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Abstract—In this paper, we analyze performance of the
bidirectional Full Duplex (FD) Spatial Modulation (SM) sys-
tems using Transmit Antenna Selection (TAS), called FD-SM-
TAS, in the presence of Residual Self-Interference (RSI) due
to imperfect Self-Interference Cancellation (SIC). Based on
mathematical calculation, the exact Outage Probability (OP)
expression of the FD-SM-TAS system is derived. Besides, OP
performance of the FD-SM system with and without TAS
is compared to confirm the efficacy of TAS. The derived
expression can be used for Half Duplex (HD) systems with
and without TAS when setting the value of RSI to zero.
Impacts of data transmission rate and RSI on the system
performance are also investigated and compared with those
of the HD-SM system. Finally, the analytical results are
validated by Monte Carlo simulation.

Index Terms—Full duplex (FD), spatial modulation (SM),
transmit antenna selection (TAS), outage probability (OP)

I. INTRODUCTION

Full Duplex (FD) communication allows simultaneous
transmission and reception at the same frequency and same
time slot, thus theoretically doubling the spectral efficiency
compared with Half Duplex (HD) communications [1],
[2]. However, FD transmission produces high-power Self-
Interference (SI), i.e. the interference leaking from the
transmitter to the receiver within a transceiver, which
reduces the capacity of FD systems [3]-[9]. Significant
efforts have been made in various fields such as signal
processing and antenna design for effectively suppress-
ing this SI. However, these Self-Interference Cancellation
(SIC) techniques are not capable of fully mitigating SI but
can only reduce it to an acceptable level at the receiver
[10], making it possible to implement the FD concept in
practical systems.

Meanwhile, Spatial Modulation (SM) is an effective
technique to increase the spectral efficiency of a multiple-
input multiple-output (MIMO) system by using antenna in-
dices as a means of information bearing. In an SM system,
only one antenna is activated according to the incoming
data bits to transmit an M —PSK/QAM symbol. The SM
system uses only a single antenna for transmitting and thus
can avoid Inter Channel Interference (ICI) and antenna
synchronization problems [11], [12] as in the conventional
MIMO system. It is considered a low-complexity, yet
energy-efficient MIMO transmission technique. There are
many efforts to combine FD transmission and SM in
the literature [2], [13]-[15]. In [2], an FD-SM system is
proposed for a 2 x 2 MIMO system. Closed-form expres-
sions of the Outage Probability (OP) and ergodic capacity
were compared with those of the conventional FD and
HD systems. The authors in [13] considered a combined
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SM and FD system in the two-way relay channel. The
upper bound on the Average Bit Error Probability (ABEP)
was derived and the exact SNR threshold to select the
FD/HD mode was determined. Performance of the FD-SM
system was investigated in [14]. The upper bounds for the
Bit Error Rate (BER) expressions of the FD-SM system
were derived for both PSK and QAM constellations in the
presence of imperfect channel state information. The work
in [15] evaluated performance of a SM-aid FD relaying
protocol, in which the direct link between the source and
destination node was exploited. The average Symbol Error
Probability (ASEP) of this system was derived under the
impact of Residual Self-Interference (RSI). These previous
works have demonstrated that FD-SM is a spectrum-
efficient and low complexity system with a certain level of
performance penalty because of the RSI due to imperfect
SIC at the receiver.

In order to overcome the impact of such RSI, a simple
yet effective solution is to use Transmit Antenna Selection
(TAS). Using this TAS solution, the transmitter selects S
out of NV, transmitting antennas with higher channel gains
to implement SM. It was demonstrated that an SM system
with TAS attains better performance than the one without
TAS [16]-[18]. Antenna selection was also introduced in
the FD MIMO system in [19]-[21]. It was shown that
performance of the FD MIMO system could be improved
significantly by using transceiver antenna selection.

However, to the best of our knowledge, no prior work
has considered the FD-SM system with TAS. Motivated by
this open problem, in this paper, we intent to conduct a
detailed analysis on the performance of the FD-SM system
with TAS (referred to for short as FD-SM-TAS). The main
contributions of the paper can be summarized as follows:

- We investigate performance of the FD-SM-TAS sys-
tem under the impact of RSI due to imperfect SIC at
two transceivers and derive its exact OP expression. The
advantage of TAS is also analyzed to see its improvement
against the case without TAS.

- Applying the obtained OP expression for the FD-
SM-TAS system to a half-duplex SM (HD-SM) system,
we analyze the performance degradation of using the FD
mode against the HD mode.

The rest of the paper is organized as follows. Section
II presents the system model of the considered FD-SM-
TAS system. The exact OP expression of the considered
system under the Rayleigh fading channel is derived in
Section III. Numerical results and performance evaluations
are provided in Section IV. Finally, Section V draws the
conclusion of the paper.
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II. SYSTEM MODEL

Fig. 1. depicts the block diagram of the considered FD-
SM-TAS system. The information is transferred between
two communication transceivers, i.e. A and B. Both A
and B are MIMO transceivers which operate at the FD
mode. We consider the case that A and B use separate
antennas for transmission and reception. Although A and
B can employ shared-antennas for both transmit and
receive modes simultaneously, using separate antennas has
been proved to obtain better SI suppression [22], [23].
Besides, A and B respectively have N/, NP antennas
for transmitting and N, NP antennas for receiving. As
shown in Fig. 1, the FD operation at each transceiver
results in SI which distorts the desired receive signal.
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—< N2 Ny
Figure 1. Block diagram of FD-SM system with self-interference.

At time slot ¢, the received signals at A and B are
respectively given by

=V PBh l’j
=\ PAh xl

where xl(t) and z;(t) are transmitted signals from the ¢-
th activated antenna of A and the j-th activated antenna
of B, respectively, where 7 = . NtA and j =
1,2,...,NB; Ps and Py are the average transmit powers
of A and B, respectively; h® = [hi1, hi2, ..., hiys] and
h;‘ = [hj1, hja, ..o hynal denote respectively the channel
vectors whose elements are the channel gains from the i-
th transmit antenna of A to NP receive antennas of B
and from the j-th transmit antenna of B to N receive
antennas of A; h* and h? are respectively the SI channel
vectors which contain the SI coefficients from the i-th
transmit antenna of A to its N receive antennas and
from the j-th transmit antenna of B to its N2 receive
antennas; za (t) and zg(t) are, respectively, the Additive
White Gaussian Noise (AWGN) vectors at A and B. Each
element of the noise vectors is modeled by a complex
normal random variable with zero-mean and variance of
02, ie. zp ~ CN(0,0%) and zg ~ CN(0,03).

Because the separations between transmit antennas to
receive antennas of each transceiver are often very small
compared to the distance between the two transceivers,
the ST power at the receiver are actually stronger than the
desired signal power. Therefore, SIC techniques must be
used to reduce the SI power to guarantee the signal quality
for detecting the desired signal. In this paper, we assume
that A and B use a combined SIC technique in all three

(t) + VPahltzi(t) + za(t), (1)

t)+VPghPz;(t) +z5(t),
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domains, i.e. antenna, analog and digital domain. Under
this assumption, RSI at each transceiver A and B, denoted
by rgi, and rgp, respectively, can be modeled using com-
plex Gaussian distributed random variables [3], [4] [24]
with zero-mean and variance of ogg;, i.e. 0fig;, = = QAP
and O’RSI = QBPB, where A and QB indicate the SIC
capability at A and B, respectively.

Therefore, the received signals at A and B after SIC is
given by

\/PBh JUJ

= /PahPa;(t) + rs, (t) +z(t). (4

In the SM-MIMO system, only one antenna is activated
from N/ transmit antennas of A and one from NP
transmit antennas of B for transmitting signal symbols
according to the incoming data bits in each transceiver.
In the case of TAS, at transceiver A, a set of S transmit
antennas are selected from N/ transmit antennas while at
transceiver B, a set of Sy transmit antennas are selected
from NP transmit antennas. It is noticed that S and
Sp are subject to Sy < NtA,SA = 2™, and Sg <
NB,Sg = 2" with m and n are positive integers. The set
of Sp and Sg are selected to maximize the total received
signal power. For example, when the norms of the channel
coefficients satisfy

) +rs1, (f) + za(t), 3)

B3 > [h3]* > [hF]* > ... > bR, )

and Spx = 2, we have the set Sy as
Sa = {Ib?[?, [b3]*}. (6)

From this selected set, either the first or second antenna of
A is activated for transmitting according to the incoming
data bits.

Using (3) and (4), the signal-to-interference-plus-noise
ratios (SINR) at transceiver A and B (denoted by v, and
~p respectively) are calculated as follows

[ Ps A
= —= h 25 B 7
T Tl LA ™
[ ]| Pa B2~
= = h 5 8
il L ®)
where
Ohsr, TR ORksty T OB

are respectively the average SINR at transceiver A and B.

III. PERFORMANCE ANALYSIS

In this section, the system performance in terms of OP
is analyzed using mathematical analysis. Since SINRs at
A and B are similar, the expressions of OP at A and B
are also similar. Therefore, to simplify presentation, we
will provide only the detailed derivation of OP at one
transceiver, e.g. B. The expression of A can be obtained
by the same way.

At transceiver B, the OP is defined as follows [25]:

Po = Pr{log,(1+y8) < R}, 9)
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where g is determined as in (8) and R is the normalized
data rate of the transmission link from A to B. Replacing
~B in (8) into (9), we have

2R 1

PP, = Priyg < 2% — 1} = Pr{nh?nz <
(10)

Given the threshold ~;), = 27 — 1, the probability in (10)
becomes

P?ut:Pr{h?ll2< ”“} (an
B
From (11), we can obtain OP of the considered system
using the following theorem.
Theorem: The OP expressions of the FD-SM-TAS
system in the Rayleigh fading channels are calculated as
follows:

PA TVth
o 2M (NP —wp + DI(NA)7A
NtB M -1
XZZ 1-97 1_F(N7:A5XA)
= B(l,NE —1+1) T(NA)
=wp M=
(NA ) NP -1 R
r s XA N> -1 _
PB _ TVth
T 2M(Nf —wa + DI(NE) s
N2 M -1
XZZ V1-¢n 1_F(N7]~35XB)
— B(l,Nf —1+1) I'(NE)
l=wa m=1 L
(NP, vp) NE-1
» XB N,,E,;—l _
where xa = F£5(1+ dm)ixs = 325 (14 dm);wa =

NA —Sa+1;wg = NP~ Spg+1; B(.,.), ['(.) and (., .)
are the beta, gamma and incomplete gamma functions
[26], respectively; M is the complexity-accuracy trade-off
parameter; ¢, = cos(w’;i;;)7r

Proof: To derive the OP expression at each transceiver
A and B of the considered system, we start with the
Cumulative Distribution Function (CDF) and the Probabil-
ity Density Function (PDF) of one random instantaneous
channel gain, i.e. |h|? which follows the Rayleigh distri-

bution. The CDF and PDF of |h|? are given by
Fppe(z) =Pr{|h? <z} =1—-e2,2>0, (14

1 x
f\h|2(x) = ﬁeiﬁv‘r =0, (15)

where Q@ = E{|h|?} is the average channel gain of
|h|%. For presentation convenience and without loss of
generality, let us set 2 = 1 in our further analysis. Denote

N

the sum of N, channel gains by Y = |h2||2 = 3 |hy?,
=1

its PDF and CDF are computed by [4]:

NP-1
— x
Fy(z)=1—e" ) o w20, (16)
=0
NE—-1 -z
X T e
=X °  a>o 17
fr(@) = —5my 720 (17)
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On the other hand, in the MIMO system with TAS,
the set of the sum channel gains Y are arranged in
a descending order and the first S antennas (Sa at
transceiver A and Sy at transceiver B) are selected for
transmission. At transceiver B, the PDF of Y in the
case that YP <YP < .. <VP < .. <YP, canbe
calculated as [27, Eq. 2.1.6]: '

1
B(wA7NtA —wa + 1)

X [Fy(&?)} o [1 - Fy($)i|

foA (z) =

Nf’fwA
fy(m)
(18

Based on this PDF, the PDF of the instantaneous chan-
nel gains ||hP||? is then given by [16]:

NA
1 L 1
Fimzy2 () TNA —wa +1 l:zw:A B(I,Nf —1+1)
-1 NA -1
x {Fy(x)} [1 . Fy(x)] Fy (@),

19)

Replacing Fy (x) and fy (z) in (16) and (17) into (19),
we have

NA
1 : 1
Sy (@) = NA —wp +1 lz B(I, NA —1+1)
—
NP-1 ,ql-t NB-1 Nt
IS - B A o
Il Il
1=0 =0
NB-1_ -z
- _° (20)

[(NP)
Applying the finite sums [26]

I'(NB) "’

r

B_
el T(VE )
> = o
=0

we can rewrite (20) as

N

1 1
Tmpip(®) = ga— =y l:zw:A B(I,N{* —1+1)
-1
| _T(VP.2)
I'(NP)

o

[(NP)

X

I(NB x)] et

B
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* TT(NB)

Therefore, the OP at B is calculated as

21

Jth

. B
P5, =Pr{|h?||2 < “1} = [ fspp(a)da
B 0

N

B 1 3 1
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T(NB x)] N

(22)
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Using the Gaussian-Chebyshev quadrature method in
[28] for the integral in (22), we obtain the OP at
transceiver B as in (13) in Theorem 1. The OP at
transceiver A is derived in the same way.

The proof is complete.

It is also noted that, in the case without TAS, based on
(16), the OP of the FD-SM system is given by

NP =1 v

A _ -1k A
Pout,no—TAS =l—-e 74 n (23)

=0

e NP =1 vy

B _ — 5 B
Pout,no—TAS =1l-e¢ 78 E T (24)

=0
IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate performance of the FD-
SM-TAS system and compare it with the case without
TAS. Moreover, performance of the HD-SM system is
also investigated to understand the impact of the RSI on
the FD-SM system. The parameters used for evaluation
are chosen as follows: the average transmit power P4 =
Pp = P, the number of transmit and receive antennas
Nf = NB = N, and N» = NP = N,, the number of
selected transmit antennas S = S = .S, the variance of
AWGN 0% = 0 = 0? = 1. With these parameters, the
system becomes symmetrical leading to similar OPs at A
and B. It is then sufficient to evaluate an arbitrary OP of
transceiver A or B. Moreover, the average SNR is defined
as SNR = P/o2.

10
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Figure 2. The OP performance of the FD-SM system with and
without TAS versus the average SNR; Ny = 2, Ny = 4,5 = 2,
R = 2 bit/s/Hz, = —10 dB.

In Fig. 2, we evaluate the OP of the FD-SM system with
and without TAS in the case of N, = 2, N; = 4,5 = 2,
R = 2 bit/s/Hz,Q = —10 dB. The OP of the HD-
SM system is also shown for comparison. The OPs of
the considered system with and without TAS are plotted
by using (12) in Theorem and (23), respectively. Notice
that the OPs of the HD-SM system are also used (12) and
(23) after setting RSI to zero. As can be seen in the figure,
the analytical curves match perfectly with the simulation
ones, which validates Theorem 1. It is easily realized that
using TAS significantly improves the OP performance of
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Figure 3. Impact of normalized transmission rate on the OP

performance of the FD-SM system with and without TAS; R =
2,3,4 bit/s/Hz, N, =2, Ny = 4,5 =2, =—10 dB.

both FD-SM and HD-SM systems. When SNR = 20 dB,
the OP of the FD-SM-TAS system drops to nearly 10~*
while the case without TAS, the OP is more than 4-1072.
We also see that the OPs of the FD-SM systems suffer an
outage floor due to the impact of RSI. With the considered
RSI of Q = —10 dB, the OP of the FD-SM-TAS equals
6.10~* at SNR = 15 dB while that of the HD-SM-TAS
is 1077,

Fig. 3 illustrates the impact of the normalized trans-
mission rate R on the OP performance of the FD-SM
system for R = 2,3,4 bit/s/Hz. It is obvious that
the transmission rate has a strong impact on the OP
performance of the FD-SM system. At low transmission
rate, i.e. R = 2 bit/s/Hz, the OP of the system with
TAS at SNR = 12 dB reduces to 10~2 while that of
the case without TAS still equals 107!, The performance
gap is thus 100 times. However, as the transmission
rate increases, the OP curves of the system with TAS
become saturated at high OP values, which reduces the
performance gap between the case with and without TAS.
For example, at R = 3 bit/s/Hz and the same SNR, the
performance gap reduces to only 10 times. Further increase
to R = 4 bit/s/Hz results in a gap of only 3 times. This
reduction tendency reflects the significant impact of the
transmission rate on the system performance.

Fig. 4 illustrates the impact of RSI on the OP perfor-
mance of the FD-SM system for Q= 0,—-5,-10,—-20 dB.
It is obvious that the RSI has a strong impact on the
OP performance of the FD-SM systems with and without
TAS, especially for large RSI. When RSI is very small, e.g
Q=-20 dB, the OPs of the FD-SM and HD-SM systems
with TAS are similar at SNR < 10 dB. At higher SNR,
i.e. SNR > 10 dB, the OP performance of the FD-SM-
TAS system is lower than that of the HD-SM-TAS. Since
RSI is expressed as O’%SI = QP, the RSI level increases
for higher transmit power levels and this is the reason
that the impact of RSI is stronger at high SNR regime. In
the case without TAS, the difference between the OPs of
the FD-SM and HD-SM systems become significant for
SNR > 14 dB when Q = —20 dB. For larger RSI, i.e.
Q=-5dBorQ=0 dB, the OPs of the FD-SM system
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Figure 4. Impact of RSI on the OP performance of FD-SM system

with and without TAS in the case of N, = 2, Ny = 4,5 = 2, R =
2 bit/s/Hz.

become saturated soon for both the cases with and without
TAS.

V. CONCLUSION

FD-SM technique is a promising transmission solution
for MIMO wireless communications, especially in the
era of scarce frequency spectrum. However, there are
two important factors that strongly influence the system
performance, i.e. the SI level which depends on the SIC ca-
pability and the normalized transmission rate which varies
with the applications. In this paper, we have demonstrated
that using TAS can help to improve the OP performance
of the system and thus can lessen the impact of SI.
However, TAS is more effective for low level of RSI and
low transmission rate. Considering the tradeoff between
performance improvement and the system complexity, it
is recommended that the application of TAS is used only
for a system with low normalized transmission rate and
high SIC capability.
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