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ABSTRACT This paper aims to study the impact of hardware impairments (HI) on the performance of spatial
modulation (SM) system with full-duplex relay (FDR), namely SM-FDR system. To combat the negative
effect of HI, a transmit antenna selection (TAS) scheme is applied at transmitter. The system performance
in terms of outage probability (OP) and symbol error rate (SER) in case of HI and ideal hardware are
compared. Furthermore, the impact of TAS on the system performance is also considered. This study derives
successfully the exact expression of the OP and the approximate expression of the SER with TAS under
the impact of both HI and residual self-interference (RSI). Both HI and RSI have strong influence on the
performance of the SM-FDR system, especially at high data transmission rate, and the influence of the former
is higher. However, the system performance is significantly enhanced, i.e. the SER is reduced, when TAS is
applied. Therefore, it is recommended to apply TAS to improve the performance of SM-FDR systems when
both HI and RSI exist in reality. Finally, all analytical expressions are validated by Monte Carlo simulation.

INDEX TERMS Hardware impairment (HI), full-duplex relay (FDR), self-interference cancellation (SIC),
spatial modulation (SM), transmit antenna selection (TAS), outage probability (OP), symbol error rate (SER).

I. INTRODUCTION

Recently, the number of wireless devices has increased
rapidly leading to higher requirements of wireless networks
on high data transmission rate and connection reliability.
In that context, many solutions have been proposed to
improve the spectral efficiency such as full-duplex (FD),
spatial modulation (SM), massive multiple-input multiple-
output (MIMO), non-orthogonal multiple access (NOMA)
[1]-[3]. In these techniques, FD communication has recently
attracted increasing attention as it can double capacity com-
pared to traditional half-duplex (HD) communication. In fact,
FD devices can transmit and receive signals simultaneously
and on the same frequency band while HD devices can only
either transmit or receive signals at a specific time. However,
FD performance is reduced due to residual self-interference
(RSI) even after self-interference cancellation (SIC). Fortu-
nately, the recent reports demonstrated that FD devices can
remove up to 110 dB of self-interference (SI) power and then
they can operate in realistic scenarios [4]-[6].
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Additionally, relay communication has now found its
application in various types of wireless networks such as
the LTE-A mobile communication, ad hoc networks and
vehicle-to-vehicle (V2V) networks. The combination of FD
technique and relay network is now attractive and this system
can be exploited for the future wireless networks, such as the
fifth generation (5G) and beyond [7]-[9]. Therefore, various
works have considered the impact of RSI on the performance
of FDR systems in terms of outage probability (OP), symbol
error rate (SER) and the ergodic capacity [7], [8], [10], [11].
These reports demonstrated that the performance of FDR
systems is significantly degraded by RSI. Particularly, the OP
and SER of the FDR systems go to some error floor at high
SNR regime and cannot be reduced further [2], [3], [12].
To alleviate the effect of RSI, it is advisable to apply the
optimal power allocation for FDR systems [8], [9], [11].

Beside FDR communications, MIMO systems increase
capacity and reliability of wireless communication links com-
pared to single-input single-output (SISO) systems [13], [14].
However, the multiple antennas in this system increase pro-
cessing complexity of both transmitter and receiver. At the
MIMO transmitter, power consumption is high because
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FIGURE 1. The system model of the considered TAS-SM-FDR system.

all transmit antennas are active to transmit the radio fre-
quency (RF) signals. Moreover, the inter-channel interfer-
ence (ICI) at the MIMO transmitter can reduce capacity
and performance of MIMO systems. At the MIMO receiver
side, the high complexity detectors are needed to process
numerous received RF chains. To solve these above prob-
lems, spatial modulation (SM) has been proposed for MIMO
systems. In SM-MIMO systems, the transmitted data bits are
conveyed by both constellation point and the index of the
activated transmit antenna. Consequently, only one symbol
is transmitted, it means SM systems can avoid ICI and syn-
chronization requirement at the transmitter. At the receiver,
low-complexity Maximum-Likelihood (ML) detection can
be implemented for signal decoding [13], [14]. As a result,
the performance is improved while the complexity of com-
putation and deployment are acceptable [15].

To increase the capacity of wireless communication sys-
tems, FDR and SM techniques have been combined in a
system as in [7], [10], [15]-[17]. In these works, the per-
formance of SM-FDR systems under the impact of RSI has
been studied by analytical expressions such as OP, SER,
and capacity. Moreover, both decode-and-forward (DF) and
amplify-and-forward (AF) schemes are deployed for these
studies. Their results shown a significant impact of RSI on the
performance of SM-FDR systems. Particularly, the RSI level,
which is a result from FD operation, was also considered
in [15]. While the performance of SM-FDR systems has
been widely studied in literature, the advantage of transmit
antenna selection (TAS) has not been considered yet. In fact,
the advantage of TAS has been demonstrated in [18]-[20] but
only for half-duplex systems.

Furthermore, although a lot of works have studied the
performance of SM-FDR system with ideal hardware,
the transceiver hardware impairments (HI) have not been
taken into account yet. In reality, they always exist in the
system and reduce the performance of wireless systems, espe-
cially for low cost devices such as relay nodes [8], [21]-[24].
Motivated by these above facts, this paper proposes a
TAS-SM-FDR scheme to overcome the effect of both HI and
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RSI. The main contributions of this paper can be summarized
as follows:

— The exact expression of signal-to-interference-plus-
noise-and-distortion ratio (SINDR) of the TAS-SM-FDR sys-
tem with HI at all nodes and RSI at FDR node over Rayleigh
fading channel is derived successfully.

— The exact expression of OP and approximate expression
of SER of the proposed system are also obtained from our
analysis. These expressions can also be applied for ideal
hardware case and half-duplex mode as two special cases.

— The benefits of applying TAS are analyzed. Based on
numerical results, the system performance is significantly
enhanced, i.e. SER is reduced when TAS is applied. In par-
ticular, SER of the TAS-SM-FDR system with HI is even
better than that of ideal SM-FDR system without TAS. Fur-
thermore, the impact of HI on the system performance is also
rigourously investigated. It is found from the analysis that the
effect of SI are more severe at high data rate regime and HI
causes more trouble than RSI with the same level of power.

The rest of this paper is organized as follows. Section II
presents the system model of the considered system with
HI and RSI. Section III analyzes the system performance
with TAS in terms of OP and SER. Numerical results and
discussion are provided in Section I'V and finally, Section V
concludes the paper.

Il. SYSTEM MODEL

Fig. 1 illustrates a three-node network topology of our pro-
posed TAS-SM-FDR system. All three nodes in this sys-
tem, including the source node S, the relay node R, and the
destination node D, are equipped with multiple antennas.
Both S and D operate in HD communication mode, where
Nis and N;p denote the number of transmit antennas of S
and the number of receive antennas of D, respectively. It is
assumed that there is no direct link from S to D due to far
distance and deep shadow fading. Therefore, data is transmit-
ted from S to D with the help of the relay R. R operates in FD
mode and follows the decode-and-forward (DF) strategy, with
N transmit antennas and N;r receive antennas. With FD
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capability, R can transmit and receive signals simultaneously
and on the same frequency band. Consequently, there exists
some self-interference at the receiving antennas caused by the
transmit signal of R itself. With the knowledge about its own
signal, the relay R may apply various SIC techniques such
as antenna domain suppression or analog and digital domain
cancellation to suppress this interference to a certain level.
It is noted that in reality, R can use shared-antennas for both
transmission and reception by using a circulator [4]. How-
ever, using separate antennas for transmission and reception
can efficiently alleviate the impact of SI, especially by apply-
ing the antenna domain suppression method. In fact, it is easy
to deploy various methods in antenna domain for separating
the antennas such as isolation, placing absorptive shielding,
cross-polarization and directional transmission antennas [25].

A. IDEAL HARDWARE CASE

Our analysis starts with the ideal hardware case for SM-FDR
system. The received signals at R and D in this case are
respectively expressed as

YR = hrx; + hjrxj + 2R, (D
¥yp = hjpxj +zp, (2)

where hg € CV#**! and hip € CN»*! are respectively
the channel vectors from ith transmit antenna of S to Ny
receive antennas of R and from jth transmit antenna of R to
N;p receive antennas of D; ﬁjR e CN=x1 g self-interference
channel vector from jth transmit antenna to N, receive anten-
nas of R; x;(t) € CV®*! and x;(t) € CV2*! are transmitted
signals from ith antenna of S and jth antenna of R, respec-
tively; zr(r) € CVM®*! and zp(r) € CMo*! are Gaussian
noise vectors at R and D, respectively, with zero mean and
variance of 01%, O’]%, respectively, i.e. zr ~ CN(O, Ul%) and
zp ~ CN(0, o).

Because SM is employed in our model, only one antenna
is active among Ng transmit antennas of S and only one
antenna is active among N transmit antennas of R. There-
fore, the channel vectors h;r and h;p are expressed as

hir = [hi hio . hivg ] 3)

T
hip = [ bz - hivg ] “)
wherei € {1,2,...,Nis}andj e {1,2,..., Nr}.

B. HARDWARE IMPAIRMENT CASE

In case of imperfect hardware, the impairments in physical
transceiver create distortion noise at both transmitter and
receiver. Hence, the received signals at R and D in this case
are respectively given as

YR = hiR(xi +15) + ROy +np) + 0k +2r. (5)
¥y = hpp(xj + 1g) +1p + Zp, (6)

where nts and n{{ are the distortion noises caused by trans-
mitter impairments at S and R, respectively; n}; and np, are
the distortion noise vectors due to receiver impairments at R
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and D, respectively. These hardware noise terms are modeled
as complex Gaussian distributed random variables or vectors
[21], [23], [24]. In particular, we have n§ ~ CN(0, (k§)* Ps)
and n ~ CN(0, (ky)* Pr), where kg and kj denote the
levels of hardware impairment at the transmitters S and R,
respectively. Similarly, %, ~ CN(O0, ||hl-R||2(k1rQ)2 Pg) and
np ~ CN(, ||th||2(k1r))§ PRr), where kg and kj, denote the
levels of the hardware impairment at the receivers R and D,
respectively.

The term ﬁjR(xj + 77{%) in (5) represents the self-interference
originated from FD communication. Due to imperfect hard-
ware and SI channel estimation error, SIC techniques at R
may not remove SI completely. Let rs; denote the RSI at
the FD relay R after applying various SIC techniques, which
can be modeled as a complex Gaussian variable [2], [7],
[12], [23], [26] with zero-mean and variance of O’I%SI, where
O'I%SI = % PR. Here, [ represents the SIC capability at R.

Now, the received signal at R can be rewritten as

¥R = hir(x; + 1) + ng + rs1 + g, @)

When TAS is applied for SM system, a set of transmit
antennas is selected from all available antennas at the trans-
mitters. Specifically, we assume that Js and Jg are the sets of
transmit antennas selected at S and R, respectively. Herein,
Js and Jr must satisfy |Js| < Nis, [Js| = 27, |Jr| < Nr, and
|Jr| = 29, where p and g are positive integers. The reason for
the power of two is as follows. For SM, the input bit sequence
is mapped to the antenna indices. Further, spatial modulator
selects the transmit antenna using the mapped antenna index.
Thus, the number of antennas in the selected set is equal to the
number of symbols in the data alphabet, which is a power of
two. In other words, the transmit antenna is varying according
to the input binary stream [27]. The ultimate goal for selecting
Js and JR is to maximize the total received signal power.
For example, let’s consider h;p with ¢ = 2 (binary symbol).
Assume that the norms of the channel coefficients satisfy

Ihipll> > Ihopll? > [hspl®> > ... > [hyepl® (8

where hip, hop, ..., hygzp are calculated from (4). For
binary symbol transmission, two antennas are selected,
i.e., |Jr| = 2. From (8), we can select JR as

Jr = {Ihip|?, [hap ). ©

Based on that, either first or second antenna is active for
transmitting signals from R to D depending on the incoming
data bits, i.e., the first antenna is active to transmit 0" bit
and the second antenna is active to transmit ‘1’ bit.

From (7), the instantaneous SINDR at R (denoted by yRr)
is computed as

e = [hir||* Ps
Ihir [2(k$)? Ps + [lhir [ 2(k})? Ps + o3g; + 0
_ Ihi | Ps L Y7 SRR
Ihir|2 k2 Ps + o2g  + 02 |hrlZk3pr +1°
20193
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where ké = (ké)2 + (klr{)2 is the aggregated HI level, which
combines both HI terms at the transmitter S (kg) and the
receiver R (kr r)>and yr = %

Similarly, based on (6), tﬁhe instantaneous SINDR at D
(denoted by yp) is computed as

Ihjp? Pr

I [12(k§)? Pr + [Ihp |2 (kfy)? Pr + o
~ Impl*Pr  hpl*w
 Ihpl? K PR+03 Iyl kv + 1
where kl% = (k, )2 + (kT )2 is the aggregated HI level which
combines of both HI at the transmitter R (k ) and the receiver
D (kf), and jp £ 2%,

With DF protocol at FD relay, the end-to-end SINDR

(denoted by ye2.) of the considered system can be determined
as

VYD

Y

Ye2e = Min{yR, ¥p}, (12)

where yr and yp are given in (10) and (11), respectively.

Ill. PERFORMANCE ANALYSIS
A. OUTAGE PROBABILITY ANALYSIS
The outage probability is defined as the probability that
makes the instantaneous data transmission rate of the consid-
ered system falling below a predefined data rate [28]. For SM
system, the information bits are embedded in both the trans-
mitted symbol and the index of the transmit antenna. There-
fore, in general the capacity of SM systems is higher than that
of single-input multiple-output (SIMO) systems [7], [13].
For the considered TAS-SM-FDR system, the OP is
computed by

Pour = Pr{Rsm < Ro}, 13)

where Rgm and Ry are the instantaneous data transmission
rate and predefined data transmission rate of the considered
system, respectively. Herein, Rsy is calculated as

Rsm = logy(Ny) 4 log, (1 + p), (14)

where N; presents the number of transmit antennas at the
transmitter (N = Nis for S and N; = N for R) and y is
SINDR at the receivers, i.e., yr or yp. It is also noted that,
because DF policy is used at the FD relay, a system outage
event occurs when either S — R link or R — D link cannot
afford the predefined data transmission rate.

As aresult, an outage event occurs when

log,(Nis) +1og, (1 + yr) < Ro

or log;(N) +logy(1+p) < Ro. (15

As can be seen from (15), when the S — R link is in outage,
the system outage event occurs, regardless of the fact that the
R - D link is in outage or not. When the S — R link is not in
outage, that means the SNR of the first hop is above a certain
threshold, the system outage event occurs when the R — D link
is in outage.
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(15) can be written equivalently as

YR < 9Ro—loga(Nis) _ | o D < 2Ro—logr(Nr) _ 1.

(16)

Let R1 = Ro — logy(Nis) and Ry = Ro — log,(Nr) be
respectively the instantaneous data transmission rates due to
modulation orders of S — R and R — D links. The OP is then
defined as

Pouw =Priir <2 —DHUGp <22 -1}, (17)
By denoting two thresholds as yih1 £ 2R1 _ 1 and Yih2 £
2R2 _ 1, (17) becomes
Pour = Pr{(yr < yn1) U (yp < vm2)}
= Pr{(yr < yanD)} +Pr{(yp < yn2)}
=Pr{(yr < yn)}Pr{(yp < yn2)} (18)

because {yR < pmn1} and {yp < ym2} are two independent
events.

From (18), the OP of the considered TAS-SM-FDR system
is obtained in the following theorem.

Theorem 1: Under the impact of both HI and RSI, the out-
age probability expression of the considered TAS-SM-FDR
system over Rayleigh fading channel is given by

Y1 <1/ ké
Pou[ — out outy out; /~outy ]/thz < l/kl% (19)
1, otherwise

where Poyy, and Pou, are derived in (20) and (21), as shown
at the bottom of the next page, xR = Vil 1+

27R(1—k3yin1)
®m)> XD = (lyth,fz (1 + ¢u), ws = Nis — ||+ 1, wr =

Ngr — [JR] —|— 1; B( ) F( )and T'(.,.) are the beta, gamma,
and incomplete gamma functions [29], respectively; M and N
are the complexity-accuracy trade-off parameters [30] for cal-
culating Py, and Poyy,, respectively; ¢, = cos(%)

and ¢, = cos(% )

It should be better to know that we use the incomplete
gamma function instead of a finite series to reduce the
length of the derived mathematical expressions. In fact, from
the obtained expressions, we can rewrite these expressions
without the incomplete gamma function via replacing the
incomplete gamma function by a finite series such as in
Appendix A because the parameters are integers.

Proof 1: The detailed proof of this theorem is presented
in Appendix A.

B. SYMBOL ERROR RATE ANALYSIS

For wireless system, many approximations or exact values
of the SER derived for coherent modulation are given in the
following form [28]:

2

e 2dt,

SER = aE{Q(,/by)} = (22)

=/7G)

2 J b
where a and b are constants that depend on the modulation
types, for example, (a,b) = (1,2) and (a,b) = (2, 1) for
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binary phase-shift keying (BPSK) and 4-quadrature ampli-
tude modulation (4-QAM) modulations, respectively [28].
Notice that the values of a and b for different modulation
schemes are determined using Table 6.1 of [28]; Q(x) £

o
1 —12/2 g, : f -
mkfe dt is the Gaussian function; y and F(x) are

respectively the end-to-end SINDR of the system and its CDF.
2
By letting x = %, we can rewrite (22) as

o0
b —bx /2
SER = av/b e—F(x)dx. (23)
221 ) Vx

From (23), the SER of the considered TAS-SM-FDR sys-
tem can be found in Theorem 2 as follows.

Theorem 2: The SER of the considered TAS-SM-FDR
system (using the coherent modulation schemes mentioned
above) under the impact of both HI and RSI is computed as

av'b

SER ~
221

|:SERS’R + SERR,D — SER3

+ @(1 - erf(@))], (24)

where SERg r, SERR p are given as in (25), as shown at the
bottom of the next page, and SER3 is given by (26), as shown
at the bottom of the next page; C is the complexity-accuracy
trade-off parameter for calculating SER; ¢, = cos(%)

s

YR = (L + ), ¥p = 5=(1 + @) u = (1 + @), and
A = min <k]—§, klz .
for (A,B) € |(S.R),(R,D} and Csg = M,Cpp =
N7 ¢S,R = ¢m’ ¢R,D = ¢n~

Proof 2: The detailed proof of Theorem 2 can be found
in Appendix B.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, the performance of the TAS-SM-FDR sys-
tem with HI is evaluated by using analytical expressions in
Theorem 1 and Theorem 2, and also verified by Monte Carlo
simulations. To clearly indicate the impact of HI on the OP
and SER of the considered system, we simulate the OP and
SER of the SM-FDR system with ideal hardware first. Then,

TABLE 1. Simulation parameters.

Symbol | Parameter name Fixed value | Varying range
N¢ Number of transmitting anten- | 4 4,6,8
nas
N, Number of receiving antennas | 2 none
J Size of TAS sets 2 none
SNR | Transmit-power-to-noise-ratio | 30 dB 0—20dB
k HI level 0.15 0.05— 0.3
l RSI level 0.15 0.05 — 0.3
R Desired data rate 3; 4 bps/Hz | none

the OP and SER of SM-FDR system with imperfect hardware
but without TAS are also investigated to demonstrate the
benefits of TAS. The impact of different parameters, includ-
ing transmit-power-to-noise-ratio SNR, desired data rate R,
HI and RSI level k£ and [, and number of transmit and receive
antennas, on the outage performance is illustrated in this
section. We respectively let one of these parameters vary in a
certain range while fixing all other parameters. For simplicity,
we set the same average transmit power at the transmitters

Ps = Pr = P, the same variance of noises at all nodes
o}% = o]% = 02, the same number of transmit (receive)

antennas at all transmitting (receiving) nodes Nis = Nr = N
and Nk = Nip = N;, the same size of TAS sets |Jg| =
|[JR| = J = 2, the same HI levels at all nodes k{ = ki =
kg = ki, = k, the complexity-accuracy trade-off parameters
are M = N = C = 10, and define SNR £ P/o?. The
chosen values of simulation parameters are listed in Table 1.
It is noted that in Fig. 2, notations “Wi” and “Wo” denote
the case with and without TAS, respectively.

Fig. 2 investigates the OPs of the SM-FDR system under
imperfect hardware with and without TAS. Equation (19) in
Theorem 1 is used to plot the OP of the TAS-SM-FDR system
with HI. The OPs of ideal SM-FDR with and without TAS are
also plotted on Fig. 2 by analysis and simulation to show the
performance difference between the HI and ideal hardware
cases. It is clear to see that, the impact of HI is more severe
for higher data transmission rate. The difference between the
OPs of ideal and non-ideal SM-FDR systems in the case of
R = 4 is larger than that in the case of R = 3, either with
or without TAS. Fig. 2 shows a strong impact of HI on the
OP of SM-FDR system. In the case of R = 3 bit/s/Hz and

P = T Ythl
ty — _
T 2M (N — ws + DEWNR)ZR( — k3 i)
(1 TV, XR))p_l (F(NrR, XR>>N‘S"’
T(Nir) T(Nr)
T Yth2
Poutz = :

NN T
Z ZB(vatS_p+1)

p=ws m=1

xR e R, (20)

AN(Nw — wr + DT (Nep)7p(1 — k2 vin2)

P .

B(g,Nr — g+ 1)

q=WR n=1

yNo=l—xo 1)

(1 TNV, XD))q_l <F(NrD, XD)>N‘R“I
T(Nip)

['(Nip)
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0 Wi-TAS-HI (Sim)

10” H —— Wi-TAS-HI (Ana)

-A- Wi-TAS-Ideal (Sim)

- <--Wo-TAS-Ideal (Sim)

.|| =<4~ Wo-TAS-HI (Sim) ‘A.‘

5 10 15 20
SNR [dB]

Outage Probability (OP)

FIGURE 2. The OPs of SM-FDR systems with ideal and non-ideal
hardware, with and without TAS versus the average SNR with Ny = 4,
Ny =2,J =2, R =3, 4 bit/s/Hz; the HI and RSI levels are k =/ = 0.15.

OP = 1073, the ideal SM-FDR system has the gains of 2.5 dB
and 4 dB in the SNR (to achieve the same OP performance)
compared to the imperfect harware SM-FDR system with and
without TAS, respectively. When the data transmission rate
increases, i.e., R = 4 bit/s/Hz, the SNR gains in the case
of ideal hardware compared to the case of HI are increased
(either with or without TAS). Therefore, when HI exists in the
system, it is necessary to use suitable data transmission rate
for the SM-FDR system to avoid decreasing the performance.
On the other hand, it is shown that TAS significantly improves
the performance of SM-FDR systems in case of HI. With
R = 3 bit/s/Hz and SNR = 20 dB, the TAS-SM-FDR system
with HI has OP = 2 x 10~* with TAS while OP = 8 x 10~2
for the non-TAS case.

Fig. 3 illustrates the OPs of the TAS-SM-FDR system
with various antenna configurations at S and R, i.e., with

10 ' 5
- o Wi-TAS-HI (Sim)
E‘\.E —— Wi-TAS-HI (Ana)
. ' - B~ Wo-TAS-HI (Sim)
a0t d
<
& Y
g 22
£ 107 "~
e B3
A~
N (4]2)x2
§ o’ (6]2)x2
(812)x2
4
10 L L 1
0 5 10 15 20

SNR [dB]

FIGURE 3. The OP of the SM-FDR system under HI with and without TAS
with difference of number of transmission antennas at S and R.

the number of transmit antennas Ny = 4, 6, 8, respectively.
Here, we set R = 2 bit/s/Hz. In Fig. 3, we use the notation
form (N;|J) X N, to describe the antenna configuration, where
Ny is the number of transmit antennas, J is the number of
selected antennas, and N, is the number of receive anten-
nas. For example, (6]2) x 2 means N; = 6,J = 2, and
N; = 2. If TAS is not employed, the above SM-FDR system
becomes a system with two transmit and receive antennas
and is denoted by 2 x 2 (N; = 2 and N, = 2). Fig. 3
demonstrates the benefit of using TAS-SM-FDR system in
the case of imperfect hardware. It can be observed that the
system OP without TAS nearly reaches 102 at SNR = 20 dB
while with TAS, OP = 10~* at SNR = 6,8, 12 dB for
(8]2) x 2, (6]2) x 2 and (4|2) x 2 configurations, respectively.
In addition, without TAS, the OP slowly reduces at high
SNR region and reaches an outage floor due to the impact

T2A
SERA B =

Na Cas C 1/,

4Cy,pC(Nia — wa + DI'(NB) VB Z Z Z

p=wa m=1 c=1

AN )
B(p, Nex —p+ 1)

y <1 I'(N:B, %)) (F(NrB, lwkz )>N[A -P _%_% uNrB_% 05)
_ . _umr
T (N:B) T (N:B) (1 — k2 wyMes
3 Nes M Nw NrR 1, Np—1
b AN W
SER3 = _ YR "D
8MNC(Ns — ws + DN — wr + DI (NI (NeD) 7R 7D pZmZMXW:Z;; B(p.Ns —p + 1)
_ YRu  Ypu__ bu
e TR T @21 — g1 — )( F(iw, $)> <F (Vw58 >)NH
B(g, Nwr — q + D(1 — k2 uyMr(1 — kg uyMo INOAY) T'(NR)
F(Nrm1 kz ) I‘(NrD,1 kz )\ Nr—q
(T R
T'(Nrp) T'(Nrp)
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FIGURE 4. The impact of HI on the throughput of the SM-FDR system
under HI with and without TAS in comparison with the throughput of
ideal SM-FDR system.

of both HI and RSI. Meanwhile, the OP when TAS is applied
is rapidly reduced, so the performance of the TAS-SM-FDR
system is greatly enhanced.

Fig. 4 investigates the impact of HI on the throughput of
the considered system in comparison with the ideal hardware
case, where the throughput 7 of the system is defined as
T = R(l — Pou), with Py is given by (19) for TAS-SM-
FDR system. In the case of R = 3 bit/s/Hz, TAS-SM-FDR
system can reach the target throughput 3 bit/s/Hz at SNR =
14 dB for both ideal and non-ideal hardware cases. However,
for the non-TAS case, the throughput of SM-FDR system
in both ideal and non-ideal cases reaches the target value
of 3 bit/s/Hz at SNR = 20 dB. For higher data transmission
rate, i.e., R = 4 bit/s/Hz, only the case of TAS-SM-FDR
system with ideal hardware can achieve the target throughput
4 bit/s/Hz at SNR = 16 dB. For all remaining cases, the target
throughput 4 bit/s/Hz cannot be achieved for the considered
SNR range. From Fig. 2 and Fig. 4, it is obvious that TAS
significantly improves both OP performance and throughput
of SM-FDR systems with HI.

Fig. 5 illustrates the SER of the considered TAS-SM-
FDR system using 4-QAM modulation (¢ = 2,b = 1).
Other parameters for obtaining Fig. 5 are similar to the ones
in Fig. 2. Here, (24) in Theorem 2 is used to plot the analytical
curve of the TAS-SM-FDR system with HI and Monte Carlo
simulation is conducted to obtain the corresponding simula-
tion curve. Similar to OP, SER can be reduced significantly
by applying TAS. As seen from Fig. 5, the analysis curve and
simulation curve perfectly match, except for low SNR regime,
where there is a slight difference between analysis and sim-
ulation. When SNR = 30 dB, the SER of the TAS-SM-
FDR system with HI and the SERs of the ideal or non-ideal
hardware SM-FDR systems without TAS go to the error floor
due to the impact of both HI and RSI. Only the SER of the
TAS-SM-FDR system with ideal hardware can avoid the error
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FIGURE 5. The SER of the considered SM-FDR system with HI versus the
average SNR using 4-QAM modulation.
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FIGURE 6. The SER of the SM-FDR system with HI versus the RSl level for
the case with and without TAS, k = 0.15.

floor for the simulation range. At the error floor, SER of the
TAS-SM-FDR system with HI is nearly 100 times lower than
that of non-TAS SM-FDR system. This confirms again the
benefit of using TAS for the SM-FDR system with HI.

Fig. 6 considers SER of SM-FDR systems with HI versus
the RSI level / for the cases with and without TAS. Here,
the HI level is set to k = 0.15 and SNR is fixed at 30 dB.
The RSI power is calculated as Gl%SI =2 PR, so Gl%SI is an
increasing function with respect to /. In the case of I = 0,
the SER of the SM-FDR system with HI becomes the SER
of the SM-HDR system with HI. It can be observed that
the impact of / on SERs of the TAS-SM-FDR and non-TAS
SM-FDR systems with imperfect hardware are similar
because two curves are almost parallel. Compare with the
SER of the SM-HDR system (/ = 0), the SER of the SM-FDR
system is 10 and 100 times higher for the cases of I = 0.15
and [ = 0.3, respectively. Therefore, a considerable effort is
required to achieve better RSI suppression.
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FIGURE 7. The impact of HI level on the SER performance of the SM-FDR
system under HI with and without TAS, / = 0.15.

Fig. 7 investigates the impact of HI level k on the SER of
the considered system with and without TAS when the RSI
level is / = 0.15 and SNR = 30 dB. When the HI level
is small, i.e., k = 0.05, the SER of the SM-FDR systems
with ideal and imperfect hardware are very similar. However,
when k increases, the SER of the TAS-SM-FDR system with
HI increases significantly. Particularly, when k reaches 0.3,
there is little difference between SERs of two cases: with and
without TAS. It can also be seen in Fig. 7 that the impact of
HI on the SER of the TAS-SM-FDR system is stronger than
that of the non-TAS case. For the considered range of HI level
(k from 0.05 to 0.3), SER of the TAS-SM-FDR changes from
8 x 107% to 2 x 1072, while SER of the non-TAS system
changes from 4 x 1073 to 2.5 x 1072, respectively. From
Fig. 6 and Fig. 7, we can conclude that if TAS is not used,
the impact of RSI (/) is stronger than that of HI (k). However,
for TAS-SM-FDR system, the impact of RSI (/) is weaker
than that of HI (k).

V. CONCLUSION

Transmit antenna selection is well known for improving the
performance of MIMO transmission, especially for spatial
modulation. However, research on the utilization of TAS
is still limited because of the complexity of mathemati-
cal derivation. To tackle this problem, this paper provides
the thorough analysis on using TAS to improve the perfor-
mance of SM-FDR system in the presence of HI. We suc-
cessfully derive the mathematical expressions for system
performance evaluation in terms of OP and SER. Based
on these expressions, the impact of both HI and RSI on
the system performance is carefully investigated. Numerical
results show that TAS greatly enhances the OP and SER
performance of the considered system. Regarding the HI,
its effect on TAS-SM-FDR system is more severe at higher
data transmission rate. Moreover, the performance of the
TAS-SM-FDR system in the presence of HI is even better than
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the non-TAS-SM-FDR system with ideal hardware. There-
fore, the usage of TAS is necessary to improve the perfor-
mance of the SM-FDR system with HI. Additionally, without
TAS, the impact of RSI is stronger than that of HI while it is
weaker when TAS is applied. In conclusion, it is advisable to
apply not only all SIC techniques for FD transmission but also
all analog and digital signal processing methods to remove
HI from physical transceivers in order to improve the system
performance. In the future, this work can be developed further
by applying advanced techniques to enhance the spectrum
efficiency such as non-orthogonal multiple access (NOMA)
or to use energy more effectively such as energy harvesting,
which are currently the focusing points of 5G communication
research.

APPENDIXES
APPENDIX A
This appendix provides step-by-step for the mathematical
derivation of OP for the proposed TAS-SM-FDR system in
Theorem 1.

For both cases with and without TAS, we need to compute
the probability Pr{yr < y1}. By applying (10), we can write

hl
Priyr < yini} = Pr{nhian(l — kdymi) < %} (27)

If 1—kZymi < 0,i.e. yn1 = 1/kZ, the eventin the left-hand
side of (27) always occurs as ||hiR||2(1 — kgythl) < 0 while
% > 0. Therefore,

Pr{yr < 1) =1, when ymi > 1/k3. (28)

Reversely, if 1 — k3ymn1 > 0, ie. ymi < 1/k3, (27) can be
rewritten as

Pr{iyr < ymi} = Pf{llhiRllz < L} . (29

7R(1 = kZyin1)

To calculate the probability in (29), we start with the
probability density function (PDF, denoted by f(.)) and the
cumulative distribution function (CDF, denoted by F(.)) of
the instantaneous channel gain amplitude, which follows
Rayleigh distribution. For single channel gain, the CDF and
PDF of its squared-amplitude, i.e., ||, are given respectively
as

X
Fup(o) = Pr{lh® < x} = 1 —exp ( _ 5) x>0, (30)

1 X
fip@ = gep(=5). x>0 31)

where Q = E{|h|?} is the average of |h|2; E is the expectation
operator. In this paper, we normalize 2 = 1 for all channel
gains.

In the case that there are N; receive antennas (VR at R and
N;p at D for the considered system) and MRC is applied at the
receivers, the equivalent SNR at receiver is equal to the sum
of SNRs of all receiver branches. Therefore, it’s necessary
to determine the sum of Nir channel power gains at R and
the sum of Np channel power gains at D. For example, let’s
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consider the sum of Nir channel power gains at R, which is
denoted by A;:

Nir
Ai = gl = hal* + hl? + .+ g 2 = 1y,
p=1
(32)
The CDF and PDF of A; are respectively given by [2]:
Nr—1 P
Fa)y=1-¢e" ) = x>0, (33)
p!
p=0
erRflefx
W) =T x>0, (34)
/ I'(Nrr)

where F() is the gamma function, which is defined as
C'x) 2 f *~le~tdr [29).

For TAS scheme, to select the set Js of transmitting
antennas at S, all the sums of the channel power gains A;,
i =1,2,..., Ng are rearranged such as in (8). From that,
|Js| antennas are selected from Ns transmitting antennas to
get the highest value of A;. In the case that the order statistics
are A <Ay < ... <A < . < Ay, the PDF of A,,
where ws = Nis — |Js| + 1, is given by [31, Eq. 2.1.6]:

1
B(ws, Nis —ws + 1)

< (Fa)"™ (1= @) . 39)

where B(.) is the beta function, which is defined as B(x, y) £
1

f *~1(1 — ry~'dr [29]. Therefore, the PDF of the received
0
[Ihir || can be derived as [19]

Ja () =

Nis

1 1
. X) =
L e T —— p;s B(p,Ns —p+1)

« (Fa) (1= Faw)

Ja,(x).  (36)
By substituting F4;(x) and f,(x) from (33) and (34) into
(36), we obtain the PDF of ||hjr||? as

1 s 1
@)=
2= RS TT 2 B s —p T D
Nr—1 p -1 Nr—1 5\ Nis—p
x x Ly X
(e X)) (X 3)
p=0 p=0
erR—le—x
X ———— 37)
(V)
Now, by applying the finite sums [29], i.e.,
~ [7 F(Ner-x)
Z = T (38)

T(Nr)
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o
where I'(s, x) £ f t5~le~!dt is the incomplete gamma func-

tion [29], (37) CaI)‘Cl be rewritten as

Sibg2 @)

Nis

B 1 5 1
© Ns—ws+ 1 s B Nis —p+ 1)
x (1 F(NrR,x>)”‘1 (F(NrR,m)NtS"’ a1 g
INOAY) INOAY) " T'(Vw)
(39

Now, the OP of TAS-SM-FDR can be computed as
Pout, = Pr { I |

Ythi
PR S
rR(1 — kthhl)}
Ythl

RU—kZ7n1)
- [) > f”hiRﬂz(x)dx

Nis

_ 1 Z 1
~ (Nis —ws + DI (Niw) S B(p. Nis —p + 1)

__Mhl -1
x /I;R(ltkgl/thl) <1 _ M)p
0 F'(Nr)
Nig—
F N , S—P
X (M> KNR= o= 1y (40)
['(Nir)
By applying the Gaussian-Chebyshev quadrature
method [32], the integral in (40) is resolved as
Y —1
[yR(l_l:énm) (1 _ F(NrR»x)>p
0 ['(NiR)
' (NR. Nis—p
y (M) R gy
I'(NR)
_ T Yinl Z /1 _¢2( I'(Nir, XR))
MR\ — kgymn) 2= T(N)
Nig—
F N , S—P _
y (NiR, XR) X{;VrR I @n
I'(NiR)

where M, ¢, and xr are defined as in Theorem 1.
Finally, we can substitute (41) into (40) to get Poy, for the
case that yy < 1/ ks2 and then obtain (20) in Theorem 1.
Similarly, we can derive Pyy, as in (21) in Theorem 1. The
proof is complete. B

APPENDIX B

In this appendix, all steps to derive SER expression of the
proposed TAS-SM-FDR system are explained. To calculate
SER from (23), F(x) is required for this system. From the
definitions of F(x) and OP, i.e. F(x) = Pr{ye2 < x} and
Pout = Pr{yeze < v}, we can obtain F(x) from OP by
replacing yy, by x in the OP expression.
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Specifically, by replacing yn1 and yg2 in (19) in Theo-
rem 1 by x, we obtain:

F F — F A
Fo) = 5.R(X) + FR p(x) — Fo(x), x < 42)
1, x = A,
where A = mm( K2 kz) Fqp(x) (for (A,B) €

{(S,R), (R,D)} and Fo(x) are calculated as in (43) and (44),
as shown at the bottom of this page, respectively; Yyr =
ﬁ(l + ¢p) and Yp = ﬁ(l + ¢n). As a result, we have

— ‘//R Ypx
XR— *s ande_likﬁx.

By substituting F(x) in (42) into (23), we have

a\/l; Ae—bx/Z n —bx/2
SER = > «/ﬂ[ 7 Fs r(x)dx + NG ——Fg p(x)dx

2 obx/2 T obx/2
— Fo(x)d dx |. 45
/ ﬁ o(x)dx + ﬁ ] (45)
0

Denote SERs r, SERR p and SER( as the first, the sec-
ond, and the third integrals in (45), respectively, then they
can be derived as in (46), as shown at the bottom of

n—erB

Fapx) =

N Cas

V1—9is

['(NiB)

2CaB(Nia — wa + DI'(Nig)7B(1 — k3 X)N"B Z Z

P(Nig, T2\ P! T(Nig, 755 -)\ Na—p _
X(l‘—lk ) (‘ sS ) e “3)

['(NiB)

P=wA m=1

for (A, B) € {(S,R), (R,D}; Cap =CsrorCap=Crp withCsrg =M,Crp =N, $sR = $m, PR, D = Pn.

nszrR"FNrD

Ns M Nwr

YRRy = 92)(0 = ¢2)

Fo(x) =

YRX Ypx

e 'S*

F(NI‘Ra k2 )

1-k2 1-k2 x
X (1 —
(1 — k3 x)NVR(1 — kg x)No F(NrR)

F(Nr])) l_‘(Ier)

Jx

N e—bx/z
SERAB = / F4 p(x)dx
0

4MN (Ns —ws + DV — wr + DI (V)T (VD) ¥R YD Z Z Z Z B(p,Ns —p+ DB(g. Nk —q+ 1)

p=ws m=1 g=wRr n=1

p—1 ,T'(NR, e )\ Mis—p
) (e

F(NrD91 k2 ) F(NrDvl kz ) NtR—q
(- ) )

(44)

(46)

Na Cas

VI— s

/. anrB 2 Z Z
J 2Ca B(Nta — wa + DI'(NViB)yB(1 — k2 x)Nis B(p,Nia —p+1)

P=wA m=1

F(Nerl kz ) F(Ner
(- ) (

I'(NrB)

2 ) Na—p __¥BY b
1- k 1erA_l 1— k‘/z\x zdx
T (N;B) B

_ ” Nzczvf Y14

~ 2Ca(Nea —wa + 1)F(NrB)VB

B(P Na—p+1)

1
N—5
2. X 2
]—kA)L

l—‘(NrR)

A
X /(1
0
TZA

4Cy pC(Nia — wa + DI'(NViB) VB

I*(NrB,l k2 )) (F(NrRyl k2 )>NrA—P _&_%X
l—‘(NrB)

——————dx
(1 — kj x)Nm

N Cup €yl 1\/(1—¢AB)<1 $2)

22>

P=wA m=1 c=1

1—kX u 2

(N, T\t TN,
X<1_ ) ( C(Nep)

['(N:B)

1¢k2 )>NtA—P __YBY _bu uNrR—%

fOl‘ (Av B) € {(S’ R)’ (R9 D} and CS,R = M’ CR,D = N’ ¢S,R = ¢m, ¢R,D = ¢n-
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2 o bx/2
SERg = / Fo(x)dx
X
0 \/_
n 7T2XN;R+NTD—% Ns M Ny N.-R lerD 1
B / 4MN (Nis — ws + D(NRr — wr + DT (V)T (Nrp) R VD pXW: X_:l Z X_: B(p,Nis —p+1)
0 s m=1 g=wR n=1
__YRX _ _¥p* _ bx
A= @) — e Kx Rr 7 (1 LV, ﬁ» (F(NrR’ _ksx)>NtS "
B(q, Nw — g + D(1 — k2 x)NR(1 — kZ x)Ni I'(NRr) I'(NR)
T'(Nip, 225\ g—1 ,T(Nip, —225 )\ N
x(l_ (NrD 1k,%x)>q ( (Nrp lkﬁx)> R qu
[(Nip) ['(Nmp)
Ns M Nr N Ngr—1_, Npp—1
- " IPIPIP I ey
AMN (Nis —ws + DIV — wr + DTNVR)T (Vi) yrvD (S = S o= B Nis —p + 1)
_&_M_h,
/(1 _¢2 )(1 _¢2 / 1k 1k x 2 (1 [(NiR, ﬁ)) <F(NrR, _ksx))NtS w4
B(q, Nr—q+1) J (1 —kZx)Vr(1 — k2 x)No ['(Nr) ['(NR)
N, T2 ) a=1  TWip, T2\ Mg
x(1—- ————R* —  R™ dx
[(Nip) C'(Nip)
e ) IDIDIPI) B i

8MNC(Nis — ws + D(Vir — wr + DI'(NVi)T'(NrD) YR VD

1=k u 1-k3 u

VA =21 = ¢2)(1 — ¢2)

B(p,Ns —p+1)

p=ws m=1 g=WR n=1 c=1

1—‘(Ier’ — k2

B(g, N — g + D(1 — k3 w)M=(1 — k u)No
N, T a1 F(NrD,l‘”kz )\ Mo
x (11— —_RT
< ) (o)

<1_

1— k2 ) Ns—p
L(Nir) )

)) (F(NrR,

C(Nir)

(47)

I'(Nrp)
this page, and (47), as shown at the top of this page, 2]
respectively.

Then, by applying [29, Eq. 3.361], the fourth term of (45)

can be rewritten as
00 A
0 0

5

[3]

o—bx /2 b /2 o—bx /2

[4]
(2 { f( bA) 48) &)
b 2 ’
[6]
where erf(x) = f f ¢~ dt is the error function [29].
[7]

Finally, by substltutmgmg (46), (47), and (48) into (45),
we obtain (24) for the TAS-SM-FDR system with HI as in
Theorem 2.

This completes the proof. B

[8]
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