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Abstract—In this paper, we investigate the error
performance of space-shift-keying (SSK) with full-duplex
(FD) amplify-and-forward (AF) relaying over Rayleigh fading
channels in the presence of residual loop interference. In
the proposed system, the source and destination nodes are
equipped with multiple antennas, while the relay node has a
single transmit and receive antenna. An upper-bound for the
bit error rate (BER) expression of the system is derived in a
closed-form. The accuracy of the analytical results are validated
via Monte Carlo type computer simulations. It is revealed that
SSK with FD-AF relaying as a spectrum-efficient transmission
scheme provides considerable error performance improvement
in comparison with the conventional SSK with half-duplex (HD)
AF relaying, especially for higher spectral efficiency values.

I. INTRODUCTION

Spatial modulation (SM), as a promising technique for
multiple-input multiple-output (MIMO) systems, uses the
spatial domain to convey information bits in addition to the
conventional amplitude and phase modulation (APM) [1].
In SM, the information bits regarding the spatial domain
are carried by the transmit antenna indices via activating
a single transmit antenna. Therefore, the requirement of
multiple transmit radio frequency (RF) chains is relaxed
in SM technique. Moreover, it is shown that SM with
the optimum maximum likelihood (ML) detection provides
error performance gains over popular MIMO techniques, e.g.,
V-BLAST architecture [2]. These properties of SM make it
a strong candidate for next-generation wireless systems [3].
In space-shift-keying (SSK), as a special case of SM, all the
information bits are conveyed via the transmit antenna indices
by using a carrier with constant parameters at the receiver (e.g.,
+1 in baseband) instead of APM signals [4]. SSK technique
guarantees almost identical error performance with SM as well
as its lower complexity detection algorithm [4].

Cooperative communications, which provides coverage
and capacity enhancement with the help of the relay
nodes, has gained great attention in the past years
[5]. There are two fundamental transmission protocols in
cooperative networks as amplify-and-forward (AF) relaying
and decode-and-forward (DF) relaying. SM/SSK techniques
are also investigated in relay assisted cooperative networks
with either single or multiple relay nodes [6]-[9]. In spite
of the performance improvement due to the additional relay
node, total transmission time increases when the conventional
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half-duplex (HD) relaying is used. Thus, the spectral efficiency
of the cooperative systems decreases compared to the
non-cooperative schemes. In order to utilize the relay nodes
without the cost of the total transmission time, full-duplex
(FD) transmission can be employed at the relays. Although FD
communications is severely affected from the loop-interference
(LI) at the receiver antenna, the recent developments on
antenna technology and signal processing techniques make it
a feasible solution [10], [11]. The experimental studies given
in [12] indicate that approximately 74 dB cancellation can
be achieved by several cancellation processes. However, LI
cannot be completely removed and the remaining residual LI
limits the performance of FD communications.

In the literature, there are two different studies that analyze
SM technique with FD-DF relaying. In the first study, the FD
relay node decodes the received signal from the source node
and simultaneously retransmit the recovered information bits
to the destination by using SM technique [13]. In [14], the
performance of two-way FD-DF relaying is investigated where
all source and relay nodes use SM technique and operates
in FD mode. Moreover, the performance comparison between
two-way FD-DF and two-way HD-DF relaying systems using
SM techniques demonstrates that FD transmission provides a
significant performance improvement.

To the best of authors’ knowledge, this is the first attempt
to analyze the performance of SSK with FD-AF relaying.
The proposed scheme is called as SSK-FD-AF in the rest
of the paper. The error performance of the SSK-FD-AF
system over Rayleigh fading channels is investigated and
an upper-bound for its bit error rate (BER) expression is
derived in a closed-form. The theoretical analyses are verified
by Monte Carlo type computer simulations. We observe
that SSK-FD-AF systems outperform the conventional SSK
with HD-AF relaying (SSK-HD-AF) systems as long as the
efficiency of LI cancellation process improves and/or the
spectral efficiency increases.

The rest of the paper is organized as follows. The system
model and residual LI channel model of SSK-FD-AF system
is introduced in Section II. In Section III, the BER expression
of the proposed system is derived by using well known
union-bound technique.The accuracy of analytical results are
validated by computer simulations in Section IV. Finally,
conclusions are presented in Section V.

Notation: Bold lower case letters denote vectors. (-)”
and ||-|| represents the transpose and the Frobenius



norm of a vector, respectively. We use CA (0,07) for
the complex Gaussian random distribution consisting of
independently Gaussian distributed N (0,02 /2) real and
imaginary parts with zero-mean and o2 /2 variance. R[], E []
and Var[-] stand for the real part, expectation and variance
operators, respectively. f, (-) and F, () are the probability
density function (PDF) and the cumulative distribution
function (CDF) of a random variable (r.v.) z. Q(y) =
(1/v2r) fyoo exp (—t%/2)dt is the Q-function.

II. SYSTEM MODEL
A. SSK-FD-AF Transmission

We consider a dual-hop one-way transmission scheme for
the SSK-FD-AF system as shown in Fig. 1. As seen from the
system model, the source node (S) has Ny transmit antennas
and the destination node (D)) has Ng receive antennas.
SSK transmission scheme is employed at S in order to
convey log, (N7) information bits in each symbol period.
We assume that the direct link between S and D is strongly
attenuated. Therefore, the communication between them can
be established only via the relay node (R) consisting of single
transmit and receive antenna. R operates in FD mode and uses
the AF protocol to retransmit the received signal to D.

The received signal at R for time-slot n is given by

r[n] = v/ Pshggx [n] + hirs [n] + wg [n] (1)

where Pg is the transmission power of S, x [n] is the Ny x 1
deterministic unit power signal vector transmitted from .S,
s[n] is the transmitted signal from R, hgg is the 1 x N
channel coefficient vector between S and R, hp; is the
residual LI channel coefficient at R and wg [n] is the additive
white Gaussian noise (AWGN) signal. The entries of hgg
are independent and identically distributed (i.i.d.) according
to CN (0,Qgg). Similarly, hr; and wg [n] are respectively
distributed as hz; ~ CN (0,9Qz;) and wg [n] ~ CN (0,0%).
The transmitted signal from S can be given by

= ... DR T
x[n]=[0--0 1 0 0] )
k[n]™ position
where k[n] € {1,2,---,Nr} is the index of the selected

transmit antenna for time-slot n. By combining (1) and (2),
the received signal at R can be rewritten as

rn] = /Psh 4 hprs(n] + wg [n] 3)

where h];[g] is the k [n]™ entry of hgg. According to the AF
protocol, the transmitted signal from R is given by

(o)
s =Gapr[n—1=Gar Y (Garhrr)’gln—b @
b=0
where G 4 denotes the fixed amplification gain and g [n] =
\/Pgh];[;_l] + wg [n — 1]. In order to guarantee finite relay
transmit power and prevent oscillations, the relay gain must
be limited by |hM|2 < 1/G% [15]. Otherwise, the power
of residual LI goes to infinity. When the gain condition is

Fig. 1. SSK-FD-AF system model.

satisfied, the average transmission power at R for a given hr s
is obtained as [15, Eq. (5)]

B[] = G (Pofsi +03) Y (Gueles )

b=0
5
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The fixed gain FD-AF systems are analyzed in [16], where
the fixed amplification gain is set to
Gar = Dr
AF PsQgsr + PrQrr + 0%
in order to adjust the average transmission power at R to Pg.

One can easily show that the average transmission power at
R is equal to

(6)

PsQgsr + 0'12% 7PSQSR + 012%

E[ls ]| = 5| =1
G,QIAF N ‘hLl| G?AF N QL[

= Pr. (7

Afterwards, the received signal vector at D is given by
y[n]thDS [n] +Wp [n]
=GarvPshy "hpp +Garhpphrrsin-1]
Residual Loop - Interference (8)

Desired Signal
+ GAFhRDwR [TL - 1] +Wwp [’I’L]

Noise
where hrp denotes the Nr x 1 channel coefficient vector
and wp [n] represents the AWGN signal vector at D. The
entries of hgp and wp [n] are i.i.d. according to CN (0, Qrp)
and CN (0,02D), respectively. For given hgr and hgp,
the expected value and variance of the complex Gaussian
distributed y [n] are respectively given by

E[Y[n] |hSR7 hRD]:GAF \/PS h’;[gil]hRD7
Varlylnllhs, hrpl =G p [ hao P [ Prt o2] +0%.

For the detection rule, we have omitted the time-slot index n
for brevity. Therefore, the optimum ML detection rule of the
SSK-FD-AF system can be given by

‘y_GAF\/FSthhRDHQ (10)

©))

min

k = arg
1<b<Np

where k is the determined transmit antenna index.



B. Residual LI Channel Model

The experimental results shows that the quality of LI
cancellation is improved as long as the transmission power
increases [12]. Therefore, the power of the residual LI channel
Qp is related to Pgr and it is modeled as [14]

Qrr=pPy " (11
where § and A are the constants that reflects the quality of
LI cancellation (0 < A < 1). By using (1), (7) and (11),
the average LI power at R is found as E [|hrrs [n]]?] = BPA.
Therefore, the error performance of SSK-FD-AF system can
be improved for the lower values of S and A. Although
A = 0 is the optimistic case for FD transmission, it could
be decreased to around 0.2 after cancellation processes [12].

C. Spectral Efficiency of SSK-FD-AF and SSK-HD-AF

The transmission from S to D can be accomplished in one
time-slot in SSK-FD-AF systems as expressed in the previous
section. However, it can be completed in two time-slots with
the conventional SSK-HD-AF systems, i.e., R listens the
signal transmitted by S in the first time-slot and retransmits it
to D in the second time-slot [6]. Thus, the spectral efficiency
expressions of SSK-FD-AF and SSK-HD-AF systems are
respectively given by

nrp = logy (Nr),
1 (12)
nHD = 5 log, (N1)

which means the number of transmit antennas in SSK-HD-AF
systems should be as many as the square of the transmit
antennas in SSK-FD-AF systems in order to achieve the same
spectral efficiency.

III. BER PERFORMANCE

In this section, an upper-bound for the BER performance
of SSK-FD-AF systems is derived by using pairwise error
probability (PEP) approach. By taking into consideration the
gain condition defined in Section II-A, similar to [16, Eq. (8)],
PEP expression of SSK-FD-AF system can be written in terms
of conditional PEP (CPEP) expressions and given by

P(k—k)=F,, (C)P(k—k|v.r <O)

_ . (13)
+Ey., (C)P<k_>k|'7LIZC)
where YL = PR|hLI‘2/U%z7 Yor = PRQLI/U%%’ F"/LI (x) =

1—exp(—z/yr1), Fy,, () =1—Fy,, (-), and C = Pr/G% po%.
When .7 > C (ie., |hei|*> > 1/G%F), the gain condition
does not satisfied and the power of the interference signal
goes to infinity. Consequently, the received signal at D is
purely random and P(k — k|yor > C) = ~7- So, PEP can
be rewritten as

Ples )= |}—exp<£>

P(k—k|yLr<C)

1| 1
— . (14
N (9

In order to calculate PEP, it is required to obtain the CPEP
of SSK-FD-AF system for given hgr and hypp when v < C
as follows

P (k= k| hsr, hrp,vor < C)
2
:P{Hy—GAF\/I%hIERhRDH

- 2
> |ly—GarvPshlph | } as)

ZP{GAF\/fTS||hRD||2 (‘th‘2_|hkSR|2)

R [(h’;R - h@R)thRD} > o}zp(g > 0)

where ¢ is a Gaussian distributed r.v. with the expected value
and variance as

E[€|h3R7hRD37L1<C]:7GAF VPSHhRD”Q’th*h’g'RF?
Var(éhsr,hrp,vor <C|=2|h%x — hér|’|hrp|?

Prlhrpl?
><< R||DRDH +U2D)

16)

Pr
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given in (15) can be rewritten as

¢ VIHIAC’YRD
P (k= k[hsg hpp.yer < C)=Q | \[ 2L=75 | (17)

where D = . Therefore, CPEP expression

L2
N Ps‘hk _pk ‘ 2
k—k  _ SRTUSR _  Prlhroll
where g% = 2(00, Pricd) and ;yRD = 2
It is important to note that fyé}k and ygrp follow
exponential and chi-square distributions, respectively.
Therefore, their PDF expressions are given as
R _ exp(=z/Fsr) _ a"B"exp(=2/¥rD)
Fpgr (2) = =555 and fnp () = ==y \omy
5 _ PsQskr 5 _ PrQrp ;
where ysp = (@0r Preto?) and Yrp el By defining,
YeRE = 768" rD/ (YRD + D), integrating the above CPEP

expression over the PDF of 72K and using [17, Eq. (32)],

the required CPEP expression in (14) can be obtained as

P(k%l%|'yL[<C’):/ Q (Va)f g (2) du
=0

. (18)
1 exp (—x/2)

N J Ve

Then, the CDF of fylggé can be obtained as follows
o) =1 2 Ca/ten)
r (N R) 'YRB

7 D
X /yNR’leXp <—y T )dy-
YRD YVSR

y=0

F o i(x)dz.

YSRD

k—k

YSr YRD
. — ISR ThD -
Fvéﬁ’% (2)=P (’YRD +D —

19)

By applying [18, Eq. (3.471.9)], the above integration can be
solved and the CDF of v£2kK is found as

2(ap) "2

I'(Ng)exp (z/7sr)

Kng (2yzp) (20
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Fig. 2. BER performance of SSK-FD-AF systems versus Pg / ‘72D for different
values of A where n = 1 [bit/s/Hz], Ny = 2, Np = 1, Prp = 4Ps and
B =0dB.

where 1 = D/ (Jsryrp) and Kn, (-) is the N order
modified Bessel function of second kind [18, Eq. (8.407.1)].
By substituting (20) into (18), we can write

/U’NR/2
(Nr—1)/2 YV (21)
x/m K ( mM)dx
exp wm)
0

where w = 0.5 + 1/9sr. By using [18, Eq. (6.643.3)], the
required CPEP expression is derived as

1 (/)N T(Ng + 3)
2 2y/2ul’ (Ng)

<o () W 1)

where W. . (-) is the Whittaker function [18, Eq. (9.220.4)].
Finally, by combining (14) and (22), the PEP expression of
the SSK-FD-AF system can be found as

i [ G
X exp (%) W ng ﬁ(g) 4 1} + i

2 0 2
At the last step, the BER expression of SSK-FD-AF system
obtained via the union bound technique [2] is given by

ey s Mt

k=1 k=1

P(k—>l%"}’LI<C)= .

(23)

P (k—k)
10g2 NT NT

(24)

where NV (k, l%) represents the number of bit errors associated
with the corresponding pairwise error event. It is worth to
mention that the above expression is equal to the exact BER
of SSK-FD-AF system for Ny = 2 and it is the upper-bound
BER expression for Np > 2. Furthermore, the derived
BER expression for SSK-FD-AF systems are also valid for
SSK-HD-AF systems by letting 5 = 0 in (11).
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Fig. 3. BER performance of SSK-FD-AF systems versus Pg/o7, for

Ngr € {1,2} where n € {2,4} [bits/s’/Hz], Ny € {4,16}, Pp = Ps,
A =0.25 and 8 = —10 dB.

IV. NUMERICAL RESULTS

Theoretical and Monte Carlo simulation results for the BER
performance of SSK-FD-AF systems over Rayleigh fading
channels are represented throughout this section. The accuracy
of the theoretical analysis is validated by different computer
simulation scenarios. Moreover, the BER performance of
SSK-FD-AF systems are compared with the conventional
SSK-HD-AF systems. During the numerical analyses, we
assume that Qgsp = Qpp = 1 and 0%, = 0%.

Fig. 2 demonstrates the BER performance of SSK-FD-AF
systems versus Ps /o2, for A € {0,0.2,0.4,0.6,0.8,1}, where
n =1 [bit/s/Hz], Ny = 2, Np = 1, Pp = 4Pg and 5 = 0 dB.
It is shown that the exact theoretical results obtained from (24)
are perfectly matched with the computer simulations, which
proves the correctness of our analysis. As seen from the curves,
the BER of SSK-FD-AF systems takes lower values as long as
the values of A decrease, i.e., the efficiency of LI cancellation
process increases. For instance, there is 5.5 dB difference for
A=0and A\ =0.2 at a BER value of 1074

The BER performance of SSK-FD-AF systems versus
Pg /o?, for different values of N is plotted in Fig. 3. Here, we
assume that n € {2,4} [bits/s/Hz], Ny € {4,16}, Pr = Ps,
A =0.25 and 8 = —10 dB. It is observed that the computer
simulation results are tightly upper-bounded by the theoretical
results, especially for higher values of Ps/c%. Additionally,
we show that the the increase of number of receive antennas at
the destination (Nr) provides a coding gain. To illustrate, there
is approximately 5.9 dB and 5.5 dB performance improvement
when Ny is increased from 1 to 2 for Ny = 4 and N = 16
scenarios, respectively.

In Fig. 4, the BER performance comparison between
SSK-FD-AF and SSK-HD-AF systems is represented for
different spectral efficiencies as n € {1,2,4} [bits/s/Hz] when
Ngr =1, Pr = Ps, A =0.2 and 5 = 0 dB. As explained in
Section II-C, the number of transmit antennas for both systems
are different due to the FD and HD transmission. In order to
ensure the same spectral efficiency values, Ny € {2,4,16}
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Fig. 4. BER performance comparison of SSK-FD-AF and SSK-HD-AF
systems versus Pg/o% for n € {1,2,4} [bits/s/Hz] where Np = 2,
Pr =Pg, A=0.2and 8 =0 dB.

transmit antennas are employed for SSK-FD-AF systems,
while the number of transmit antennas for SSK-HD-AF
systems is set to Ny € {4,16,256}. Although the BER
performance of both systems are close to each other for
n = 1 [bit/s/Hz], SSK-FD-AF systems provide quite better
performance compared to SSK-HD-AF systems considering
higher spectral efficiencies. For example, the performance
improvement at a BER value of 10~ for the increasing values
of n are respectively found as 0.7 dB, 3.2 dB and 8.5 dB. In a
nutshell, it is convenient to use SSK-FD-AF systems in order
to meet the higher spectral efficiency requirements.

In Fig. 5, the BER performance of SSK-FD-AF and
SSK-HD-AF systems is plotted versus \ for Ps/c% €
{30, 40,50} dB where n = 3 [bits/s/Hz], Ng = 2, Pr = Pg
and 5 = 0 dB. As mentioned earlier, A is the constant
representing the quality of LI cancellation, so the performance
of SSK-HD-AF systems is independent from . It is shown
that SSK-FD-AF systems can provide better BER performance
according to the quality of LI cancellations.

V. CONCLUSIONS

The BER performance of SSK-FD-AF systems has been
investigated over Rayleigh fading channels. An upper-bound
BER expression is derived in a closed-form. Then, the
accuracy of theoretical analysis has been verified by computer
simulations for various scenarios. It has been shown that the
BER performance of SSK-FD-AF systems is highly dependent
to the quality of LI cancellation process. Moreover, we have
shown that SSK-FD-AF systems perform considerably better
than the conventional SSK-HD-AF systems, especially for the
increasing values of spectral efficiency.
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