of the noise vectors are modelled as i.i.d. CN (0,
σ2). The channel matrix between the nodes Rk−1,l and Rk,l

at the branch Bl for k = 2, · · · ,Ml is denoted as Hk−1,k,l.

The entries of the channel matrices Hsd, Hsr1,l, Hk−1,k,l,
and HMld,l are modelled as CN (0, σ2

sd), CN (0, σ2
sr1,l), CN (0,

σ2
k−1,k,l), and CN (0, σ2

Mld,l), respectively, where σ2
sd, σ2

sr1,l,
σ2

k−1,k,l, and σ2
Mld,l depend on the path loss and shadowing

in the corresponding links. The channel matrices in each link
are assumed to be independent of each other.

III. BER ANALYSIS

A. Analysis for ns = 2
We denote the end-to-end error event in detection of bits as E.
Let ψ denote the set of indices of the diversity branches that
decode the signal correctly and forward the decoded signal to
destination. The end-to-end BER can be written as

P (E) =
∑

ψ∈P({1,2,··· ,L})
P (ψ)P (E|ψ), (6)

where P({1, 2, · · · , L}) is the power set of the set of the in-
dices of the diversity branches {1, 2, · · · , L}. Without loss of
generality, let us consider the case when ψ = U, where U is
the set of indices of the diversity branches as defined in Sec-
tion II. Then, from (4), the conditional probability of error
P (E|ψ = U;HMui

d,ui
, ui ∈ U) can be written as [2]

P (E|ψ = U;HMui
d,ui

, ui ∈ U)

= Q

(√
‖h1 − h2‖2

2σ2

)
(7)

= Q
(√

Λ
)
. (8)

Here, hq is the qth column of H and ‖h1 − h2‖2 = ‖h1
sd −

h2
sd ‖2 +

∑n
i=1 ‖h1

Mui
d,ui

− h2
Mui

d,ui
‖2. hq

sd, hq
Mui

d,ui

are the qth columns of Hsd and HMui
d,ui

, respectively. Λ
is the sum of n + 1 independent Gamma distributed random
variables and can be written as

Λ = Λsd +
n∑

i=1

Λui

Mui
d, (9)

where Λsd = ‖h1
sd−h2

sd‖2

2σ2 and Λui

Mui
d =

‖h1
Mui

d,ui
−h2

Mui
d,ui

‖2

2σ2

are distributed as Γv(nd,Ωsd) and Γv(nd,ΩMui
d,ui

), respec-

tively, and Ωsd = σ2
sd

σ2 , ΩMui
d,ui

=
σ2

Mui
d,ui

σ2 . Here, Γv(a, b)
denotes Gamma distribution of shape parameter a and scale
parameter b.
Averaging (8), the conditional error probability P (E|ψ = U)
can be written as

P (E|ψ = U)

=
∫ ∞

0

Q
(√

λ
)
fΛ(λ)dλ

=
∫ ∞

0

1
π

∫ π
2

0

exp
(
− λ

2 sin2 θ

)
dθfΛ(λ)dλ (10)

=
1
π

∫ π
2

0

∫ ∞

0

exp
(
− λ

2 sin2 θ

)
fΛ(λ)dλdθ

=
1
π

∫ π
2

0

GΛ(− 1
2 sin2 θ

)dθ



=
1
π

∫ π
2

0

GΛsd
(− 1

2 sin2 θ
)

n∏
i=1

GΛ
ui
Mui

d
(− 1

2 sin2 θ
)dθ

=
1
π

∫ π
2

0

(
1 +

Ωsd

2 sin2 θ

)−nd n∏
i=1

(
1 +

ΩMui
d,ui

2 sin2 θ

)−nd

dθ, (11)

where GΛ, GΛsd
, GΛ

ui
Mui

d
are the moment generating func-

tions (MGF) of Λ, Λsd, and Λui

Mui
d, respectively. Equation

(10) follows from Craig’s formula [14]. We derive a closed-
form expression of the integral in (11) as follows. Consider
the following approximation of the integral in (11):

P (E|ψ = U) ∼= 1
π

∫ π
2

0

(
1 +

Ωeq

2 sin2 θ

)−(n+1)nd

dθ, (12)

where Ωeq =
(
Ωsd

∏n
i=1 ΩMui

d,ui

) 1
n+1

. A closed-form ex-

pression of the integral in (12) is obtained from MATHE-
MATICA as

1
π

∫ π
2

0

(
1 +

Ωeq

2 sin2 θ

)−(n+1)nd

dθ

=
1
π

1

2
(

1 + Ωeq

2

) 3
2

(n + 1)Γ(n + 1)

[(
1 +

2
Ωeq

)−n− 1
2

Ωeq

2

−n−1√
π

(√
Ωeq

2
(1 +

Ωeq

2
)n+2(n + 1)

√
πΓ(n + 1) +

(
1 +

Ωeq

2

) 1
2
Γ(n +

3
2
)
{

2F1

(
1, n +

3
2
,−1

2
,

Ωeq

Ωeq + 2

)

+
(
− 1 + Ωeq(n+2)

)
2F1

(
1, n +

3
2
,
1
2
,

Ωeq

Ωeq+2

)})]
, (13)

where Γ(α) is the gamma function with argument α and 2F1(.
, .; .; .) is hypergeometric function. The numerical results in
Section IV shows that the analytical BER obtained by using
the closed-form expression in (13) closely follows the simu-
lation results.
Now, P (ψ = U) can be written as

P (ψ = U) =
∏
l∈U

P (Al)
∏

q∈Uc

(
1 − P (Aq)

)
, (14)

where Al is the event that the index l of diversity branch Bl

being in the set U, the set U
c � {1, 2, · · · , L} \ U, and

P (Al) = (1 − P (El
sr1

))
Ml∏
k=2

(1 − P (El
k−1,k)). (15)

El
sr1

is the event of error in S-to-R1,l link, El
Ml,d

is the event
of error in RMl,l-to-D link, and El

k−1,k is the error event in
Rk−1,l-to-Rk,l link. From (2), the conditional probability
of error P (El

sr1
|Hsr1,l) is given by Q(

√
Λsr1,l) [2], where

Λsr1,l =
‖h2

sr1,l−h1
sr1,l‖2

2σ2 . hq
sr1,l is the qth column of Hsr1,l.

The average error probability P (El
sr1

) can be derived as

P (El
sr1

)

=
∫ ∞

0

Q(
√

φ)fΛsr1,l
(φ)dφ

=
∫ ∞

0

∫ ∞
√

φ

e−
v2
2 dv√
2π

φnr1,l−1 exp(− φ
Ωsr1,l

)dφ

Ωnr1,l

sr1,l (nr1,l − 1)!

=
∫ ∞

0

∫ v2

0

φnr1,l−1 exp(− φ
Ωsr1,l

)dφ

Ωnr1,l

s1,l (nr1,l − 1)!
e−

v2
2 dv√
2π

(16)

=
∫ ∞

0

[
1 −

nr1,l−1∑
t=0

( v2

Ωsr1,l

)t exp(− v2

Ωsr1,l
)

t!

]e−
v2
2 dv√
2π

(17)

=
1
2

[
1 −

nr1,l−1∑
t=0

√
Ψsr1,l

Ωt
sr1,lt!

∫ ∞

−∞

v2t exp(− v2

2Ψsr1,l
)√

2πΨsr1,l

dv

]
(18)

=
1
2

[
1 −

nr1,l−1∑
t=0

Ψt+ 1
2

sr1,l(2t)!
Ωt

sr1,l2tt!

]
, (19)

where Ψsr1,l = Ωsr1,l

Ωsr1,l+2 , Ωsr1,l =
σ2

sr1,l

σ2 , (16) follows from
change in the order of integral, and (17) follows from the def-
inition of cumulative distribution of gamma random variable.
Using the expression of the 2tth central moment of normal
r.v.

(
i.e., Ψt

sr1,l
(2t)!
2tt!

)
in (18), we get (19). P (El

Ml,d
) and

P (El
k−1,k) can be derived in a similar way, and is given by

P (El
Ml,d

) =
1
2

[
1 −

nd−1∑
t=0

Ψt+ 1
2

Mld,l(2t)!
Ωt

Mld,l2tt!

]
(20)

P (El
k−1,k) =

1
2

[
1 −

nl
k−1,k−1∑

t=0

Ψt+ 1
2

k−1,k,l(2t)!
Ωt

k−1,k,l2tt!

]
, (21)

where ΨMld,l = ΩMld,l

ΩMld,l+2 , Ψk−1,k,l = Ωk−1,k,l

Ωk−1,k,l+2 , Ωk−1,k,l =
σ2

k−1,k,l

σ2 .

B. Approximate analysis for ns = 2m,m > 1

The end-to-end BER for the case of ns = 2 derived in Sec-
tion III-A is a function of the error probability of individ-
ual links, i.e., P (El

sr1
), P (El

k−1,k), P (El
Mld

), as well as the
conditional error probability at D for each realization of ψ,
e.g., P (E|ψ = U). For ns = 2m,m > 1, i.e., non-binary
SSK, we derive the approximate error probability using union
bound approach. Our computation shows that if we directly
apply the union bound on the end-to-end BER, then the result-
ing curve does not follow the simulated BER curve closely.
Therefore, we have adopted a different approach whereby the
union bound of each constituent probabilities of the end-to-
end BER expression are obtained. The approximate BER ex-
pression is then derived using these union bound expressions
in the similar manner as explained in Section III-A. The ap-
proximate BER thus obtained is not an upper bound on the



actual BER, since the actual BER is not a monotonically in-
creasing function of every one of these constituent probabili-
ties. The union bound of the probability terms are as follows

P (El
sr1

) � CeffPEP (El
s1) = P̃ (El

sr1
), (22)

P (El
k−1,k) � CeffPEP (El

k−1,k) = P̃ (El
k−1,k), (23)

P (El
Mld

) � CeffPEP (El
Mld

) = P̃ (El
Mld

), (24)

P (E|ψ = U) � CeffPEP (E|U) = P̃ (E|ψ = U), (25)

where Ceff=
ns∑
t=1

ns∑
p=1
p�=t

N(st→sp)
ns log2(ns) , and N(st → sp) is the num-

ber of bits in error when st is detected as sp. PEP (El
s1),

PEP (El
k−1,k), PEP (El

Mld
), PEP (E|U) are the pairwise

error probabilities, and are given by (19), (20), (21) and (13),
respectively. Using the union bound expressions P̃ (El

sr1
),

P̃ (El
k−1,k), P̃ (El

Mld
), P̃ (E|ψ = U) in place of P (El

sr1
),

P (El
k−1,k), P (El

Mld
), P (E|ψ = U) in (6), (14), and (15),

the closed-form expression of approximate BER is obtained.

IV. RESULTS AND DISCUSSION

We computed the BER as function of signal-to-noise-ratio
(SNR) using the analytical expressions derived in the previ-
ous section. We also obtained the BER versus SNR curves
through simulation for the purpose of comparison with the
analytical BERs. We define SNR as 1

σ2 . We keep the chan-
nel parameters as σ2

sr1,l = σ2
k−1,k,l = σ2

Mld,l = σ2
sd = 0

dB. Figure 2 presents the BER plots as a function of SNR
for 3 branches (L = 2 multi-hop branches and the direct S-
to-D branch) with varying number of relays in each multi-
hop branch (M1 = M2 = 2, 4) obtained through simulation
and analysis. The number of transmit and receive antennas is
taken as 2 at all the nodes, i.e., ns = nd = nrk,l = 2; k =
1, · · · , 4; l = 1, 2. The analytical and simulated BER plots
show an almost exact match. Figure 3 shows the BER ver-
sus SNR plots for varying number of branches (L = 1, 2, 3)
with each multi-hop branch having 3 relays, obtained through
analysis and simulation. The number of antennas is kept at 2
in all the nodes. Here also, the BER curves corresponding
to analysis and simulation match almost exactly. These two
figures validate the analysis presented in this paper for binary
SSK.

Figure 4 shows the BER vs SNR plots for L = 2, 3 relays in
each multi-hop branch (M1 = M2 = 3) for SSK with ns = 2
and ns = 8. The number of receive antennas in each link for
ns = 2 and ns = 8 are nd = nri,l = 2, and 8, respectively;
i = 1, 2, 3; l = 1, 2. It can be seen that, for ns = 8 also, the
approximate analytical BER curve is close to the simulated
BER curve. For the purpose of performance comparison with
conventional PSK modulation, we have plotted the BER vs
SNR plots for BPSK and 8-PSK with the same network set-
ting with single transmit RF chain in each link. The number
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of receive antennas in each link is taken to be 2 for BPSK,
and 8 for 8-PSK (nd = nri,l = 2, 8; i = 1, 2, 3; l = 1, 2).
The figure shows that binary SSK is outperformed by BPSK,
whereas SSK with ns = 8 shows significantly better BER
performance than 8-PSK.

V. CONCLUSION

We derived closed-form expressions for the end-to-end BER
for SSK modulation in cooperative multi-hop multi-branch
relay networks. We considered DF relaying, where the relays
forwarded the decoded signal only when they decode the sig-
nal correctly. For binary SSK, we derived a closed-form ana-
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transmit RF chain for BPSK and 8-PSK in each link.

lytical expression for the BER. For SSK with more than two
transmit antennas, the analytical BER is derived using union
bound approximation. Numerical results showed that the an-
alytical BER follows the simulated BER closely. The results
also showed that SSK with eight transmit antennas outper-
forms 8-PSK in the considered network setting.
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