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Abstract—In this paper, a multi-hop relaying system involving
space-time block coded spatial modulation (STBC-SM) is pro-
posed for MIMO networks. STBC-SM is applied at each node in
which information bits are conveyed by both modulated symbols
and antenna combinations. In this scheme, each relay node is
equipped by N[ transmit and N receive antennas while the
source and destination are equipped by N, transmit and N
receive antennas, respectively. Each node decodes the received
STBC-SM signals from the previous node and forwards to the
next node until the source’s signals reach the destination. An
upper bound on the bit error probability (BEP) for the multi-
hop STBC-SM system is analytically derived and supported
via computer simulations. Theoretical and simulation results
show that the proposed system significantly improves the BEP
performance compared to the equivalent reference schemes given
in the literature.

Index Terms—spatial modulation, space-time coding, multi-
hop relaying.

I. INTRODUCTION

The increasing demand for high data rates, improved relia-
bility and capacity have led to the application multiple-input
multiple-output (MIMO) transmission techniques in wireless
systems. Spatial multiplexing and space-time block coding
(STBC) have been proposed as two main techniques to im-
prove the spectral efficiency and error performance of MIMO
transmission, respectively. Spatial multiplexing systems such
as vertical-Bell Laboratories layered space-time (V-BLAST)
[1], divides the input stream into several sub-streams and all
sub-streams are transmitted simultaneously, each one via a
different antenna. This transmission technique increases the
capacity, however, it causes a high level of inter-channel
interference (ICI) at the receive antennas and considerably
increases the decoding complexity. On the other hand, STBC,
which provides diversity and coding gains, is also favor-
able due to its low decoding complexity and implementation
simplicity in comparison to V-BLAST [2]. Both methods
experience several limitations such as ICI and inter antenna
synchronization (IAS) due to simultaneous data transmission.

Spatial modulation (SM) is a relatively new modulation
technique proposed for MIMO communication systems [3],
[4]. SM extends two dimensional signal constellations to the
third dimension, which is the spatial dimension. Therefore,
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information bits are conveyed by both modulated symbols
and antenna indices. In this technique, ICI is removed since
only one antenna among the available transmit antennas is
active during each signaling interval. As a result, SM helps
to totally overcome IAS, while only one radio frequency (RF)
chain is required at the transmitter. Space shift keying (SSK)
modulation introduced in [5] is a special case of SM for which
the information bits are conveyed only by antenna indices.
This simplifies the system design and decreases the decoding
complexity. Similar to SM, ICI is completely eliminated since
again only one antenna is active during each signaling interval.
However, neither SM nor SSK do not have the potential
to exploit transmit diversity. A transmission scheme, which
combines SM and STBC for MIMO systems, is proposed
in [6] as space-time block coded spatial modulation (STBC-
SM) by taking the advantages of both STBC and SM while
avoiding their drawbacks. In STBC-SM, information bits are
conveyed in addition to the modulated symbols by antenna
combinations in which only two antennas are activated during
each signaling interval. STBC-SM provides transmit diversity
with low complexity due to single symbol decoding property
of Alamouti’s STBC and significantly improves the system bit
error probability (BEP) performance.

Relays are commonly considered in the practical setups to
improve the performance of wireless communication systems.
On one hand, for non-cooperative relaying systems, relay can
be considered as a solution to shorten the distance between
source (S) and destination (D). For example, a system that
utilizes a relay between S and D can be assumed as a satellite
where the relay forwards the uplink carrier to D. Furthermore,
in multihop relaying, relays can be used along the transmis-
sion route to forward the source signal to D by enabling
greater coverage for the wireless system without increasing the
source’s transmission power [7]-[14]. On the other hand, for
cooperative communication systems, D receives signals from
both the direct link between S and D and from the relay. As a
result, this approach provides diversity and improves the sys-
tem reliability. As in classical cooperative systems, amplify-
and-forward (AF) and decode-and-forward (DF) are two most
common techniques used in multihop relaying schemes. In the
former, each intermediate node forwards the amplified noisy
version of the signal received from the previous node, to the
next relay until it reaches D. In the latter, relays forward to



the next node, the decoded version of the signal received from
the previous node until it reaches D.

The end-to-end BEP performance and outage analysis of
dual-hop DF (DH-DF) transmission system are performed
in [7] where it is shown that DF relaying technique out-
performs AF relaying technique. In [8], the performances
of conventional and cooperative multi-hop transmissions are
compared where each node applies DF or AF relaying to the
received signal and transmits it to the next node until it reaches
D. A multi-branch multi-hop scheme with DF where each
relay forwards only when it correctly decodes, is analyzed
in [9]. In [10], a cooperative multi-branch multi-hop scheme
is considered in which S and D communicate through direct
link and also by relays. Each relay node sends the signal to
the next node only if it is correctly decoded.

In relaying systems, spectral efficiency is reduced by the
number of transmission phases. For example, in the non-
cooperative DH case, data rate is halved due to the fact that
two time slots are required for the signal to reach D from S by
the intervention of a relay. Different protocols for SM and SSK
are considered in [11]-[13] to partially mitigate the decrease in
spectral efficiency of the multi-hop systems thanks to the extra
data transmission by antenna indices. Consequently, a lower
modulation order can be used by applying SM or STBC-SM
which convey information bits by antenna indices or antenna
combinations in addition to the modulated symbols. Therefore,
SM or STBC-SM can be used in multi-hop MIMO networks
to increase the data rate and decrease the multi-hop burden.
In [11], a DH-SSK scheme with AF relaying is proposed
and the BER performance is investigated for correlated and
uncorrelated channels with no direct link between S and D.
A hybrid SM for DH scheme is studied in [12] for the case
of imperfect channel knowledge at the transmitter. In [13],
two different SSK-DF multi-hop MIMO network structures are
proposed. In the first and second one, multi-hop diversity and
multi-branch multi-hop with direct link between S and D are
considered, respectively. In both schemes, each relay decodes
the received signal and forwards when it is correctly decoded.
In [14], DH-SM with DF relaying is introduced where SM is
applied to transmit the signal in each node. Significant BER
performance improvements and an increase in the system rate
are provided for the proposed protocol.

In this paper, the application of STBC-SM as a possible
relaying technique to multi-hop wireless networks, is pro-
posed. STBC-SM provides diversity and increases the data
rate as well as it avoids the interference at receive antennas
due to the single symbol decoding property of Alamouti’s
STBC [2]. In the considered system, it is assumed that each
relay node broadcasts the STBC-SM signal to the next node
and each node only receives, the signal from the previous
one. All intermediate nodes including D apply the maximum-
likelihood (ML) decoding to estimate STBC-SM symbols. An
upper bound on the BEP of the proposed multi-hop STBC-
SM system is analytically derived for DF relaying technique
and supported via computer simulations. Theoretical and sim-
ulation results show that the proposed system significantly
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Fig. 1. Considered multi-hop relaying scheme.

improves the BEP performance compared to the reference
schemes given in the literature.

The rest of the paper is organized as follows. The system
model is presented in Section II and the BEP analysis is
performed in Section III. Section IV deals with the perfor-
mance results and comparisons. Finally, Section V concludes
the paper.

II. SYSTEM MODEL AND PROTOCOL DESCRIPTION

The considered multi-hop relaying system is shown in Fig.
1, which consists of a single S, a single D and intermediate
relay nodes R; where ¢ = 1,2, ..., N and N being the number
of relays. S and D are linked to each other with N relays and
communicate through N + 1 hops in the lack of a direct link
between them. S and all relays have N;° and N7 transmit
antennas, and all relays and D have N and NP receive
antennas, respectively. In Fig. 1, H; for j = 1,2,.... N + 1,
stand for the channel fading coefficient matrices for each
hop whose entries are independent and identically distributed
(i.i.d.) zero-mean complex Gaussian random variables denoted
by CN(0,d~"), where d is the link distance and v is the path-
loss coefficient. Furthermore, it is assumed that the channel
state information (CSI) is perfectly known at all receivers
where noise components are assumed to be the i.i.d. samples
of additive white Gaussian noise (AWGN) process obeying
CN (0, Ny), where Ny /2 is the variance per dimension. In this
paper, bold capital and lower case letters denote matrices and
vectors, respectively. || - ||, (-)* and (-)* represent Frobenius
norm, complex conjugate, and Hermitian transpose operations,
respectively. Transmit power taken equal for each node is
denoted by p and M denotes the modulation order.

In this paper, the STBC-SM concept is applied to a multi-
hop relaying system. STBC-SM uses the advantages of both
STBC and SM to provide diversity and to increase the spectral
efficiency. At each node, only two antennas are active during
each signaling interval where Alamouti’s STBC [2] is applied
to broadcast the SM signal pairs as given by

X = <C1 CQ) = (T;:; f}%) (])

where x; and x9 represent complex transmitted symbols
drawn from M-PSK or M-QAM signal constellations. In (1),
columns and rows represent transmit antennas and time slots,
respectively. As an example, based on [6], if we assume that
N7 = N[ = 4 then, each node transmits the estimated data



from the previous node by one of the following four antenna
combinations given as

{X11, X102} = { (X 02x2), (02x2 X) }7
{Xo1, X0} = { (021 X 0251), (€2 022 1) }90 (2)

where ¢ = 9, X;,; for 4,57 = 1,2 are the corresponding
codewords for the data blocks 00, 01, 10, 11 assigned to
antenna combinations and 0,y is the a x b all-zero matrix.
Minimum coding gains distance (CGD) is calculated as a
function of # to maximize the diversity and coding gain [6,
Egs. (5),(9)]. Optimum 6 values for BPSK and 4-QAM are
found as equal to 1.57 and 0.61 radians in [6], respectively.
Transmission over each link consists of two time slots and
the receiver of each link tries to decode and forward STBC-
SM signal pairs. The received signal matrix at node ¢ is given

as
_ /P
Y, = \/;XmHi +N; 3)

where Y; stands for 2 x Nﬁ received signal matrix , H; and
N; denote the N/* x NE channel and 2 x N/* AWGN noise
matrices for the ith link, respectively. X, is the transmitted
codeword from the transmitting node of the 7th link, taken
from (2) and p = 2 is the normalization factor of the transmit
antenna’s power. Using Alamouti concept, the decoder at each
node can extract the embedded information from (3) and
estimate the received signals where more details are given in

[6].
III. PERFORMANCE ANALYSIS

In this section, theoretical upper bound for the BEP of multi-
hop STBC-SM system in which 2m = log, 4M? information
bits are transmitted by w = 22 different STBC-SM transmis-
sion matrices at each link, is derived. An upper bound on the
BEP for the ¢th link (hop) of the proposed STBC-SM system
is calculated by the well-known union bound [15] as

P (Xk — Xl) N1
2m

“4)

where ¢ = 1,2,..., N + 1, ny; is the number of bit errors
between the transmitted matrix X; and the erroneously de-
cided matrix X; and, P(X; — X;) is the pairwise error
probability (PEP) between these two matrices. The conditional
PEP (CPEP) is calculated as

P(X, = Xi[H) = Q (\fgmxk _ xonu) )

where Q(z) = (1/V2m) [ exp(—y?/2)dy. Using Craig
formula from [15], (5) can be rewritten as

/2

1
P(Xi — Xi[H) = ~ / exp(— 22
0

4sin’¢p

)do (6)

where v = ||(Xi — X;)H||?. Averaging over the pdf of SNR,
PEP can be expressed as

/2

1
P(Xp = X;) == [ M
7r0/

P
4sin?¢

)do (7

where M., (-) is the moment generating function (MIS}F) of ~.
Considering the quadratic form of v as v = ZNQ th Qhy
with Q = (Xk — Xl)H(Xk — Xl) and E{hkhk} = INtS
where hy, is the kth column of H and Iys is the unit matrix
of dimension N;°, MGF of v can be expressed and further
simplified as [16]

R

M, (t) = Hil (1 —thpri) ®)

where Ay ;,;’s are the eigenvalues of the matrix Q,
R =rank(Q) with R = 2 for the STBC-SM system of
[6]. Substituting (8) in (7) PEP between X; and X; can be
calculated as

RN
0

where Kk = (p/\k,l71/4sin2¢) and 3 = (p)\k,g72/4sin2¢).

Theoretical upper bound on the BEP of the ith hop can be
obtained by substituting (9) in (4). Finally, by assuming that
an error at any one of the receiving nodes will cause an error at
D, the end-to-end BEP upper bound for multi-hop STBC-SM
system can be expressed as

N+1
P<1-1[ -PRy)

where P, ; is given in (4).

(10)

IV. PERFORMANCE EVALUATION

In this section, the theoretical and simulation results for the
bit error rate (BER) performance of the proposed multi-hop
STBC-SM system are presented and compared for different
number of transmit antennas and data rates. Comparisons for
the DH case are also provided with the reference systems
applying SM [14] (conventional DH-SM), classical Alamouti’s
STBC (DH-Alamouti) and DF with classical M-QAM (con-
ventional DH-DF) at relay. The conventional SM system uses
the optimal decoder given in [4]. In Alamouti’s STBC, two
transmit antennas are used at S and each relay to transmit
an STBC signal pair. In conventional DH-DF, relay employs
maximum ratio combining (MRC) to decode the received
signals and forward it to D. Moreover, comparisons for 2,
3, 5 and 7 bits/s/Hz values of the spectral efficiency with the
reference systems are also provided. BER curves are depicted
as a function of SNR. In each figure, (N7, NE NF ND)
represents the numbers of transmit antennas at S, receive
antennas at the relays, transmit antennas at the relays and
receive antennas at D, respectively. Especially, results are
provided for the case of N = Nf' and NF = NP and
with d = 1 for all links. The path-loss coefficient is taken
equal to 4. In addition, all links are assumed equidistant for



BER

Fig. 2. Multi-hop BER performances of 2 bits/s/Hz STBC-SM.
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Fig. 3. Multi-hop BER performances of 3 bits/s/Hz STBC-SM.

the proposed and reference schemes and the average SNR is
taken equal for all links. Markers with solid lines in Figs. 2
and 3 represent the simulation results and dashed lines are for
the theoretical upper bounds. Gray coding is applied for all
considered signal constellations.

A. Multi-Hop Transmission Performance Results

Figs. 2 and 3 show the simulation results and the theo-
retical upper bounds when BPSK and 4-QAM modulations
are employed to achieve at 2 and 3 bits/s/Hz data rates
per link, respectively. The simulation results are given for
N7 = N = 4 and for varying numbers of receive antennas
at relay and D, and compared with the analytical results of the
previous section. It can be seen that for (4,2,4,2) and (4,4,4,4)
cases in each figure, we have an approximately 0.5 dB loss in
SNR for each increase in the number of hops between S and
D. Moreover, from Figs. 2 and 3 it can be concluded that the
simulation curves and theoretical upper bounds are in perfect
match for the proposed protocol in the high SNR region for
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Fig. 4. DH BER performances of 2 bits/s/Hz per link.
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Fig. 5. DH BER performances for 3 bits/s/Hz per link.

all cases, which validates the derived BEP upper bound of the
proposed multi-hop STBC-SM system.

B. DH comparisons with SM, DF and Alamouti’s STBC

In Fig. 4, simulation results for the proposed DH-STBC-SM
with BPSK modulation are provided. For 2 bits/s/Hz transmis-
sion per link, we compare our system with conventional DH-
SM for N = Nff = 2 and BPSK modulation, DH-Alamouti
and conventional DH-DF with 4-QAM. As seen from Fig. 4,
we have 5, 1 and 4 dB SNR gains for (4,4,4,4) case and nearly
5, 0 and 4 dB SNR gains for (4,2,4,2) case compared to the
conventional DH-SM, DH-Alamouti and conventional DH-DF
reference schemes, respectively.

Fig. 5 compares the BER performance of DH-STBC-SM
with 4-QAM, conventional DH-SM with BPSK, DH-Alamouti
and conventional DH-DF with 8-QAM for 3 bits/s/Hz per link.
The average end-to-end spectral efficiency from S to D is 1.5
bits/s/Hz for all systems. It is observed that we have SNR
gains of 4, 3 and 8 dB in (4,4,4,4) case and 9, 3 and 11
dB in (4,2,4,2) case over conventional DH-SM, DH-Alamouti,
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Fig. 6. DH BER performances for 5 bits/s/Hz per link.

conventional DH-DF, at a BER of 1073, respectively. By
decreasing the number of antennas from four to two at the
receivers, we have nearly 7 dB SNR loss for our protocol.
Moreover, the gap between DH-STBC-SM and conventional
DH-SM is increased by decreasing the number of receive
antennas due to the fact that the performance of SM is mostly
dependent on the receive antennas.

In Fig. 6, the BER performance for the proposed DH-STBC-
SM 16-QAM scheme is compared with the corresponding
reference schemes. As seen from Fig. 6, at a BER of 10~4
for DH-STBC-SM with 16-QAM, we have nearly 2, 2, 6
dB SNR gains over conventional DH-SM with 8-QAM, DH-
Alamouti and conventional DH-DF with both 32-QAM for the
(4,4,4,4) case and 4, 1 and 5 dB SNR gains for (4,2,4,2) case,
respectively.

In Fig. 7, the simulation studies are extended to 7 bits/s/Hz
transmission per link for the DH-STBC-SM with 64-QAM. In
this case, a comparable, 3 and 6 dB SNR gains are provided
at a BER value of 10~ for the (4,4,4,4) case and 4, 3, 7 dB
SNR gains at a BER value of 1073 for the (4,2,4,2) case over
the conventional DH-SM system with 32-QAM, DH-Alamouti
and conventional DH-DF both with 128-QAM, respectively.

V. CONCLUSION

In this paper, a new system, which applies the STBC-
SM to multi-hop MIMO networks, has been introduced. The
theoretical upper bound for the proposed scheme has been
analytically derived and the results have been supported via
computer simulations for different number of transmit/receive
antennas and data rates. The performance results have been
compared with reference systems such as conventional SM,
classical Alamouti and conventional DH-DF schemes for dif-
ferent spectral efficiencies and varying numbers of transmit
and receive antennas. Significant improvements for the BER
performance have been provided compared with the reference
systems at different data rates.
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