JOURNAL OF KTEgX CLASS FILES, VOL. ..., NO. ..., MONTH ....
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Abstract—Transmit antenna selection (TAS) is an effective
solution to enhance the performance of a multiple-input multiple-
output (MIMO) system, especially when combined with spatial
modulation (SM) and full duplex (FD) technique. However,
there still lacks a comprehensive understanding on the system
behaviour of such a system. In this paper, we consider a point-
to-point bidirectional FD-SM-MIMO system using channel gain
based TAS under the impact of imperfect successive interfer-
ence cancellation (SIC) and develop an analytical solution for
analyzing its performance. In particular, we derive the exact
closed-form expressions of the outage probability (OP) and the
symbol error probability (SEP) for the FD-SM-MIMO system
with TAS. The analytical solution can also be used for evaluating
the performance of the half-duplex SM-MIMO (HD-SM-MIMO)
systems with and without TAS. TASThe OP, SEP and system
throughput of the FD-SM-MIMO system with TAS are evaluated
against the case without using TAS and the HD-SM-MIMO
system to demonstrate the benefits of using TAS and impact
of the residual self-interference (RSI). All analysis results are
validated by the Monte Carlo simulation ones to confirm the
correctness of the derived mathematical expressions.

Index Terms—Multiple-input multiple-output (MIMO), spatial
modulation (SM), transmit antenna selection (TAS), full-duplex
(FD), self-interference cancellation (SIC), outage probability
(OP), symbol error probability (SEP)

I. INTRODUCTION

The world is witnessing the fast development of the fourth
industrial revolution (aka. Industry 4.0) which can combine
hardware, software, and biology in to the so-called cyber-
physical systems and emphasizes the advancements in com-
munication and connectivity [1]. In such an era, the Internet of
Things (IoT) plays an important role for providing connections
for machine-to-machine (M2M) networks. More bandwidths
are expected to support the big data exchange.

Meanwhile, the cellular networks are also developing to
the next generation which can provide users with a higher
access rate and more connection support. The 5th generation
(5G) of mobile communications is expected to be officially
released in 2020 to provide broadband access at low latency
and high spectrum efficiency. It can also support massive
machine type communications (mMTC) for IoT devices. In
order for the 5G network to fulfill these requirements, vari-
ous radio access technologies were considered for inclusion
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in its standards such as advanced modulation and coding,
multiple-input multiple-output (MIMO), non-orthogonal mul-
tiple access (NOMA), millimeter wave (mmWave) and full-
duplex (FD) [2]. Among these techniques, FD radio is a
promising solution to attaining high spectrum efficiency as
it allows for simultaneous transmission and reception at the
same frequency, thereby theoretically doubling the network
capacity. However, the FD radio systems are affected by
the residual self-interference (RSI) at the FD devices due
to the imperfect self-interference cancellation (SIC), which
deteriorates the system performance [3]-[5]. Today, with the
latest advancements in antenna design and signal processing,
the FD devices can attain up to 110 dB SIC thanks to the
interference isolation, analog and digital cancellation [6], [7],
making the FD radio become more realistic.

Meanwhile, MIMO is an advanced antenna system which
can be used to achieve high channel capacity and high
performance improvement thanks to spatial diversity. MIMO
transmission techniques such as space-time codes (STC) and
spatial multiplexing (SMX) have been used widely in the 3G
and 4G systems. With their great advantages, STC and SMX
are still the main radio transmission techniques for the 5G
system. Following STC and SMX, spatial modulation (SM)
is another MIMO transmission technique which can achieve
improved spectral efficiency but with lower complexity re-
quirements in both hardware and signal processing compared
with the former ones [8]. In the SM systems, the data bits
are conveyed not only by the modulated symbols but also
the indices of the active antennas. At a transmission interval,
only one transmit antenna is activated, thereby avoiding the
inter-channel interference (ICI) and antenna synchronization
problems. As such, only an radio frequency (RF) chain is re-
quired in the SM transmitter. Without ICI the SM receiver can
use maximal ratio combining (MRC) for diversity reception
before jointly detecting the transmitted symbols and activated
antenna. Various enhanced SM systems were proposed in the
literature (see [9] and references therein).

In order to improve the system performance, the work
[10] proposed to combine SM with the Alamouti’s space-
time block code (STBC) to attain the second order diversity
with low-complexity maximum likelihood (ML) detection.
Using the approach of spatial codeword design, Le at el. [11]
proposed a spatially modulated orthogonal space-time block
code (SM-OSTBC) scheme which can achieve second-order
diversity for an arbitrary number of transmit antennas and
modulation order. Meanwhile, the authors of [12] proposed
an SM based transmit diversity scheme which uses time-
orthogonal shaping filters to attain the second-order diversity
without reducing the transmission rate. Exploiting the cyclic



structure and complex signal constellation rotation, another
combined scheme of STBC and SM was proposed in [13],
which can improve the spectral efficiency while still achieving
the same diversity order. In a recent work, the authors of
[14] proposed to combine the full-rate full-diversity golden
code with SM to achieve the same second-order diversity
but with higher spectral efficiency and less RF chains. In
another approach, two antenna selection schemes based on
Euclidean distance and capacity optimization were proposed
for the SM system [15] to achieve the signal-to-noise ratio
(SNR) gain for performance improvement. In a following
work, the authors of [16] proposed an enhanced antenna subset
selection scheme based on the Euclidean distance with low
complexity. Using theoretical analysis, the works in [17] and
[18] successfully derived the outage probability (OP) for the
SM systems with antenna selection over the Rayleigh and
Namagami-m channel, respectively.

In order to exploit the benefits of both FD radio and SM,
different combinations of these techniques were considered
in the literature [19]-[24]. In [19], the authors proposed
an SM-FD system with adaptive SIC and investigated the
instantaneous maximum mutual information in 2 x 2 MIMO
system. In [20], the authors considered an FD-SM-MIMO
system and derived the expressions of the OP and ergodic
capacity for it. The SEP of this system under the impact of the
RSI was derived. Besides OP and SER, the BER performance
of the FD-SM-MIMO system was also analyzed in [23], [24].
The cent work in [21] investigated an SM-MIMO system with
FD amplify-and-forward (AF) relaying. The upper bound of
bit error rate (BER) was obtained for different modulation
schemes. Taking into account the direct link from source to
destination, the authors of [22] analyzed an FD-SM-MIMO
system whose relay uses both AF and decode-and-forward
(DF) protocols.

Although the FD-SM-MIMO system has been widely stud-
ied in literature, the advantage of transmit antenna selection
(TAS) has not yet considered. Furthermore, due to the presence
of the RSI, the analysis results obtained for the HD-SM-
MIMO system with TAS, such as in [17], [18], are not
applicable for the FD-SM-MIMO system. Motivated by these
issues, in this paper, we consider an FD-SM-MIMO system
with TAS and conduct a detailed performance analysis to gain
an insight into its operation. Specifically, we derive the exact
closed-form expressions of the OP and SEP for the FD-SM-
MIMO system with TAS based on the channel gain selection.
The main contributions of this paper can be summarized as
follows:

o We investigate a point-to-point bidirectional FD-SM-
MIMO system with TAS based on channel gain selection
and analyze its performance under the impact of the RSI
at both terminals over the Rayleigh fading channel.

o We develop an analytical solution with the exact expres-
sions of the OP and SEP for the FD-SM-MIMO system
in the case with and without using TAS. Our solution can
also used for analyzing the HD-SM-MIMO system with
and without TAS.

o Using the analytical solution, key performance measures
such as the OP, network throughput and SEP of the FD-
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SM-MIMO system are compared with those of the HD-
SM-MIMO system under the impacts of the RSI and the
number of transceiver antennas.

The rest of the paper is organized as follows. Section II
presents the system models of the FD-SM-MIMO system
under consideration. Section III focuses on the derivations
of the exact closed-form expressions of the OP and SEP.
Numerical results and discussion are given in Section IV.
Finally, Section V draws the conclusion of the paper.

II. SYSTEM MODEL

We consider an FD-SM-MIMO system with transmit an-
tenna selection as illustrated in Fig. 1. The information data
are exchanged between two communication terminals, A and
B. Both A and B are MIMO devices which operate in the FD
mode with separate transmit and receive antennas. Specifically,
A and B have N, NP antennas for transmission and N/,
NPE antennas for reception, respectively. In some certain
systems, A and B can use shared-antennas to transmit and
receive signals simultaneously in order to reduce the system
complexity. However, using the two separate antennas as in
our system provides better SI suppression [6], [25]. As shown
in Fig. 1, when A and B operate in the FD mode, the SI from
transmission antennas to reception antennas will distort the
quality of the desired signals.
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Fig. 1: System model of the considered FD-SM-MIMO system
with self-interference.

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

yAt =JFBh§*mJ t)+ VPahtzi(t) +za(t), (1)
yB(t) = v/PahPa;(t +@Bth3()+ZB(t), (2)

where :rz(t) and z;(t) are the transmitted signals from the
ith antenna of A and the jth antenna of B, respectively;
P and Pg are the average transmission power of A and
B, respectively; h® and h? denote the coefficient vector
of the channel from the ith transmission antenna of A to
NPB reception antennas of B and from the jth transmission
antenna of B to N/ reception antennas of A, respectively;
h? and hf’ are respectively the SI channel coefficient vector
reflecting the effect of transmission leakage from the ith
transmission antenna to N/* reception antennas of A and
from the jth transmission antenna to NP reception antennas
of B; zo(t) and zp(t) are, respectively, the additive white
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Gaussian noise (AWGN) vector at A and B, whose elements
have zero mean and variance of 02, i.e. zy ~ CN(0,0%) and
zp ~ CN(0,03). It is also noted that th and hP are defined
as follows

h = [hﬂ hjs .. thrA}, 3)
h} = [hil hiz ... hz‘NP}v “4)

where i = 1,2,..., N and j = 1,2,..., NE.

Since the space between the transmission to the reception
antenna of each terminal is limited, the SI power is stronger
than that of the desired signal. Hence, all SIC available
techniques in the propagation, digital and analog domain [6],
[7] need to be applied for the best SI suppression. Thanks to
the separate antennas for signal transmission and reception, A
and B can use advanced interference isolation techniques in
the propagation domain to reduce better the SI leakage. After
all the SIC processing, the residual self-interference (RSI) at
A and B, respectively denoted by rg;, and rgy,, become small
and are often modeled by complex Gaussian random variables
with zero mean and variances ofgy, i.e. ohg, = QaPa and
okg1, = QpPp [26]1-[31]. Here Q5 and Qp indicate the SIC
capability of A and B, respectively.

Under the above assumptions, the received signals at A and
B after SIC are given by

ya(t) = V/Pehfz;(t) + vs1, (t) + 2 (1), (5)
ye(t) = V/PahPa(t) + rei, (t) + zp(t), (6)

In the conventional FD-SM-MIMO system, only one an-
tenna is chosen from N/ transmission antenna of A and only
one antenna is chosen from N transmission antenna of B.
However, in the case with TAS, a set of only S antennas
are selected from N/ transmission antennas of A and a set of
only Sp antennas are selected from N transmission antennas
for performance improvement. It is worth noting that S and
Sp are subject to Sy = 2™ < N2, and Sg = 2" < NP
with m and n being positive integers. The selected sets Sa
and Sp are chosen such that the total received signal power
is maximized. For example, when the norms of the channel
coefficients satisfy

hip|? > [hop|* > [Ihsp|® > ... > [lhyapl®, (D)
and |Sa| = 2, we have the set Sy as follows
Sa = {lIbus?, [hog*}. ®)

From this set, depending on the transmitted data bits, either
the first or the second antenna of A is activated. At the
receiver side, the maximal ratio combining (MRC) is used
to coherently combine the signals from IV, reception antennas
(N2 at terminal A and NP at terminal B). Then in order to
recover the transmitted bits, the receiver can use the joint ML
detection for estimating both the activated transmit antenna
index and the M-ary modulated symbols. In this paper, as
we are interested in analyzing the impact of the RSI due to
the FD mode as well as the effect of the TAS scheme on the
system performance, we assume that the receivers of both A

and B can perfectly estimate the activated antenna indices of
the respective transmitters for the ML detection [31]-[33].

Based on the system equations in (5) and (6), the SINR at
terminal A (denoted by 7a) and terminal B (denoted by )
can be given by

|1 Ps A
— L — ||h}[|?7a, 9
= P ©
hB||2P, B
7B = 7”2 2 > = b (38, (10)
ORsiy T 08
where
_ Py qs Py
YA = y and VB = —5————5
Thsry T 0% Ohst, T OB

are respectively the average SINRs at terminals A and B.

III. PERFORMANCE ANALYSIS

In this section, we derive the exact closed-form expression
for the OP and then obtain the SEP of the FD-SM-MIMO
system. Since the SINRs at A and B are similar, we will
present only the detailed derivations for the OP and SEP of
B. These expressions of A can be obtained in the same way.

A. Outage probability

For the considered FD-SM-MIMO system, the data bits are
conveyed not only by the modulated symbol but also by the
index of the activated antenna element. Therefore, the data
rate of the considered system can be calculated as follows
[31]-[33]

Rsm = logy(Ny) + logy (1 +7), (11)

where N; is the number of transmission antennas (NtA at
terminal A and NtB at terminal B); v is the SINR at the
receiver (v at terminal A and g at terminal B). Note that
the term log, (Vi) denotes the capacity obtained by the SM
technique.
In the case of perfect antenna index estimation, the OP at
terminal B is defined as follows [31]-[33]:
pB

out — Pr{logZ (NtA) + 10%2(1 + F\/'/B) < RO}? (12)

where g is given in (10), Rg is the data transmission rate of
the link from A to B, the term log,(N/*) denotes the number
of bits which are used for activating the transmission antenna
at the transmitter A.

Replacing vp in (10) into (12), we can rewrite (12) as

follows:
2R 1
- . (13)
B

where R = R — log,(N{) is the data rate obtained by the
modulation scheme.

Denote the threshold 7}, = 27 — 1, then the probability in
(13) becomes

B
Po ut

=Pr{yg <2® -1} = Pr{h};’H2 <

Phe =Pr {llh?ll2 < %h} (14)
B



From (14), we obtain the OP of the FD-SM-MIMO system
in Theorem 1 below.

Theorem 1: The OPs of terminal A (denoted by P2 ) and
terminal B (denoted by PE,) in the FD-SM-MIMO system
with TAS over the Rayleigh fading channel are given by

PA TYth
oM 2M(NP — wp + DT(NA)AA
N M -1
Z Z 72n _ F(NrAaxA)
o ZNB—H- 1) T'(NA)
I‘(NA ) NE—1
T » XA NA 1 —XA
X lF(NrA) ] Xp"© e , (15)
77 TYth
out M(N# —wa +1)T (NB)WB
-1
gjﬁf Ve  T(NE,xz)
e B(l NA—H—I) I'(NB)
F(NB ) NA—l
r ) XB NP -1 e X8, 1
lrw& ' o
where xa = ;,;2 (1 + d)m);XB = ;ﬁ(l + Qsm);wA =

NA — Sy + Liwg = NP — Sg + 1; B(.,.), I'(.) and
F(., .) are the beta, gamma and incomplete gamma functions
[34], respectively; M is the complexity-accuracy trade-off
parameter; ¢,, = cos(@’;li&l)“

Proof: To derive the closed-form expression for the OP
of A and B, we start with the cumulative distribution function
(CDF) and the probability density function (PDF) of a random
instantaneous channel gain |h|? which follows the Rayleigh
fading distribution. Specifically, the CDF and PDF of |h|? are
given by

x

Fppe(z) =Pr{[h* <z}=1-e"2,2>0, (17
1 _ 2
f|h\2(m) = 56 2,z > 07 (18)

where 0 = E{|h|?} is the average channel gain of |h|?. For
the derivation convenience, we set 2 = 1. For the summation
B

NT
of N, channel gains, such as Y = |h2||2 = 3" |hy|?, its PDF

=1
and CDF are expressed, respectively, as follows [3]:

NP-1
_x x
Fy(z)=1-e¢ E Nk z >0, (19)
=0
NB_1 —=2
X r e
= > 0.

Based on the above equations and combining with the
Gaussian-Chebyshev quadrature method in [35], we can obtain
the OPs of terminal A and B in the FD-SM-MIMO system in
Theorem 1. The detailed proofs are presented in Appendix A.

JOURNAL OF KTEX CLASS FILES, VOL. ..., NO. ..., MONTH ....

It is also noted that in the case without TAS, based on (19),
the OPs of the FD-SM-MIMO system are given by

NA—1 (2
— Jth Z YA

Poutno—as = 1 =€ 7 T @D
=0 ’
()
_Jth 5
Pc])?)ut,nofTAS =1l—e 7B Z ’YZE; . (22)

1=0
B. Symbol Error Probability

For a wireless system, the SEP can be calculated as [36]

SEP = aE{Q(\/by ‘édt,

23
\ﬁ (23)

where (Q(z) denotes the Gaussian functlon; v is the SINR;
a and b are constants and their values are decided by the
modulation types, e.g. a = 1,b = 2 for the binary phase-shift
keying (BPSK) modulation; a = 2,b = 1 for the 4-quadrature
amplitude modulation (4-QAM) modulation [36]; F'(z) is the
CDF of the SINR. Let z = %, then (23) becomes

avb T o—br/2
SEP= — | ————F(z)dx. 24
221 ) Vv (z)dz 24)

From (24), we can derive the SEP of the FD-SM-MIMO
system in Theorem 2 given below.

Theorem 2: The SEPs of terminal A (denoted by SEP 4)
and terminal B (denoted by SEPp) in the FD-SM-MIMO
system with transmit antenna selection over Rayleigh fading
channel are given respectively as follows

EP, — aVbm3
A _8fMN(NB —wB+1)F(NA)’
¢2)¢A
X
lZmez:lnz:l B(l NP —1+1)
A —talnv)qi-1
e )
T(NA)
—a lnv Nthl
y F(NTA, wAJr ) ( —Inw )Nr—2
T(NE) Ya+2 ’
(25)
SEPw — avbm3
" _8fMN(NA —wa + )I(NE)3p
B_
XZZZ\/1*¢2 -y
l=wa m=1n=1 (wB"" )B(Z7NtA_l+l)
B —wglnv -1
[ n(e )
I(NP)
—yplnv)q NA—] _—
[ e
L(NP) Y+ 2 ’
(26)
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where N is the complexity accuracy trade-off parameter On =
2n—1)m
COS<%>; Va =g (1+0m)itn = g-(1+6n);v=
3(1+dn).
Proof: To calculate SEPp, we start with the definition of
the CDF of the SINR at terminal B, i.e.,

X
Frolo) = Prlom <) = Pr{ 2 < 2.

We can obtain this CDF by replacing 7, in the OP
expression given in (14) by «. Then, we substitute F.,_ () into
(24) to compute SEPg. After some mathematical transforms
and applying the Gaussian-Chebyshev quadrature method in
[35], we obtain SEPg as in (26). The expression of SEP can
be obtained similarly. For detailed proofs, see in Appendix B.

In the case without TAS, replacing the OPs in (21) and
(22) into (24), and then applying [34, Eq. 3.361.2] and [34,
Eq. 3.381.4], we have

27

N/yA 1 l
2294 T°(1
SEPA no—TAS — g Z A ( - )’ (28)
’ 2 2\/27T =0 l' 2 —I—’yAb l+
Nyp—1
SEPE o taS = a av/b = QZVQ’YBF( 2) (29)
’ 2 2v2r & (24 98b) )]

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate the performance of the FD-
SM-MIMO system with TAS and compare it with that of the
system without TAS. Moreover, the performance of the HD
system 1is also given to study the impact of the RSI on the
FD-SM-MIMO system. Unless otherwise stated, the system
parameters are set as follows. The average transmission power
Py = Pg = P. The variance of AWGN 03 =03 =02 = 1.
The average SNR is defined as SNR = P/o2. The number
of selected transmission antennas Sp = Sg = S = 2. The
number of transmission antennas N = NP = N, = 4 and
reception antennas N = NP = N, = 2. Since the parameters
of two terminals A and B are similar, the OP and SEP of A
and B are also similar. Therefore, from now on we will use
the words “the OP and SEP of the FD-SM-MIMO system”
to refer to “the OP and SEP of both A or B”. The simulation
results were obtained using 107 channel realizations which
satisfy the Monte-Carlo condition.

In Fig. 2, the OP of the FD-SM-MIMO system in the case
with TAS is compared with that in the case without TAS.
Furthermore, the OP of the FD-SM-MIMO system is also
compared with that of the HD-SM-MIMO system. We use
Q=-10 dB, R = 2 bit/s/Hz. The OPs of the considered
FD-SM-MIMO system with and without TAS are plotted by
using (15) and (21), respectively. It is noted that the OPs
of the HD-SM-MIMO system are also plotted by using (15)
and (21) by setting Q = 0. As shown in the figure, the
analytical results perfectly match the simulation one, which
proves the correctness of Theorem 1. Using TAS both FD-
and HD-MIMO systems can reduce the OP of the system
significantly. Particularly, when SNR = 20 dB, the OP of the
FD-SM-MIMO system with TAS is nearly 10~* while that
is only about 4.10~2 in the case without TAS. Moreover, the

10
V
S 10°
2
=
5 o FD-TAS (Sim) .
& 10°] —FD-TAS (Ana) ‘4
o A HD-TAS (Sim) \,
g --=--HD-TAS (Ana)
o v FD-without TAS (Sim) A
|| === FD-without TAS (Ana) "\,
101+ HD-without TAS (Sim) RN
------- HD-without TAS (Ana) '\\
-4 0 5 10 15 20
SNR [dB]

Fig. 2: The OPs of the considered FD-SM-MIMO systems
with and without TAS versus the average SNR. {2 = —10 dB,
R = 2 bit/s/Hz.

OPs of both FD-SM-MIMO systems with and without TAS
suffer from an outage floor due to the impact of the RSL
With the considered RSI (Q = —10 dB), the OP of FD-SM-
MIMO system with TAS reduces to 6.10~% while the OP of
HD-SM-MIMO system with TAS attains 10~7 for the same
SNR = 15 dB. It is also noted that the OPs of HD-SM-
MIMO system with and without TAS in this paper are similar
to those in [17].
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Fig. 3: The impact of data transmission rate R on the OPs
of the FD-SM-MIMO systems with and without TAS. Q =
—10 dB.

Fig. 3 illustrates the impact of the data transmission rates
on the OPs of the FD-SM-MIMO system for three typical
values of R, i.e. R = 2,3,4 bit/s/Hz. It is obvious that
the data transmission rate has strong impact on the OPs of
the FD-SM-MIMO system. At low data transmission rate
and SNR = 12 dB, ie. R = 2 bit/s/Hz, the OP with
TAS is 1073 while the OP without TAS is only 1071
Furthermore, at higher data transmission rate, i.e. R = 3
bit/s/Hz, when SNR = 20 dB the OP with TAS reduces
to the outage floor of 10~2 while it is approximate 10~* at
R = 2 bit/s/Hz. When R increases, such as R = 4 bit/s/Hz,
the OPs with and without TAS are significantly higher in



comparison with the case of R = 2 bit/s/Hz. Although the
TAS scheme can greatly reduce the OP of FD-SM-MIMO
system, in the case of high data transmission rate, i.e. R =4
bit/s/Hz, the OP increases remarkably. Therefore, depending
on the requirements of the FD-SM-MIMO system in practical
scenarios, we can choose a suitable data transmission rate.
For example, when OP = 1073 is required, we use R = 2
bit/s/Hz and SNR = 12 dB. In contrast, when OP = 1072,
we can use either R = 2 bit/s/Hz and SNR =8 dBor R =3
bit/s/Hz and SNR = 20 dB.

O FD-TAS (Sim) ‘ BT
—— FD-TAS (Ana) &
A HD-TAS (Sim) ke
— =+ HD-TAS (Ana) ;
V' FD-without TAS (Sim) .
— = =~ FD-without TAS (Ana) A
+  HD-without TAS (Sim)

HD-without TAS (Ana) -

S

w

Throughput (bit/s/Hz)

SNR [dB]

Fig. 4: The throughput of the FD-SM-MIMO and HD-SM-
MIMO systems with and without TAS versus the average
SNR. Q@ = —10 dB.

Fig. 4 shows the network throughput 7 of the FD-SM-
MIMO system, which is defined as 7 = R(1 — Pous), and
Pout 1s given in (15) and (16) for the case with TAS and
in (21) and (22) for the case without TAS. As can be seen
from Fig. 4, in the case R = 2 bit/s/Hz, the throughput of
the FD-SM-MIMO system with TAS is higher than that of
the HD-SM-MIMO system without TAS. Moreover, all three
systems (FD-SM-MIMO with TAS, HD-SM-MIMO with TAS
and without TAS) reach the target throughput R = 2 bit/s/Hz
at SNR = 10 dB. Meanwhile, the throughput of the remaining
system (FD-SM-MIMO without TAS) is saturated at 7 = 1.9
bit/s/Hz.

Fig. 5 investigates the SEP of the FD-SM-MIMO system
versus the average SNR for the BPSK modulation (¢ = 1,0 =
2) and Q = —10 dB. We use (25) and (28) to plot the
SEPs of the FD-SM-MIMO systems with and without TAS,
respectively. The SEPs of the HD-SM-MIMO systems with
and without TAS are obtained from (25) and (28), respectively,
by setting Q = 0. We can see that all analytical results match
well with the simulation ones. Furthermore, the SEP of the
FD-SM-MIMO system with TAS is much lower than the case
without TAS. Specifically, the SEP with TAS is 10~° while
that without TAS is 2.10~2 at SNR = 20 dB, which proves the
benefit of using TAS scheme in the FD-SM-MIMO system. On
the other hand, the SEP of the FD-SM-MIMO system with
TAS is always better than the SEP of the HD-SM-MIMO
system without TAS when SNR < 20 dB. However, at higher
transmission power, the SEP of the FD-SM-MIMO system
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Fig. 5: The SEPs of the FD-SM-MIMO systems with and
without TAS versus the average SNR using BPSK modulation.
Q =-10 dB.

Symbol Error Probability (SEP)

with TAS is worse than that of the HD-SM-MIMO system
without TAS due to the influence of the RSI in the FD mode.
This feature will be investigated further in the next figure.

Q) =0,-5,—-10,—20dB

O FD-TAS (Sim)
—— FD-TAS (Ana)

A HD-TAS (Sim)
—-=--HD-TAS (Ana)

V  FD-without TAS (Sim)
10°H === FD-without TAS (Ana)
+  HD-without TAS (Sim)

Symbol Error Probability (SEP)

"""" HD-without TAS (Ana) ‘ 2
-4 0 5 10 15 20
SNR [dB]

Fig. 6: The impact of the RSI on the SEP of the FD-SM-

MIMO systems with and without TAS.

Fig. 6 plots the impact of the RSI on the SEP of the FD-SM-
MIMO system for the BPSK modulation. The SIC capability is
varied as follows: ) = 0, —5,—10, —20 dB. Other parameters
are similar to those used in Fig. 5. It is obvious that the
RSI has a strong impact on the SEP of the FD-SM-MIMO
system, especially when the RSI is high. Particularly, when
the RSI is very small, i.e. Q= —-20 dB, the SEPs of the
FD-SM-MIMO and the HD-SM-MIMO system with TAS are
similar for SNR < 10 dB. In the higher SNR regime, such
as SNR > 10 dB, the SEP of the FD-SM-MIMO system
with TAS is lower than that of HD-SM-MIMO system with
TAS. It is because the RSI is expressed as o, = QP. Thus,
higher transmission power results in higher RSI. In the case
without TAS, the difference between the SEPs of the FD-
SM-MIMO and HD-SM-MIMO systems is significant when
SNR > 14 dB. Furthermore, in the case of larger RSI, i.e.
Q=04dB or Q= -5 dB, the SEP of the FD-SM-MIMO
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—e—FD-TAS
==+=-FD-without TAS

Symbol Error Probability (SEP)

lb 15 20
SNR [dB]
Fig. 7. The SEPs of the FD-SM-MIMO system with and
without TAS scheme for different numbers of transmission
and reception antennas.

system goes to the error floor quickly for both the cases with
and without TAS.

Fig. 7 depicts the effect of the number of transmission
and reception antennas on the SEPs of the FD-SM-MIMO
system. The number of transmission and reception antennas
are changed as Ny = 4, Ny = 6 and N, = 2, N, = 4. As
observed from Fig. 7, the SEP is strongly impacted by the
number of transmission and reception antennas, especially in
the case with TAS. It is noted that the notations in Fig. 7 refer
to the numbers of transmission antennas (/V;), transmit antenna
selection (S), and reception antennas (/V,). For example,
(6]2) x 4 represents Ny = 6, S = 2, and N, = 4. In the
case without TAS, 2 X 2 means N; = 2 and N, = 2. We
can see that the SEP of (4|2) x 2 system is similar to that of
2 x 4 system. For the same SEP = 10~%, when the number
of transmission antennas increases, i.e. N; = 6, the SEP of
(6]2) x 2 system has 6 dB gain compared with the SEP of
(4]2) x 2 system and the (4/|2) x 4 system has a gain about
4 dB compared with the (6]2) x 2 system.

V. CONCLUSIONS

In this paper we have analyzed the performance of the FD-
SM-MIMO system with TAS. Using theoretical analysis we
have successfully derived the exact closed-form expressions
for the OP, network throughput, and SEP of the system.
The derived performance expressions not only can be used
for evaluating the FD-SM-MIMO system but also the HD-
SM-MIMO one by simply setting the RSI equal to zero.
Both numerical and simulation results show that using TAS
can improve the performance of the FD-SM-MIMO system
significantly at the cost of additional employed antennas. In
addition, the performance of FD-SM-MIMO system with TAS
is also shown to be better than the HD-SM-MIMO system
without TAS. Therefore, given available space for installing
more antennas, it is recommended that TAS be used to obtain
the FD-SM-MIMO performance enhancement.

APPENDIX A

This appendix gives the detailed derivations of the OP for
the considered FD-SM-MIMO system.

In the MIMO system with TAS, a set of sum channel gains,
such as Y, are rearranged and then S antennas (S of terminal
A and Sg of terminal B) are selected to maximize the received
power. At terminal B, the PDF of Y, g in the case that Y15 <
Yop < ... <Y,,B < < YNtAB can be calculated as
follows [37, Eq. 2.1.6]:

1
B(wA,NtA —wp + 1)

x [Fy(a:)] [1 _ Fy(x)} N fy ().
(30)

meAB(x) =

Based on (30), the PDF of instantaneous ||hP||? is then
given by [17]

NA

1 < 1
Jime(@) TNA —wp +1 ZJ;A B(I,NA —1+1)

NA—1

x {Fy(x)}l_l{l—Fy(x)} fy(z). (31

Replacing Fy (x) and fy (x) in (19) and (20) into (31), we
have

NA

1 : 1
T2 (@) TNA —wa +1 lzw: B(I,NM —141)

NP1 it NB-1 qN&-l
ez Xy
1=0 1=0
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xrr &
—_ 2
*TT(NE) .
Then, applying the finite summation [34], i.e.,
B_
erl :El IF(NrBa‘T)
B e e T R
| BY)
— I I'(NB)
we can rewrite (32) as
NA
1 : 1
Sz (@) TNA —wp+1 2 B(,N& —1+1)
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-1 NA—1
N PR ) I DOV
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Finally, the OP of terminal B is obtained as follows

Jth

PBt =Pr {HhB2 ’yth} = /:YB f‘lh?l‘z(l')dlﬂ
B 0

N

B 1 3 1
- (NA —wa + 1)T(NB) S BOUNG —1+1)

Jth -l

7B
X
0

B_ —
x zNe ~le= %y,

-1 NA
L(NS, ) (NP, z) |

~ T(NP) T(NE)
(34

Using the Gaussian-Chebyshev quadrature method [35] for
the integral in (34), we have

JYth NtAil
/ LB )] [rE )
0 L(NP) L(NP)
x zNe~le=2 g
) -1
_ TYth / 2 r 7XB
- 2MAp Z ~Om NB)
F(NB ) NA—1
r » XB N]3 1
X W XB e XB (35)

Substituting (35) into (34), we obtain the OP of terminal B as
in (16) of Theorem 1. The OP of terminal A can be derived
in the same ways. The proof is thus complete.

APPENDIX B

This appendix provides the detailed derivations of the SEP
for the considered FD-SM-MIMO system.
Replacing ~yy, in (16) by x, then g becomes xg = ”;“ (1+

¢m) = Wpx. After that, substituting (16) into (24), the SEPp
is given by
av'b e bz/2 T
SEPg = = -
2«/27‘( ﬁ QM(N —wa + 1)F(NrB)’yB

xzz—ﬁ

B(l, NA —1+1)

l=wa m=1

-1 NA—l
F(N?awa) P(Nerme)
x |1
L(NP) I'(NP)
NB—
X (1/)333) e VBT, (36)
Then, we rewrite (36) as
SEPg = av/bm
4\TM( NP —wa + l)F(NB)‘
V1—2, ¢B
Xlzw: mzl B(l NA—l+1)
oo tA—l
" / D@V 7/)B$ wa)
F(
0
x gV 2 e (Bt 8T gy (37)
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Let z = e~ WBT3)7 the integral in (37) can be computed
as
o] -1
/ , POVE ) | | TN, ¥p)
I'(NP) [(NP)
0

x gV~ etz gy

NA—1

1 B —¢plnz)qi-1
_ 1 / 1 F(Nr ’ ¢B+g )
Y L(NE)

—Inz

wB—&-g

" ¢Bt3

I'(NB)

F(NB —1/)31112) NE—1
S e

)NTB_%dz. (38)

By applying the Gaussian-Chebyshev quadrature method
[35], the integral in (38) can be solved. Finally, the exact
closed-form expression of SEPp is obtained as in (26) of
Theorem 2. Similarly, we can get the expression of SEP4.
The proof is complete.
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