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In practice, traditional wireless communication systems are often affected by various negative factors such as
channel estimation errors (CEE) and transceiver hardware impairments (THI). For in-band full-duplex (FD)
communication systems, besides CEE and THI impacts, imperfect self-interference cancellation will significantly
degrade the system performance because of residual self-interference (RSI). This paper aims to investigate the
performance of a multiple-input multiple-output (MIMO) FD relay (FDR) system in realistic scenarios where the
impacts of CEE, THI, and RSI are taken into account. We mathematically derive the exact closed-form expression
of symbol error rate (SER) of the considered MIMO-FDR system and validate the derived expression by Monte-
Carlo simulations. Numerical results indicate that the impacts of three imperfect factors (CEE, THI, and RSI) are
remarkable. Specifically, with the considered values of CEE, THI, and RSI, the impact of CEE on the SER is most
substantial. Additionally, compared with the ideal system (perfect channel estimations, transceiver hardware,
and self-interference cancellation), the SER of the considered system is significantly higher and goes to the error
floor fast. Therefore, it is crucial to apply all solutions for reducing the CEE, THI, and RSI in the considered
MIMO-FDR system.

MRC techniques can significantly improve the performance and di-
versity order of MIMO systems. At the transmitter, MRT can reach full

1. Introduction

Recently, multiple-input multiple-output (MIMO) has become an
advanced technique for obtaining high channel capacity and perfor-
mance improvement in wireless communication systems. Various MIMO
transmission techniques such as space-time codes (STC) and spatial
multiplexing (SM) have been proposed and widely deployed in the
current third-generation (3G) and fourth-generation (4G) systems. With
the significant advantages of STC and SM, they are still the primary radio
transmission techniques for the fifth-generation (5G) system [1,2].
However, due to multiple antennas for transmission and reception,
MIMO systems suffer some disadvantages, such as hardware deployment
difficulty and signal processing complexity. In that context, maximal
ratio transmission (MRT) technique at the transmitter and maximal ratio
combining (MRC) technique at the receiver were proposed to reduce the
number of radio-frequency (RF) chains [3,4]. Therefore, applying MRT/

diversity by using the optimal power allocation. Consequently, MRT is
suitable for simple receiver systems, for example, the downlink of
cellular communications. At the receiver, MRC can get optimum per-
formance through the combination of weights at the receiver side [3].
Using the MRC technique helps MIMO systems achieve the maximum
array gain and full diversity order. For these reasons, MRT/MRC tech-
niques have been widely applied and analyzed in MIMO systems [5].
To satisfy the requirements of anytime and anywhere connections,
high capacity and coverage of wireless networks, a lot of new commu-
nication techniques such as cognitive radios (CR), non-orthogonal
multiple access (NOMA), in-band full-duplex (FD) have been proposed
[6-8]. Among these techniques, FD transmission is a promising solution
because it can double the spectral efficiency compared with traditional
half-duplex (HD) transmission. Additionally, measurements and
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experiments on residual self-interference (RSI) after interference
cancellation demonstrated that the RSI due to FD transmission is lower
than that due to CR or NOMA techniques [6]. Therefore, FD transmission
is now widely investigated in both academy and industry [9,10].
However, after all self-interference cancellation (SIC) solutions, high RSI
power is still a big problem that inhibits the deployment of the FD
transmission mode in practice.

In the literature, various SIC architectures for FD transmission,
including antenna, analog, and digital cancellation, have been proposed
to obtain effective SIC [11-14]. Fortunately, the work in [12] demon-
strated that SI could be suppressed up to 110 dB when three SIC domains
were applied, making FD communication systems feasible in practical
scenarios. In the literature, many SIC architectures and algorithms have
been developed to obtain higher SIC capability for FD communication
systems [11,15]. With the RSI value after all SIC solutions, FD systems
can achieve higher capacity with a small performance loss than HD
systems. Consequently, the FD technique is applied in different scenarios
to gain FD transmission benefits compared with traditional HD trans-
mission. Additionally, FD can be combined with various techniques such
as CR, NOMA, energy harvesting (EH), spatial modulation, millimeter
wave (mmWave), vehicle-to-vehicle (V2V) in a wireless communication
system to utilize the advantages of these techniques [7,10,16-20].

Although FD communication systems were considered in various
scenarios, the critical issue for analyzing these systems is the impact of
RSI after SIC on the performance parameters such as outage probability
(OP), symbol error rate (SER), and ergodic capacity (EC). In [17,21], the
authors exploited of FD technique into V2V communication systems.
The OP and SER of FD relay (FDR) single-antenna systems using both
decode-and-forward (DF) and amplify-and-forward (AF) were analyzed
over double Rayleigh fading channels. Their results demonstrated that,
besides the impact of the RSI, the double Rayleigh fading channel has a
significant effect on the OP and SER of V2V communication systems. To
obtain a higher capacity for wireless networks, the works in [16,22]
used FDR in a NOMA system. They derived the exact expressions of OP
and EC of two NOMA users to investigate the impact of the RSI on this
system. On the other hand, multiple antennas, together with other
techniques such as MRC/MRT, spatial modulation, transmit antenna
selection (TAS), were exploited in [20,23-26] to enhance the system
performance. Their results indicated that multiple antennas could
significantly mitigate the effect of the RSI on OP and SER of FDR sys-
tems. Moreover, using optimal power allocation for FD transmission
mode can remarkably reduce the OP and SER [20,27].

Besides the sole impact of the RSI on the OP, SER, and EC of FDR
systems, the joint effect of channel estimation error (CEE) and RSI was
also considered to investigate FDR systems’ performance in realistic
scenarios [28,29]. Under the joint impact of CEE and RSI, the OP and
SER of the FDR systems go to the error floor faster. At the error floor, the
OP and SER of FDR systems are significantly higher than those in the
case of perfect CSI. On the other hand, the combined impact of trans-
ceiver hardware impairment (THI) and RSI has also been considered in
the literature because THI often exists in wireless systems, especially for
low-cost devices such as relays [27,30-34]. The results in these works
demonstrated that, when THI is considered, the computational
complexity for calculating OP, SER, and EC is considerably higher
compared with the ideal hardware systems, especially for calculating
SER. Thus, most of the works considering the THI only derived OP
expression for analyzing the system performance. In the case of THI, the
single-antenna systems soon go to the error floor, specifically for high
data transmission rate systems. In this context, the usage optimal power
allocation for FDR or multiple antennas with MRC/MRT can signifi-
cantly reduce the impact of THI and RSI and improve the system per-
formance [24,27,33]. For the ease of readability, previous works on
MIMO-FDR systems that considered the individual and combined ef-
fects of CEE, THI, and RSI are summarized in Table 1.

It is evident from the above discussions that FDR systems have been
widely investigated in different scenarios because of FD and other
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Table 1
Summary of previous works on MIMO-FDR systems with CEE, THI, and RSIL.

References Problem Obtained expressions
[16,17,20-26] RSI SER [20]; EC [23,25]; OP and SER [17,21,24,26];
OP and EC [16,22]
[28,29] CEE and OP [29]; OP and SER [28]
RSI
[27,30-32,34] THI and EC [30,32]; OP and EC [31]; OP and SER [27,34]
RSI

techniques’ benefits. Additionally, realistic FDR systems suffer from the
RSI and many other negative factors such as CEE and THI. Therefore,
neglecting CEE and THI when analyzing the FDR systems may result in
insufficient evaluations and conclusions. Furthermore, using multiple
antennas with MRC/MRT techniques provides lower OP and SER of FDR
systems because MRT/MRC are easy signal processing techniques but
can maximize the signal-to-noise ratio (SNR) at the receiver. Also, SER is
an essential parameter for evaluating the system performance; however,
it has not been studied in the literature for the MIMO-FDR system with
CEE, THI, and RSI. Motivated by this observation, in this paper, we
mathematically analyze the performance of a MIMO-FDR system under
the impact of three negative factors, i.e., CEE, THI, and RSI by deriving
exact closed-form expression of SER. Thanks to the usage of FD trans-
mission, the number of connected devices can be doubled. Hence, our
considered MIMO-FDR system is suitable for various applications which
require massive connections such as low delay communications, small
and dense cells [6,8,12]. Also, by taking CEE, THI, and RSI into
consideration, the considered MIMO-FDR system is more realistic. The
main contributions of the paper are summarized as follows.— We
consider a MIMO-FDR system under the impact of CEE, THI, and RSI.
Specifically, CEE occurs in both S-R and R-D communication channels,
THI is in all nodes in the system, and RSI still exists at the FDR node after
all SIC techniques.— We calculate the received signals at the relay and
destination with CEE, THI, and RSI. Then, the expression of the signal-
to-interference-plus-noise-and-distortion ratio (SINDR) of the consid-
ered MIMO-FDR system is derived for further analysis. From the
expression of the SINDR, we obtain the exact closed-form expression of
SER of the considered MIMO-FDR system with MRT/MRC techniques
over Rayleigh fading channels. Monte-Carlo simulations are conducted
to demonstrate the exactness of our mathematical analysis.— We
compare the SER of the considered system with that of the ideal system.
Based on these comparisons, we show the impacts of one or two or three
negative factors on SER of the considered MIMO-FDR system. Notably,
under the influences of three negative factors, SER reduces fast in the
low SNR regime and goes to the error floor in the high SNR regime.
Therefore, besides applying various solutions to decrease the effect of
three negative factors, we should use appropriate transmission power
for the system to save energy and avoid the error floor.

The rest of this paper is organized as follows. Section 2 presents the
system model where CEE, THI, and RSI models are presented in detail.
Section 3 focuses on mathematical analysis of the system performance
by deriving the closed-form expression of SER of the considered MIMO-
FDR system. Section 4 provides numerical results and discussion.
Finally, Section 5 concludes this paper.

2. System Model

Fig. 1 illustrates the block diagram of a MIMO-FDR system with three
imperfect factors (CEE, THI, and RSI). In the considered system, source
(S) and destination (D) are single-antenna devices, while relay (R) is a
multi-antenna device with N; reception antennas and N, transmission
antennas. Additionally, S and D use traditional HD transmission mode
while R exploits FD transmission mode. Signals are transmitted from S to
D via the assistance of R, which uses the decode-and-forward (DF)
protocol. As can be seen from Fig. 1, the considered MIMO-FDR system is
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Fig. 1. Block diagram of the considered MIMO-FDR system with CEE, THI, and RSI.

affected by three imperfect factors, i.e., CEE, THI, and RSI. In the
following parts, we will indicate these factors in the system.

2.1. Channel Model

As presented in Fig. 1, the channel coefficients of S-R and R-D links
are denoted by hgr and hgp, respectively, which follow Rayleigh dis-
tributions. Additionally, the direct link between S and D does not exist
because of significant separation and a strong shadowing effect. More-
over, the SI occurring from transmission antennas to reception antennas

of R due to FD mode is denoted by hrr.

2.1.1. Channel Estimation Error

Before signal transmission, channel estimation is performed by using
pilot symbols. The transmitters (S and R) transmit pilot symbols. Then,
through monitoring the received signals, the receivers (R and D)
immediately feedback the transmit weights for MRC/MRT techniques
corresponding with the transmission antennas and the instantaneous
signal-to-interference-plus-noise-and-distortion ratio (SINDR) at the
receiver side. To obtain the CSI, the receivers (R and D) use the
minimum-mean-square-error (MMSE) method to estimate the channel
coefficients of communication links from S to R and from R to D [35].
Therefore, the S — R and R — D channels in the case of CEE are expressed
as
h; =h;+e;, @
where ij € {SR; RD}; h; and e; are the channel estimation vector and the
channel estimation error vector, respectively. Herein, all elements of the
channel estimation vector follow Rayleigh distributions while all ele-
ments of the channel estimation error vector follow complex Gaussian
distributions with zero means and variances of zrfﬁ [29].

2.1.2. RSI Model

As aforementioned, although the FD transmission mode can double
the spectral efficiency, the self-interference (SI) from transmission an-
tennas to reception antennas significantly degrades FD systems’ per-
formance. Therefore, all self-interference cancellation (SIC) solutions in
antenna, analog, and digital domains should be applied at R to suppress
the SI power. Initially, in the antenna domain, R uses absorptive
shielding, directional isolation, and cross-polarization to suppress the SI
power from the transmitting antennas to the receiving antennas of R. It
is noted that, although R can use shared-antennas for both transmitting
and receiving signals in practice, using SIC in antenna domain is more
effective when separate antennas are used as in the considered MIMO-
FDR system [13]. After SIC in the antenna domain, R suppresses SI in
the analog and digital domain by applying signal processing methods.
By exploiting the architectures for SIC in both analog and digital domain
[11,13,36], R can subtract SI from the received signals. However, due to
imperfect SI channel estimation and hardware, R cannot remove SI
completely. The RSI still exists in R and dramatically impacts the system
performance. Furthermore, as presented in the literature, these SIC so-
lutions allow a significant reduction in the impact of the SI from the

direct path. The report in [12] stated that an attenuation level of up to
50 dB in the antenna domain is possible if appropriate solutions are
used. However, the impact of the SI channel is mainly due to the re-
flected paths. In this case, the channel gain of the direct path no longer
dominates the channel gains of reflected paths. Since the direct and
reflected paths are statistically independent, using the central limit
theorem, the overall path gain of the SI channel can be described as a
complex Gaussian variable [12,36]. Additionally, researches and mea-
surements about RSI also indicated that RSI follows Gaussian distribu-
tion after using all SIC techniques [11,12,36-38].

2.1.3. THI Model

In practice, the transmitted and received signals of wireless systems
are distorted by the THI. Generally, the sources of THI are phase noise
(PN), in-phase/quadrature (I/Q) imbalance, and nonlinearities of
various electronic components such as analog-to-digital (A/D) and
digital-to-analog (D/A) converters, mixers, and amplifiers (high power
amplifier (HPA) in the transmitter and low-noise amplifier (LNA) in the
receiver) [39-42].

First, PN is a common factor that limits wireless systems’ perfor-
mance, especially for low-cost wireless systems operating with high
carrier frequencies because their oscillators cannot provide sufficient
working stability [39]. PN is challenging to remove entirely after various
solutions. These include using digital signal processing in the baseband
part of the receiver, performing data symbol estimation from the pre-
vious iteration, and applied. Second, I/Q imbalance refers to the phase
and amplitude imbalance between the I and Q signals. Different data-
aided estimation and compensation approaches such as preamble
design, iterative transmitter, and receiver IQ imbalance estimation were
proposed to reduce the impacts of I/Q imbalance at both transmitter and
receiver. However, it is impossible to achieve perfect matching between
the I and Q branch of the quadrature transmitter/receiver due to the
limited accuracy in implementing the radio frequency (RF) front-end
[39]. Third, nonlinearities of electronic components often come from
the A/D and D/A converters, mixers, and amplifiers, e.g., HPA in the
transmitter and LNA in the receiver [39,43]. Various techniques have
been applied to overcome the influence of nonlinearities. For example,
for MIMO-OFDM systems, two conventional solutions that can overcome
the nonlinearity problem are either using highly linear components or
applying a large input power backoff (BO). As a result, that the signals
can experience the linear part of the transfer of the components [39].

As presented above, various factors cause the THI in wireless sys-
tems. Consequently, many compensation methods should be applied to
deal with these factors individually. Also, various works considered only
IQ imbalance [44], only nonlinear distortion effect [43], or aggregate
transceiver impairment of all factors [31,40-42]. However, theoretical
research and practical measurement often model the combined impact
of all impairments, which is useful for system designers [39,45]. A
common assumption considers that the distortion noises at the trans-
mitter and the receiver are Gaussian distributed with their average
power is proportional to the average signal power [31,34,40-42]. This
assumption is based on the central limit theorem (CLT) and validated by
measurement results [39]. In this paper, the THI is also considered as a
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Gaussian distribution. Moreover, it is worth noticing that THI is a major
factor that causes CEE and RSI in the considered MIMO-FDR system.
Specifically, higher THI leads to higher CEE and RSI. However, THI,
CEE, and RSI are often modeled and measured independently
[12,36,39,46,47]. Therefore, in this paper, we assume that they are
independent.

From Fig. 1, the distortion noises in the transmitters S and R are 7

2 . 2
Ps), 1, ~ C1(0, (ky) 58),
with k‘S and ky, are, respectively, the HI levels at the transmitters S and R;

and 7%, respectively, where n ~ C.7(0, (k)

Ps and f¥ are, respectively, the average transmission power per one
antenna of S and R. In the receivers, the distortion noises are 7, and 7,
for receivers R and D, respectively, where #5 ~ C.#"(0, ||hgg [|* (k% )?Ps),

ny ~ CA47(0, HﬁRgﬂz(krD)zl;,—':), with ki and kf, are, respectively, the HI
levels at the receivers R and D.

It is noted that applying all SIC techniques in the case of THI has been
investigated and measured in the literature [11-15]. In particular, the
novel digital SIC technique proposed in [11] significantly reduces the SI
signal power and the associated transceiver impairments. Besides,
although both linear and non-linear effects were considered, the design

and implementation of an FD radio in [12] could still mitigate up to 110
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after these SIC techniques (denoted by Iy) follows Gaussian distribu-
tion', i.e., I ~ C/7(0, 62,), where o3¢, = PPz with [ is RSI level at R
[12,19,20,48].

Now, the received signal at R can be rewritten as

e = hsg(xs +15) + 1y + Ik + 2R 3)
Applying (1), (3) becomes
¥r=hsers + ESRW[S +1g +Ir +2Zr =hggxs + ﬁSR"I‘S +1 +esgxs +Ir +2zr. (4)

Next, R decodes the received signals, recodes and forwards them to D.
The received signals at destination D is

Yo = HRD(XR +1) +11p, + 2o = hgpXg + HRDII;Q + 11 + erpXk + 2, ®)

where ERD = [ﬁm ﬁzD- .. ﬁN\D] is the channel vector from N, transmission
antennas of R to the reception antenna of D; zp ~ C.#(0,03) is the
Gaussian noise at D.

Based on (4) and (5), the SINDR at R (yg) and D (yp,) are, respectively,
calculated as

. |[hseI*Ps
R — 2 2
N 2 D2y 2 2 bk [|I”Ps bk [|I”Ps (6)
[hse|*(Ks)*Ps + [[hsg | (K )*Ps + 02, Ps + oxg; + 6 = 7
’ - BT e kg Ps + 02 Ps + 0psy + 0% [Mse|*k&ePs + 0%, Ps(1 + ki) + 0ngy + 0%
P
HhRDH2 .
b = P
. i HhRDHZ R HhRDHZPR 7
[ RCA ) +\|hRDH (k') +Ge Pr+op, = 5
h |[hro kRDN + "LRDPR +0op o] kenPr + Niog Pr(1 + ki) + Neap)

dB SI power when all SIC techniques were applied. Therefore, although
THI reduces the SIC capability of FD devices, current techniques can
suppress SI to the noise floor [13-15]. The variance of channel estima-
tion error may be reduced when the transmission power of S and R in-
creases. Unfortunately, the levels of HI and RSI may increase with the
transmission power of S and R. However, most of the works investi-
gating the effects of CEE, THI, and RSI considered them as constants
[28,29,31,38,40,41]. Similarly, we also consider these factors as con-
stants in this paper.

2.2. Signal Model

Based on all the above definitions, the received signal at R of the
considered MIMO-FDR system with CEE and THI is expressed as

Yr = BSR()CS +77ls)+'];z+ﬂRR(XR+”{z)+zR7 2

where x5 is the desired transmit signal from S; ﬁSR = [351 ﬁsz . ESNY]T is
the channel vector from the transmission antenna of S to N, reception
antennas of R; ﬁRR is the SI channel matrix before SIC; xg =
[x1 X2... xn,]"is the transmitted signal vector at N, transmission antennas
of R; zr is the Gaussian noise vector at R whose elements have zero
means and variances of 63, i.e., zx ~ C.7/(0,03).

After receiving signals, R applies various SIC solutions. Then, the RSI

where K = (K5)” + (k)% kep = (k)" +(kp)?
aggregated HI levels from transmitter S (ky) and receiver R (k) and from

are, respectively, the

transmitter R (kt ) and receiver D (kp).
3. Performance Analysis

The SER of the considered MIMO-FDR system under the impact of
CEE and THI with coherent detection is computed as [49]

N e I

where (a,b) is a pair of parameters whose values depend on specific
modulation types, e.g. (a,b) = (1,2) and (a,b) = (2, 1) for binary phase-
shift keying (BPSK) and 4-quadrature amplitude modulation (4-QAM)

SER = aE{Q(+/by

! Besides being modeled as a complex Gaussian distribution, RSI can be
characterized by several distributions such as Rician, Rayleigh, and Nakagami
[28,36,29]. These distributions are often used to emphasize the modeling of the
RSI. Although the impact of Rician/Rayleigh/Nakagami distributed RSI on
system performance is similar to that of Gaussian distributed RSI, using Rician,
Rayleigh, or Nakagami to model the RSI increases the computational
complexity.
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modulations, respectively; y is the end-to-end SINDR; F(.) is the CDF of

the end-to-end SINDR of the considered MIMO-FDR system; Q(2)

v exp( - %) du is the Gaussian function.

Let x = %, (8) is rewritten as

avb [ exp< _ %) F(x)dx. ©)

227 Jo VX

From (9), the SER of the considered MIMO-FDR system with CEE and
THI is given in the following Theorem.

SER =

Theorem. Under the impact of CEE and THI, the closed-form expres-
sion of SER of the considered MIMO-FDR system is calculated as

M N—IN-1 @WAHT, /1 — 2
SER — af /27r y3 i Z [ L :
2Virn MR S 11— K A) (1 - KA

(10)
X exp bA OA YA
< 2w o R
2 1-IA 1—RpA
2 po(14k 2 14+k3 2
where 0= s L J;Z:R‘;’):GRS‘+OR Y= i ERDP;ZED;RRD)+HD]; ﬂlz = min <$~

2 ) Af%(l + Pm); Pm —cos<<2m Lz > Qsr and Qpp denote the
SR

average channel gains of S-R and R-D channels, respectively; M is a
complexity-accuracy trade-off parameter.

Proof. As defined in (9), the SER is computed through the CDF of the
end-to-end SINDR, F(x). Therefore, we first calculate F(x) of the
considered MIMO-FDR system.

As presented in [49], F(x) is computed as

F(x) = Pr{y < x}. 1n

Due to DF protocol is applied at R, the end-to-end SINDR, y, of the
considered MIMO-FDR system is expressed as

y = min{yg,yp}, 12)

where y and yp, are, respectively, the SINDRs at R and D, and are given
in (6) and (7).
Replacing (12) into (11), we have

F(x) = Pr{y < x} = Pr{min{yg, 7p} < x} =Pr{(rg <x) U (yp < x)}.

13)

Since Pr{yy < x} and Pr{y;, < x} are two independent events, the above
probability is now calculated as

F(x) = Pr{yg < x}+Pr{yp <x}—Pr{yg < x}Pr{yp < x}. (14)

To obtain the closed-form expression of (14), two probabilities, i.e.,
Pr{yg < x}and Pr{y, < x}, are needed.

It is noticed that, at the transmitter side of MIMO systems, MRT
provides maximum array gain while other techniques such as transmit
antenna selection (TAS) achieves limited array gain [3,4]. Also, at the
receiver side, MRC performs best among different combining techniques
such as selection combining (SC), switch and stay combining (SSC),
threshold combining (TC), and equal-gain combining (EGC) [3,4,50].
Therefore, in this paper, we apply MRC/MRT techniques at the MIMO-
FD relay R. Then, all reception and transmission antennas of R are
used for receiving and transmitting signals, respectively. Consequently,
the probability Pr{yy < x} is expressed as
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|[hsr [I*Ps
HhSRHZk Ps + 02 Ps( +kéR) + O%SI + 62]2

€SR

Pr{yg <x} = Pr{ < x}, (15)

or can be rewritten as
Pr{yg <x} :Pr{ HhSRHZPS(l — k) <x[a o Ps(1 +kie) +0mg +0R] } (16)

To derive the closed-form expression from (16), there are two cases that
need to consider, i.e., 1 —k2;x<0 and 1 —kZ,x > 0.

First, when 1-k%x<0 or x>1/kSR, Ihsg||Ps (1 —kZ:x)<0 and

[ 2 Ps(1 + k&) + 03 + GR] >O. Therefore, the probability in (16) is

always true, that means Pr{yz < x} = 1when x>1/k%;.

Second, when 1 —kZ;x > 0 or x < -1, (16) becomes

kz’

x[” Ps(1 +kSR) +‘7RSI +‘7R]

a7
Ps(1 — kSRx)

Pr{yg < x} =Pr{ ||hs| <

For MRC/MRT techniques, the cumulative distribution function (CDF,
F(.)) and the probability density function (PDF, f(.)) of |hsg||* = |hs1]?
lhsal* + ... + |hsy, I,

N—1 i
X —~ 1/ x
Fpger () = I*BXP< - Qﬁmz) 20 Fl (@) , x20, (18)

are respectively given by [26]

! x
2(xX) = ——— - >0, 19
Sibsel (x) Q%I (N,) exp< QSR>7 X2V, (19
where  Qgr = E{|hs1 |} = E{|hs2|*} = - = E{|hsy,|?} denotes the
average channel gain of S-R channels, E refers to the expectation
operator; I'(.) is the gamma function [51].
Using (18), (17) is now expressed as

|:6§SRPS( ksp) + Ors; + 0% )

Pr{yg <x} = Fy,

sk Ps(1 — kgp)

[UiRPS( +Ksp) + Orsy + 0 )
=1—exp| —

QspPs (1 — kgex)
(20)

—1
Z . ngps(lf SR‘x

i=0

e O Nz‘l Ox
T T ey i\ mea )

where © was defined in the previous Theorem.
After combining two previous cases, the closed-form expression of

Pr{yg < x}is presented as
c) “iloex 1
I—exp| — ); Z 5 ); , X<,
I —kgpx ) =5 i\ 1 —kgpx ksg
1

L XZ——.
2
kSR

1 ( [geSRPS( +kSR +5RSI"""R
il

Pr{yg <x}= (21)

Similarly, the closed-form expression of Pr{y, < x}is given by
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I ( Yx )% 1 ( Yy )j - 1
—ex - , X<,
PUTT= ) &t =i K2

Pr{yp <x}= . (22)

1, XZ——

Substituting (21) and (22) into (14), we obtain F(x) of the considered
MIMO-FDR system as

ox we ALV e\ W ) 1
1—exp<—1_k2 - >ZZ,H _ 2 <1—k2 )v x<;2,
Flx) = SR roY/) 0 =0 W' SRY RDY

= (23)

1 pminf L L
where - = min (kﬁo’ k§R> .

Replacing F(x) in (23) into (9), we have

SER = 2“\/\% i <\/} %) F(x)dx

bx .
~avb f-‘ze"p<_2> ef @ e \REHE 1 e ( Wx )f' W
oy T VK Pl 1-8y) &5 & B\ 1= Kr) \T =K 24)

bx exp| _PE__©x __¥x .
~avb /we"p(_7)dx_”"”-‘iﬁz P\T 2 T 1-Rpr ( Ox >( Wy )-/'dx
B L L jlj! 1
0 0

R — kpx

(25)

il bx Ox Yx
Nzt N R S kv
i~ — kgpx — ki x
dr — Z Z ( SR RD !

(1= k) (1 — k)

IS)
S
N
('0
>
=
A
[\S]
~

=0 j=0

Using [51, Eq. (3.361.2)], the first integral in (25) is calculated as

ool9),
/0 de:\/;. (26)

Based on [52, Eq. (25.4.30)], the second integral in (25) is computed as
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Table 2
Parameters for the system performance evaluation.
Notations Description Fixed Varying
value range
SNR Signal-to-noise ratio 40 dB 0-40dB
o2 Variance of Gaussian noise 1 none
a,b Modulation types 2,1 13
(@b) oP U a2y
o2 Variance of channel estimation 0.01 0-0.3
error
k HI level 0.15 0.05-0.3
l RSI level 0.15 0-0.3
N, Number of reception antennas of R 4 2,3,56
N, Number of transmission antennas of 4 6,5, 3,2
R
hline
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Fig. 4. Impact of RSI level [ on the SER of the considered MIMO-FDR system
using 4QAM modulation for different values of 63, and k,SNR = 40dB.
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Fig. 2. SER of the considered MIMO-FDR system versus the average SNR for where A = 212(1 +¢m) and ¢, = cos ((2"; e )

different modulation schemes, N, = N, = 470'3 =0.01,k = 0.15,and [ = 0.15.
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Fig. 3. SER of the considered MIMO-FDR system versus the channel estimation
error for different values of HI and RSI levels, SNR = 40dB, BPSK and 4QAM

modulations.

Replacing (26) and (27) into (25), we obtain the SER of the
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Fig. 5. SER of the considered MIMO-FDR system versus THI level k for different
values of SNR, ¢? = 0.01,1 = 0.1.
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considered system as in (10). The proof is complete.

It is also noted that approximating the SER expression in (10) in
extreme conditions can cause a big gap between the analysis result and
simulation result due to the properties of this expression. Therefore, the
asymptotic form of the SER is not provided in this paper.

4. Numerical Results and Discussions

In this section, we evaluate the SER of the considered MIMO-FDR
system by using mathematical analysis in previous section. Particu-
larly, the SER of the MIMO-FDR system with CEE, THI and RSI is
compared with that of the system in the case of all ideal factors (perfect
CSI, transceiver hardwares and SIC) or one factor is ideal (perfect CSI or
perfect hardwares or perfect SIC). The parameter settings in all scenarios

2

are chosen as Ps = Py = P;o5 = 0p = 6% Qsr = Qrp = 1302, =
2

02, = 0% ks = ky = ky = kj, = k. The average SNR is computed as
SNR = P/c?. For the sake of clarity, some parameters along with their
values are listed in Table 2.

Fig. 2 illustrates the SER of the considered MIMO-FDR system versus
the average SNR for different modulation schemes, i.e., BPSK ((a,b) =
(1,2)), 4QAM ((a,b) = (2,1)), and 8QAM ((a,b) = (4—+/2,3/7)). The
SER in the case of 62 = 0.01,k = 0.15, and [ = 0.15 is compared with
that in the case of ideal all (af =k =1 =0). InFig. 2, the analysis curves
are plotted by using (10) while the markers denote the Monte-Carlo
simulation results. It is clear from Fig. 2 that, the impacts of CEE, THI,
and RSI are stronger in high SNR regime. Particularly, in the low SNR
regime (SNR<10 dB), SERs in the case of CEE, THI, and RSI are similar to
those in the case of all ideal factors for three modulation schemes.
However, in high SNR regime (SNR > 10 dB), they are significantly
different. Especially, SERs in the case of CEE, THI, and RSI go to the error
floors at SNR = 30 dB while SERs in the case of all ideal factors still go
down fast when SNR increases. In the error floor, SERs are approximate
107%, 1074, and 4 x 10~3 for BPSK, 4QAM, and 8QAM modulation
schemes, respectively. In contrast, SERs in the case of all ideal factors are
10-% when SNR = 19, 23, and 25 dB for BPSK, 4QAM, and 8QAM
modulation schemes, respectively. Those results demonstrate the great
impacts of CEE, THI, and RSI on the SER of the considered system. Note
that the SERs in the case of CEE, THI, and RSI reach the error floors in
high SNR regime because the SINDRs at R and D are constants in high
SNR regime.2

Fig. 3 presents the effect of channel estimation error 62 on the SER of
the considered MIMO-FDR system for different values of THI level k and
RSI level L. The dyad (., .) in Fig. 3 is used to show the values of k and L
For example, (0.05,0.05) means k = 0.05 and I = 0.05. Note that in the
case of 62 = 0, we obtain SER of the system with perfect CSI. Fig. 3
shows a strong effect of CEE on the SER of the considered system. For
BPSK modulation and three values of THI and RSI levels, i.e., (0.05,0.05)
,(0.1,0.1), and (0.15,0.15), SER = 105 when ¢2 = 0.02, meanwhile
SER = 10~* when 62 = 0.04. Thus, when CEE changes from 0.02 to
0.04, SER increases 100 times. In contrast, these SERs are nearly similar
when THI and RSI levels change from 0.05 to 0.15. Additionally, with
high values of ag (0520.15), SER changes slowly and reaches error floor.
On the other hand, we see that THI and RSI’s effects are more significant
for high data transmission rates. In particular, the difference between
the cases of (0.05,0.05) and (0.15,0.15) for 4QAM is larger than that for
BPSK, especially with the small values of 62. We should note that the

2 Specifically, for the investigated parameters, the SINDRs at R and D given
by (6) and (7) in high SNR regime, respectively, become

N,
Ny +Na?, (14+kap) "

€RD

N,
= r ,and  lim =
v Nkl + 02 (14 k) + 2 SNR ! D

esR

lim
SNR—co
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Fig. 6. SER of the considered MIMO-FDR system versus the average SNR for
different numbers of receiving and transmitting antennas at R.
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Fig. 7. The impacts of three or couple factors on SER of the considered system
with N, = N, = 4.

average SNR at the relay and destination in practice may be lower than
40 dB. However, to clearly show the system behavior under the effects of
CEE, THI, and RSI, we set the average SNR up to 40 dB.

Fig. 4 shows the impact of RSI level [ on the SER of the considered
MIMO-FDR system using 4QAM modulation for different values of ¢2
and k. The dyad (., .) in Fig. 4 denotes the values of 62 and k. It is obvious
from Fig. 4, in the case of high ¢2 and k, i.e., (0.02,0.1) and (0.03,0.15),
the SER of the considered system is nearly unchanged when [ varies from
0 to 0.3. It is because, with these values of o'f and k, SER nearly reaches
the error floor. Thus, SER approximates a constant, although the RSI
level is changed from I =0 (perfect SIC) to [ = 0.3 (imperfect SIC).
However, in the case of small 0? and k, i.e., (0.01,0.05), the effect of l on
SER is significant, especially when [>0.15. As a result, besides applying
all SIC techniques for FD transmission mode, various solutions to reduce
the amount of CEE and THI need to be studied and exploited further to
reduce the SER of the considered MIMO-FDR system.

Fig. 5 examines the impact of THI level k on the SER of the consid-
ered MIMO-FDR system. It should be noticed that, due to the fraction 1/
k2, and 1/k%;,, k cannot be set from 0 such as 62 and L. We can see that
the effect of k is stronger for high values of SNR. Specifically, when
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SNR = 10 dB, SER changes from 102 to 10! when k ranges from 0.05
to 0.3. In other words, SER increases ten times within this range of k.
However, when SNR = 20 dB, SER increases from 104 to 4 x 1072, that
means it increases 400 times for that range of k. For higher SNR values, i.
e., SNR = 30, 40 dB, SER increases 4000 times for that range of k. Also,
for a certain value of k, the SER significantly reduces when the SNR
increases from 10 dB to 20 dB. However, this reduction is small when the
SNR increases from 30 dB to 40 dB. It is because within this high SNR
regime, the SINDRs at R and D increase slowly (refer to (6), (7), and
Fig. 2). Combining both Fig. 2 and Fig. 5, we can see that, depending on
the requirements of wireless systems and the values of CEE, THI, and RSI
levels, the suitable transmission power of source and relay can be
selected to save energy and reduce the impacts of CEE, THI, and RSI. For
example, high transmission power, such as SNR = 50 dB, should not be
used because using high transmission power may cause a larger THI
level. Also, high transmission power as SNR = 50 dB cannot reduce SER
since the error floor appears even when SNR<40 dB.

Fig. 6 investigates the SER of the considered system versus the
average SNR for different numbers of receiving and transmitting an-
tennas of R. We consider the case that N, + N; = 8. In Fig. 6, the dyad (.
,.) denotes the number of receiving and transmitting antennas of R. For
an example, (2,6) denotes N, = 2 and N, = 6 antennas. As can be seen
from Fig. 6, the case N, = N; = 4 is the best among five investigated
cases. In contrast, the case N, = 2, N, = 6 is the worst. These results are
perfectly reasonable for the considered MIMO-FDR system. It is because
R exploits FD transmission mode; thus, the SINDR at R is influenced by
the RSIL Therefore, when a larger number of transmitting antennas of R
is used, the RSIs at the receiving antennas become stronger. In contrast,
a small number of transmitting antennas and a large number of receiving
antennas of R can greatly reduce the RSI power; however, the R-D link is
worse than S-R link. Consequently, the SER of (6, 2) is better than that of
(2,6), but these SERs are worse than those of (5, 3) or (3,5). Hence, we
should use N, = N, at the relay for the considered system to reach the
lowest SER.

Fig. 7 considers the impacts of three or couple factors on SER of the
considered system. The triad (.,.,.) in Fig. 7 denotes 62, k, and L. For
example, (0.01,0.15,0) means 62 = 0.01,k = 0.15, and [ = 0. For the
investigated values of af,k, and [, the impacts of af and k are remarkable.
As can be seen from Fig. 7, the SER in the case of (0.01,0.15,0) ap-
proximates to the SER in the case of (0.01,0.15,0.15). In other words,
although RSI level changes from 0.15 to 0, the SER is nearly unchanged.
This result indicates that when CEE and THI are large enough, the
impact of RSI can be neglected. On the other hand, when 6?2 varies from
0.01 to O (the cases of (0.01,0.15,0.15) and (0,0.15,0.15)) or k varies
from 0.15 to 0.01 (the cases of (0.01,0.15,0.15) and (0.01,0.01,0.15)),
SER significantly reduces. These results emphasize the great effects of
CEE and THI on the SER of the considered system. Therefore, all solu-
tions for reducing CEE and THI levels need to developed together with
SIC technique to improve the performance of MIMO-FDR system.

5. Conclusion

In practice, besides the RSI, MIMO-FDR systems are also affected by
various negative parameters such as channel estimation error and
transceiver hardware impairments. In this paper, we mathematically
derived the exact closed-form expression of SER under the impacts of
CEE, THI, and RSI to evaluate the MIMO-FDR system’s performance in
realistic scenarios. Under the effects of three negative factors, SER of the
considered MIMO-FDR system goes to the error floor in the high SNR
regime. Furthermore, the impacts of one or two factors on SER were also
investigated to get more insights into the SER performance of the
considered MIMO-FDR system. Numerical results indicate that the
impact of CEE is most substantial among three negative factors. Addi-
tionally, when two factors are large enough, the effect of the other factor
can be neglected. Therefore, besides proposing solutions and algorithms
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for SIC in FD transmission mode, more efforts are required to get the
smallest values of channel estimation error and transceiver hardware
impairments so that the performance of the considered MIMO-FDR
system is enhanced.
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