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Abstract—Spatial modulation (SM) is a novel and promising
approach that has been introduced as an alternative to classi-
cal multiple-input multiple-output (MIMO) spatial multiplexing
techniques. Cooperative communications, on the other hand, pro-
vides additional diversity gains and high data rates by improving
coverage. Combining the advantages of SM and cooperative
communications would then further improve efficiency. Most of
the studies in the literature of cooperative SM systems consider
the space shift keying (SSK) modulation, which is a special case of
SM, and single receive/transmit antenna relay (R) and destination
(D). In this work, we investigate the average bit error probability
(ABEP) of a decode-and-forward (DF) cooperative SM system
where all nodes have multiple transmit and/or receive antennas
which has not been studied before. It is shown that the derived
analytical expressions for the ABEP are in close match with the
computer simulation results. Furthermore, it is demonstrated that
the cooperative SM scheme provides 4 dB SNR gain compared
to classical M-ary modulated cooperative systems.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) transmission tech-
niques provide significiant improvements in channel capacity
and error performance for modern communication systems.
Two main MIMO strategies in the literature are space time
block coding (STBC) and spatial multiplexing. The former
is proposed to improve reliability providing transmit diver-
sity while extending the conventional two dimensional signal
constellation into space and time dimensions [1]. However,
for more than two transmit antennas, the symbol rate of
an orthogonal STBC is upper bounded by 3/4 symbols per
channel use. The latter has been introduced for high spectral
efficiency to satisfy the increasing demand for higher data
rates. The Bell Labs layered space-time (BLAST) schemes are
well-known forms of spatial multiplexing. In vertical-BLAST
(V-BLAST) [2], the multiple data streams are transmitted
over multiple transmit antennas to increase the capacity. As
a result of simultaneous transmission over all antennas, a
high level inter channel interference (ICI), which increases the
complexity of the receiver, occurs. Spatial modulation (SM),
on the other hand, is a new approach for MIMO systems and
an interesting alternative to classical transmission techniques
(such as V-BLAST and STBC systems) where information
bits are carried with both antenna indices and conventional
two-dimensional signal constellations [3]. In SM systems,
log, (N M) information bits are mapped to an SM symbol
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where N; is the number of transmit antennas and M is the
constellation size for conventional PSK/QAM modulations.
The first log,(NN;) bits are allocated for the transmit antenna
index and the remaining bits are used for M-PSK/QAM
modulations. Since a single transmit antenna is activated
during each symbol transmission, ICI is completely eliminated
in SM systems. A special case of SM, called space shift
keying (SSK), activates only one transmit antenna and uses this
activated antenna index to convey information by using simple
carrier signal rather than the classical PSK/QAM modulated
signals [4]. The SSK technique simplifies the transceiver
design and reduces the decoding complexity. However, this
simplification reduces the data rate of SSK compared to SM
for the same number of transmit antennas. In addition to the
advantages of SM over V-BLAST, SM and STBC is combined
in [5] to achieve transmit diversity gains.

Cooperative communications has been intensively studied
by the researchers over the past decade. In cooperative com-
munications, a source (S) transmits its own data to a relay (R)
and a destination (D) in the first time slot and R forwards the
received signal either decoding (decode-and-forward, DF) or
amplifying it (amplify-and-forward, AF) in the second time
slot. This forwarding concept forms a virtual MIMO system
to combat fading and provides a larger coverege area [6].

Combining the advantages of SM and cooperative commu-
nications has been recently studied in the literature [7]-[15].
The first study is performed by Serafimovski et.al. in [7] in
which a dual-hop SM system is proposed (where there is no
direct link between S and D). In this multi antenna dual-hop
system, R uses DF protocol to support the communication
between S and D. In [8], the SSK technique is utilized for
a dual-hop system. A tight upper bound for the bit error rate
(BER) is introduced for this multi antenna S and single antenna
R and D system using the AF strategy. A real cooperative
scenario in which S sents its information to R and D in the
first time slot is considered in [9]. In this system, the multi
antenna S transmits its data using SSK to N relays and D
(all nodes have single transmit and receive antennas) in the
first time slot and N relays amplify the incoming signal and
retransmit to D in the following N time slots. In the same
study, the use of DF strategy is investigated when the relays
which correctly detect the source symbol are permitted to
forward. Since the relays have single antenna, communication
between R and D can not be performed with SSK. In [10],
the same authors enhanced the dual-hop SSK system in [§]
to an N-relay system considering opportunistic relaying to



2016 IEEE International Black Sea Conference on Communications and Networking (BlackSeaCom)

increase the spectral efficiency. A multi-antenna S and single
antenna multiple-R and D cooperative system using SM with
DF is considered in [11]. The first cooperative system in which
multi antenna nodes use SSK with DF is introduced in [12].
However, the exact BER analysis is derived only for S and
R with two transmit antennas with incremental relaying and
selection combining at D. The combination of SM/SSK with
physical layer network coding (PLNC), which is proposed to
increase the spectral efficiency of cooperative communications
where different users share the same relay to communicate
with each other at the same time, can be found in [13]-[15].

As seen from the previous studies in the literature, the SSK
technique is generally considered instead of the SM and single
transmit antennas are assumed at relay(s) and destination.
As known, the SM/SSK uses at least two transmit antennas.
Therefore, a cooperative SM system in which the relay(s)
operating with DF and having only one transmit antenna is not
a complete SM system since the relay(s) can not re-encode the
decoded data into the SM symbols. Moreover, an SM system
needs at least two receive antennas for the error performance
improvement. To the best of our knowledge, a comprehensive
work in cooperative SM/SSK systems that suggests multiple
transmit and receive antenna nodes has not been given in the
literature yet. In this study, we consider a cooperative scenario
in which the S, R and D have more than two transmit/receive
antennas. S maps the information bits into an SM symbol
and sends it to R and D in the first phase. R decodes the
received signal using maximum likelihood (ML) detection and
re-encodes the estimated signal to an SM symbol and forwards
to D in the second phase. At D, the ML detection is employed
to determine the transmitted signal. We derive an analytical
expression for the bit error probability (BEP) of the above
system. Furthermore, we compare the cooperative SM scheme
with the classical cooperative M-ary modulation techniques.
Our computer simulations and analytical expressions show that
the proposed system provides error performance improvement
over conventional systems.

The rest of the paper is organized as follows. In Sections
I, the system model is given. In Section III, BEP analysis of
cooperative SM system with AF and DF relaying is given. The
theoretical results and computer simulations are presented in
Section IV. Section V concludes the paper.

The notation used throughout the paper is as follows:
A vector and a matrix will respectively be denoted by a
lower-case boldface and an upper-case boldface letter. ()7,
() and || - || represent transpose, Hermitian transpose and
Euclidean/Frobenius norm of a vector/matrix, respectively.
C™>™ represents the dimensions of a complex-valued matrix.
Pr{-} and E {-} denote the probability of an event and the
expectation operation, respectively. f(z) represents the real
part of complex variable 2. CA/(0,0?) denotes the circularly
symmetrical zero-mean complex Gaussian distribution with
variance o2.

II. SYSTEM MODEL

A cooperative communications system consisting of an S,
an R and a D is given in Fig. 1. S and R have N and N
transmit antennas while R and D have N and NP receive
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Fig. 1. Cooperative scenario.

antennas, respectively. Each element of the MIMO channel
matrices between S and R, HSE ¢ CN7 %N’ S and D, HSP ¢
CNP*NS and R and D, HEP ¢ CNF*N | are modeled as
CN(0,1) and obeys the flat Rayleigh fading channel model.
A unit energy SM symbol with E[xx] = 1 can be given
as x=[0, 0, ..., 0, z, 0, ..., 0] = [l,z,],

-1 N¢—1
where [ is the active antenna index and ;v; is the M -PSK/QAM
constellation symbol. In the first time slot, S transmits an SM
symbol to R and D as

ySD hZS'qu+nSD )
ySR = thgcq—anR, )
respectively, where NP (R) x 1, hlSD(SR) vector is the
I*" column of the corresponding MIMO channel matrix,
SD(S SD(SR SD(SR SD(SR .
HSP(SR)I= | p /PSR [ SD(SE) ny L with
each element being independent and identically distributed
@(i.i.d) as CN(0,1) and n is the N/*P x 1 additive white
Gaussian noise vector whose entries are modeled as
CN (0, Ny) with noise spectral density Ny/2 per dimension.
At R, the detector which has the perfect channel state
information (CSI), estimates the antenna index, [, and the
M-PSK/QAM symbol, z,, with ML decision rule as,

) = g [y b |
sq

and re-encodes to an SM signal and sends to D, which is
received as

y*P =hfPi, + n"P, (4)

2
). 5)

The ML detection rule at D is,

[[,#,] = argmin (HySD—hlSqu

2
+ HyRD_thqu
l.q

III. AVERAGE BIT ERROR PROBABILITY (ABEP)
DERIVATION

The average bit error probability (ABEP) of the cooperative
SM system where S and R have equal number of transmit
antennas (N;° = N/t = N;) and the modulation orders (M =
M?" = M) can be evaluated using the union-bound method
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APEP(D | R°) =
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(Ch.12 in [16]) as follows,

1
ABEP < —————
N NtMIng(NtM)

Ny M N

XZZZZN [, x,] —

=1 g=1k=1p=1

where N ([I, z4] — [k, x,]) is the number of bit errors between
the SM symbols [I, z,] and [k, z,], and APEP is the average
pairwise error probability when [, z,] is transmitted and it is
erroneously detected as [k, 2], which is computed next.

— [k, ,]) APEP  (6)

A. Average Pairwise Error Probability Analysis

The average pairwise error probability (APEP) at D for the
cooperative SM system can be given as,

APEP ~ APEP(R) x APEP(D | R)
+(1— APEP(R)) x APEP(D | R°) (7)

where APEP(R) is the APEP at the relay, APEP(D | R°)
is the APEP at the destination when R makes a decision error
and APEP(D | R°) is the APEP at the destination when R
detects the SM symbol correctly. When R makes a decision
error, this cause an error propagation and D will make an
erroneous decision with a high probability. As a result of
this error propagation, APEP(D | R®) approximates to a
certain value which is independent of the SNR. This value is
determined via Monte Carlo simulations and used in (7) (see
Fig. 2).

The APEP(R) is the APEP of the conventional SM and
can be calculated as [17],

APEP(R) = E{Pr ([l,z,] — [k, x,) | H)}
hSR _hSR 2
¢ st bty |

where Q(.) is the Q-function.

APEP(D | R°) can be calculated as in (9) which
is given at the top of the page. Since (9) is the APEP
when R detects the signal correctly, the antenna index

and the symbol are estimated correctly, i.e. [ = [ and
Z, = wx4. Hence, APEP(D | R°) will be as in (10),
where the right hand side is a random variable (r.v.) with
CN (02N, (|12, = BgPa, |[; + [Pz, — bfPa,|[3))
distribution.

To obtain the APEP, the probability density functions (pdf)
of the random variables in Q-function of (8) 2and (11) have to
be computed. Let x = ||hlSqu — h,fR:z:pH where v = N%)

and pdf of x be p,(x). The APEP at R can be calculated as

- [Q(WR) i (12)
0

which can be computed with Craig’s formula yielding the well-
known moment generating function (MGF) approach [16],

o)

For flat Rayleigh fading channel model, x follows gamma dis-
tribution (in our special case, it is actually Erlang distribution)

with Gamma (Nf,ﬁ) where

APEP(R)

APEP(R

2 .
- 3|y — xp) ifl=k
= 14
7 {g (\xq|2+|xp|2) if 14 k. (14)
The MGEF of « is obtained as [16],
_ \—NFE
M(s)=(1—7s) "7 . (15)
(13) can be computed using ([16], Eq.5A.4b) as
NE_q .
(27 [1—p2)’
APEP =—1|1- —_— 1
(R) uZ(j)( 1 ) (16)
7=0
where 1 = 77261 and () denotes the binomial coefficient.

Same approach can be followed for APEP(D | ch.
Consider, ' = ||h{ Pz, — thpoz + ||0ffPzy — hfPa, ||
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Fig. 2. Average pairwise error probability at D when R makes a decision

error for different kinds of SM symbols.

Then, the pdf of ' will be Gamma(2NP 7). Therefore, its
MGEF is given as

Mi(s) = (1 —7s) 2V (17)
Hence, APEP(D | R°) will become,
1 T o\ (12N
APEP(D | R) =2 |1-p ]go <3> (4>

(18)
where f is as defined in (16).

IV. PERFORMANCE EVALUATION

In this section, we present analytical and computer simu-
lation results for the BEP of cooperative SM systems. Monte
Carlo simulations are realized for at least 10° channel uses as a
function of the received SNR and compared with the analytical
results. In order to obtain the same spectral efficiency, the
number of transmit antennas and the modulation orders are
taken identical for S-R and R-D links, i.e. N = Nt = N,
and M°S = ME = M. Additionally, the distances from one
node to other nodes are equal.

As mentioned in the previous section, when R makes a
decision error, this cause an error propagation and D will
make an erroneous decision with a high probability. As a
result of this error propogation, APEP(D | R¢) approximates
to a certain value which is independent of the SNR. This is
depicted in Fig. 2 where this value is calculated via Monte
Carlo simulations as an average (over at least 10° channel
uses) of the erroneously detected symbols at D when R makes
a decision error. In Fig. 2, APEP(D | R°) is computed for
different SM parameters as a function of received SNR.

In Fig. 3, BER performance of cooperative SM system with
DF relaying is given where the number of receive antennas
for R and D are the same, i.e., N = NP = N,. The
computer simulations are evaluated for different number of
transmit antennas, different types of modulations and as a
result for different spectral efficiencies. As seen from Fig. 3,

o N=2BPSK (Sim)
N;=2 BPSK (Theo.)
N;=4 BPSK (Sim.)
107 - N;=4 BPSK (Theo.)
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Fig. 3. BER performance of cooperative SM system with DF relaying for
different number of transmit antennas and different modulations. Note that
Nf =NF =N, and NF = NP =2.
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Fig. 4. BER performance of cooperative SM system with DF relaying for
NtS = NtR = N; = 2, different modulation orders with respect to different
number of receive antennas at R and D.

the theoretical curves and computer simulation results have
exact match.

In Fig. 4, the impact of the amount of receive antenna
on BER is investigated. The computer simulation results and
theoretical curves for the same number of transmit antennas,
different modulation orders and different N® and N” values
are depicted in Fig. 4 where the analytical curves and computer
simulation results are in close match. On the other hand, the
slope of the curves, i.e., the diversity order, depends on the
S-R link and the location of the R for the DF cooperative
communications.

The BER performance comparison of cooperative SM and
classical cooperative M-ary modulated systems is given in
Figs. 5 and 6 where R = 3, 4 and 5 bits/s/Hz spectral
efficiency values are considered for both figures. The only
difference between the two figures is the number of receive
antennas of R and D. In Fig. 5, two receive antennas are
considered at R and D, i.e. N = NP = N, = 2 while
in Fig. 6, four receive antennas are considered, i.e., N/t =
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Fig. 5. BER performance comparison of cooperative SM with classical
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Fig. 6. BER performance comparison of cooperative SM with classical
cooperative M-ary modulation for DF relaying systems. (NF = NP =
N, =4)

NP = N, = 4. As seen from Fig. 5, cooperative SM system
provides approximately 2 dB SNR gain over corresponding
classical cooperative system when R and D has two receive
antennas. When they have four receive antennas as in Fig. 6,

the SNR gain increases to 4 dB.

V. CONCLUSION

In this study, we have proposed a new cooperative SM
scheme and we have investigated its ABEP performance for
the DF relaying. Most of the studies on cooperative SM
systems in the literature consider the SSK instead of SM
and single receive antenna in R and/or D. In this work, we
have derived an analytical expression for the ABEP of DF
multi-antenna cooperative communications system which uses
SM. In order to maintain the same spectral efficiency, we
considered equal number of transmit antennas for S and R.
Derived expressions for the ABEP have exact match with the
computer simulation results. Moreover, computer simulations
and analytical expressions show that cooperative SM system
provides 2 dB and 4 dB SNR gains when R and D have two
and four receive antennas, respectively. Additionally, it can be

concluded that the SNR gains increase with increasing IV,.
Since the relay location, i.e. distance of the relay relatively
to the source and destination, is important for the error
performance, the diversity order depends on the S-R link. In
our system model, R has equal distance to S and D, therefore,
the diversity order is not improved.

In our future studies, different number of transmit/receive

antennas and different modulation orders at all nodes will
be taken into account. Furthermore, different diversity and
relaying protocols will be investigated.
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