
Received September 5, 2020, accepted September 28, 2020, date of publication October 6, 2020, date of current version October 21, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3028860

On the Performance of Full-Duplex Spatial
Modulation MIMO System With and Without
Transmit Antenna Selection Under Imperfect
Hardware Conditions
BA CAO NGUYEN 1, XUAN NAM TRAN 2, (Member, IEEE), LE VAN NGUYEN2,
AND LE THE DUNG 3,4, (Member, IEEE)
1Faculty of Basic Techniques, Telecommunications University, Khanh Hoa 650000, Vietnam
2Faculty of Radio Electronics, Le Quy Don Technical University, Hanoi 23583, Vietnam
3Division of Computational Physics, Institute for Computational Science, Ton Duc Thang University, Ho Chi Minh City 758307, Vietnam
4Faculty of Electrical and Electronics Engineering, Ton Duc Thang University, Ho Chi Minh City 758307, Vietnam

Corresponding author: Le The Dung (lethedung@tdtu.edu.vn)

ABSTRACT Hardware impairments (HI) due to imperfect manufactured electronic parts degrade the
performance of wireless systems. In this paper, we consider a bidirectional full-duplex (FD) spatial
modulation (SM) multiple-input multiple-output (MIMO) system with non-ideal hardware and residual
self-interference (RSI). We propose to use the transmission antenna selection (TAS) as a solution to mitigate
this degradation. The performance of the considered system is analyzed using mathematical analysis.
Specifically, we first derive the exact closed-form expressions of the outage probability (OP), symbol error
probability (SEP), and achievable data rate (ADR) for two cases: with and without TAS. Given these
expressions, we conduct a detailed evaluation of the system performance under various scenarios to gain
insight into its behavior. Essential conclusions are then made on HI and RSI’s impacts, especially for the
case with TAS and high transmission rates.

INDEX TERMS Full-duplex, self-interference cancellation, spatial modulation, transmit antenna selection,
hardware impairments, outage probability, symbol error probability, ergodic capacity.

I. INTRODUCTION
Nowadays, the need for Internet-of-Things (IoT) devices has
increased very fast to provide users with anytime and any-
where connection to the Internet [1], [2]. Different types of
IoT devices have been developed to meet various require-
ments for health-care, automatic driving, smart home, and
smart city applications [3], [4]. It is expected that there will
be billions IoT devices to exchange data over a limited range
of available frequencies. Spectrum efficiency is thus a prime
concern for telecom service providers and frequency man-
agement authority. Meanwhile, there is an increasing require-
ment for transmission quality in the wireless broadband
systems. Various technical solutions have been proposed to
improve the spectrum efficiency such as full-duplex (FD),

The associate editor coordinating the review of this manuscript and

approving it for publication was Nizar Zorba .

multiple-input multiple-output (MIMO), spatial modulation
(SM), and non-orthogonal multiple access (NOMA) [1], [3].

Recently, there has been a great interest in conducting
researches on FD and SM techniques for single user commu-
nications [5]–[7]. The in-band FD technique is a very effec-
tive solution for increasing frequency utilization as it allows
for simultaneous transmission and reception over the same
frequency band [4], [7]. The FD technique is also known as
a promising solution for reducing feedback delay and end-to-
end latency, increasing network secrecy, avoiding transmis-
sion collisions and the hidden terminal problem in wireless
networks [4], [8]. Meanwhile, SM is a MIMO transmission
technique with many important advantages for IoT appli-
cations. SM-MIMO systems use only a single antenna for
transmission to avoid the inter-channel interference (ICI) and
facilitate the inter-antenna synchronization (IAS) require-
ment. As only a single transmit radio frequency (RF) chain
is required, reducing hardware complexity and saving energy
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consumption are possible. However, by using antenna shift
keying according to the transmitted data, SM-MIMO systems
can transmit more bits thanks to the combinations of different
antenna indexes. With multiple receive antennas, these sys-
tems can still attain spatial diversity by using low-complexity
iterative maximal-ratio combining (MRC) for signal esti-
mation [5], [6], [9]. The advantage of combining FD and
SM is thus a twofold, i.e., not only achieve spectral effi-
ciency but also improve the performance of IoT systems.
This has motivated various research efforts in FD-SM-MIMO
systems [10]–[12].

One major concern in FD-SM-MIMO systems is the
self-interference (SI) due to FD transmission mode. To make
it possible for applications, different self-interference cancel-
lation (SIC) techniques in propagation, analog, and digital
domains has been applied into FD transmission mode. The
analyses and experiments in the literature has demonstrated
that SI can be suppressed up to 110 dB, which is similar
to a noise level [13], [14]. Such residual SI (RSI) might
not be accepted for applications that require high reliabil-
ity as it still affects detection accuracy. Recent researches
have addressed the impacts of RSI in various published
works [10], [15], [16]. Another concern not only for the
FD-SM-MIMO system but also typical wireless transceivers
is hardware impairments (HI). Due to imperfect manufac-
tured electronic parts, especially low-cost devices, HI such as
high-power amplifier (HPA) nonlinearity, phase noise (PN)
and in-phase/quadrature (I/Q) imbalance often cause a mis-
match between the desired and actual signals. Although man-
ufacturers try to reduce the HI as much as possible during
manufacturing processes, they still exist as the inherent issues
of all electronic devices. Various techniques have been pro-
posed to tackle these impairments in both analog and digital
domains [17]–[20]. However, recent researches still consid-
ered the existence of the residual impairments in transmitters
and receivers as independent additive noise sources [17], [18].
It was shown that HI can reduce the system capacity
and increase the outage probability (OP) and symbol error
rate (SER) of the wireless systems [17]. Moreover, HI were
also shown to cause imperfect SIC in FD devices [14]
and reduce the performance of high data rate systems [17],
[18], [20]. Therefore, for FD-SM-MIMO systems, neglecting
HI while analyzing the performance of these systems may
result in insufficient evaluations and conclusions.

In a recent research, the work in [10] investigated the
possibility of combining FD and SM in a 2×2MIMO system.
It was shown that the FD-SM-MIMO system could achieve
higher capacity than the half-duplex (HD)-SM-MIMO sys-
tem with a small performance loss in outage and SER prob-
ability. The later work in [11] considered the application of
FD-SM in a two-way relay system in order to increase the
system throughput. The paper has obtained the mathematical
expressions for pairwise error probability (PEP) and upper
bound bit error probability of the system. The analytical
results show a strong impact of RSI on the performance of
the FD-SM two-way relay system. Using both FD and SM at

the relay, the authors of [12] considered an FD-SM-MIMO
cooperative system which has the direct link from the source
to the destination. The work has derived the mathematical
expressions for the average error probability and the achiev-
able rate of the system under the presence of RSI. The subse-
quent works in [15], [16] also evaluated the performance of
the FD-SM-MIMO cooperative systems with FD-SM relays.
They have derived the upper-bound BER for the case with
energy harvesting (EH) at the FD relay [16] and the OP for the
cascaded α−µ fading channel [15]. Recently, the researches
on FD-SM-MIMO systems continuously increase due to the
benefits of FD, SM and MIMO techniques [21]–[23]. In the
future, FD-SM-MIMO systems can be successfully deployed
for various applications such as IoT, device-to-device (D2D)
and vehicle-to-vehicle (V2V) communications.

Recently, the impacts of HI and RSI have been considered
for the FD-SM-MIMO system in the case of relaying [24].
The authors in [24] investigated a TAS-SM-FDR system and
demonstrated that both HI and RSI have a strong influence
on the OP and SER of the system. However, the achievable
data rate (ADR) was not studied. Although some expressions
in [24] can be used for a point-to-point system with HI and
RSI, certain influences of HI and RSI need to be investi-
gated further. Specifically, [24] only considered some cases
of specific values of HI and RSI, the case of both HI and
RSI simultaneously change was not investigated. Moreover,
despite the fact that effective cancellation solutions were used
there still exist residual interference sources due to SI and HI.
This motivates us to find a simple yet effective solution to
enhance the performance of the FD-SM-MIMO system to
compensate for the joint impact of both HI and RSI. Specif-
ically, we consider the transmit antenna selection (TAS),
which was proposed for the SM-MIMO systems [24]–[26],
for the FD-SM-MIMO system and analyze its performance
to have an insight into its behaviors under various conditions.
Note that, TAS can alleviate the effect of RSI and HI on the
system performance indirectly. Specifically, by applying TAS
at the transmitter, the received signal power at the receiver is
significantly enhanced in comparison with the case without
TAS [26]. Therefore, the effects of negative factors such
as RSI, HI, and Gaussian noise are reduced in the HI-FD-
SM-MIMO system. Unlike previous reports, we successfully
obtain the exact closed-formmathematical expressions of OP,
SEP, and ADR of the considered HI-FD-SM-MIMO system
with and without TAS. From our results, the OP, SEP, and
ADRof SM-MIMO systemwith perfect hardware and perfect
SIC can be easily derived. Additionally, so far, this is the first
work obtaining three mathematical expressions (OP, SEP, and
ADR) of the SM-MIMO system under the joint and cross
effects of HI and RSI in the cases with and without TAS.

The main contributions of this paper are summarized as
follows:
• We propose to use TAS as an effective solution to com-
pensate for the joint impact of both HI and RSI in a
point-to-point FD-SM-MIMO system over the Rayleigh
fading channel. Unlike [24], in this paper, HI and RSI
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are simultaneously changed for investigating the system
performance. Additionally, the ADR, an important met-
ric to evaluate the system performance, is provided.

• We first derive the signal-to-interference-plus-noise and
distortion ratio (SINDR) and then use it to derive
the exact closed-form expressions of OP, SEP and
ADR of the considered system in the case of per-
fect antenna index estimation. Our derived expressions
can be conveniently applied to other related sys-
tems such as the ideal-hardware FD-SM-MIMO system
(hereafter referred to as the ideal-FD-SM-MIMO
system), the ideal-HD-SM-MIMO system, and the
HI-HD-SM-MIMO one.

• The impact of HI and RSI on the system’s OP, through-
put, SEP, and ADR especially for the high rate system,
under various practical scenarios are analyzed using
numerical calculations. The efficacy of TAS is also eval-
uated versus the case without TAS. Recommendations
are then drawn for setting up FD-SM-MIMO systems
with the best performance.

The rest of this paper is organized as follows. Section II
describes the system and signal model of the considered
HI-FD-SM-MIMO system. Section III presents detailed
derivations of the mathematical expressions of the OP, SEP,
and ADR. Numerical results and discussions are provided in
Section IV. Finally, Section V concludes the paper.

II. SYSTEM MODEL
Fig. 1 illustrates the system model of the HI-FD-SM-MIMO
system. Two terminals, denoted by A and B, exchange
their data with each other using FD mode. Terminal A has
NtA transmission antennas and NrA reception antennas.
Meanwhile, B has NtB transmission antennas and NrB recep-
tion antennas. There is the self-interference (SI) from trans-
mission to the reception antennas, which distorts the received
signal. Although shared-antennas can be used at the two
terminals together with a circulator, in this paper, we use
separate transmission and reception antennas for better
SI suppression [13], [27], [28]. Specifically, the work in [28]
demonstrated that the shared-antennas is difficult in config-
uration because of the significant crosstalk between them.
Since the distance between the transmission and reception
antennas of a terminal is short, the power of SI signals
is very high. Therefore, all possible SIC techniques in the
propagation, analog and digital domains should be applied to
achieve the best SI suppression. First, SI is suppressed during
the signal propagation by jointly using antenna directionality,
path loss, and cross-polarization [28]. Then, in the analog and
digital domains, SI is canceled by using analog cancellation
circuits and digital signal processing [28], [29].

In the case of ideal hardware, the received signals at A and
B are, respectively, expressed as

yA = hjAxj + hiAxi + zA, (1)

yB = hiBxi + hjBxj + zB, (2)

FIGURE 1. System model of the considered FD-SM-MIMO system with
hardware impairments and self-interference.

where hiA and hjA are respectively the channel vectors from
the ith transmission antenna of A and from the jth transmis-
sion antenna of B to NrA reception antennas of A; hiB and hjB
are respectively the channel vectors from the ith transmission
antenna of A and from the jth transmission antenna of B to
NrB reception antennas of B; i = 1, 2, . . . ,NtA and j =
1, 2, . . . ,NtB; xi and xj are the transmitted signals from the
ith antenna of A and the jth antenna of B, respectively; zA and
zB denote respectively the Gaussian noise vectors at A and B
with zero mean and variance of σ 2, i.e. zA ∼ CN (0, σ 2

A) and
zB ∼ CN (0, σ 2

B).
In realistic systems, due to imperfect manufacturing of

electronic parts, especially in low-cost devices, hardware
impairments such as phase noise (PN), in-phase/quadrature
(I/Q) imbalance and nonlinearities of various compo-
nents 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 the low-noise ampli-
fier (LNA) in the receiver) often cause the mismatch between
the desired and actual signals [17]–[19], [30]–[32]. Various
techniques have been proposed to tackle these impairments
in both analog and digital domains [17]–[19], [33], [34].
Specifically, PN is mitigated via an estimation and compen-
sation approach based on maximum-likelihood theory [19].
I/Q imbalances at both the transmitter and receiver are sup-
pressed by using different data-aided estimation and com-
pensation approaches [19], [31], [34]. The nonlinearities of
components can be mitigated by using highly linear compo-
nents [19], [32], [34]. However, distortion noises cannot be
completely removed due to the residual impairments caused
by the intrinsic defect of electronic components, the imperfect
parameter estimation of random and time varying hardware
characteristics, the inaccuracy coming from limited precision
models, unsophisticated compensation algorithms, etc. Fur-
thermore, all impairments are time-dependent because they
take new realizations for each new data signal [18], [19].
Based on central limit theorem and experiments, the aggre-
gate effect from many impairments can be modeled by
complex Gaussian variables with zero mean and finite
variance [17], [18], [30].
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The received signals at terminals A and B in the case of
hardware impairments can be expressed as follows

yA = hjA(xj + ηtj)+ hiA(xi + ηti)+ ηηη
r
A + zA, (3)

yB = hiB(xi + ηti)+ hjB(xj + ηtj)+ ηηη
r
B + zB, (4)

where ηti and η
t
j denote the distortion noises caused by the

transmitter hardware impairments at A and B, respectively;
ηηηrA and ηηηrB are the distortion noise vectors caused by the
receiver hardware impairments at A and B, respectively. It is
also noted that, after signal processing, the residual hardware
impairments follow the Gaussian distributions [17], [18],
[24], i.e., ηti ∼ CN (0, (k tA)

2 PA) and ηtj ∼ CN (0, (k tB)
2 PB),

where k tA and k tB denote the levels of HI at the transmitters
of A and B, respectively. At the receivers, we get ηηηrA ∼
CN (0, (k rA)

2 PB‖hjA‖2) and ηηηrB ∼ CN (0, (k rB)
2 PA‖hiB‖2),

where k rA and k rB denote the levels of HI at receivers A and B,
respectively.

As shown in (3) and (4), the terms hiA(xi+ηti) and hjB(xj+
ηtj) are the SI at terminals A and B, which need to be sup-
pressed. Upon application of all possible SIC techniques the
residual self-interference (RSI) at A and B, denoted by rSIA
and rSIB respectively, become complex Gaussian distributed
random variables [7], [14], [35] with zero mean and variances
of σ 2

RSI, i.e. σ
2
RSIA
= l2A PA and σ 2

RSIB
= l2B PB. Here lA and

lB denote the SIC capability of A and B; PA and PB are the
average transmission power of A and B, respectively.

The received signals at A and B after SIC can be now
expressed as follows

yA = hjA(xj + ηtj)+ rSIA + ηηη
r
A + zA, (5)

yB = hiB(xi + ηti)+ rSIB + ηηη
r
B + zB, (6)

where the channel vectors hjA and hiB are given by

hjA =
[
hj1 hj2 . . . hjNrA

]
, (7)

hiB =
[
hi1 hi2 . . . hiNrB

]
, (8)

with i = 1, 2, . . . ,NtA and j = 1, 2, . . . ,NtB.
Upon application of SM, depending on the incoming data

bits, only one antenna is activated for transmission. For exam-
ple, with two transmission antennas, the first one is activated
for transmitting ‘‘0’’ bit, while the second one transmitting
‘‘1’’ bit. When TAS is applied in the SM-MIMO system,
the sets of SA and SB transmission antennas are first selected
from the NtA and NtB transmission antennas at A and B,
respectively. Then, one transmission antenna is activated
from each set for the signal transmission. The sets SA and
SB must satisfy the conditions: SA ≤ NtA, SA = 2m, and
SB ≤ NtB, SB = 2n with m and n being positive integers.
Furthermore, SA and SB are selected such that the received
signal power at the receivers is maximized. For example,
when |SA| = 2 and the norms of channel vector hiB satisfy
the following condition

‖h1B‖2 ≥ ‖h2B‖2 ≥ ‖h3B‖2 ≥ . . . ≥ ‖hNtAB‖
2, (9)

the set SA is computed as

SA = {‖h1B‖2, ‖h2B‖2}. (10)

It is noted that if the incoming bit is ‘‘0’’, the first antenna
is activated. Otherwise, the second antenna is activated.
In addition, besides the norm-based TAS as presented in this
paper, other TAS schemes such as capacity optimized antenna
selection (COAS) [25] and Euclidean distance optimized
antenna selection (EDAS) [25], [36] can be exploited for the
considered system to achieve higher performance. However,
compared with the TAS, the computational complexities of
EDAS method and its variations are significantly higher.
On the other hand, although COAS has lower complexity
than EDAS, it still needs further processing compared to the
norm-based TAS. For this TAS, the objective function is only
included the channel power gain, which has been estimated
in our system. In terms of maximizing the signal power to
improve the system capacity, the norm-based TAS scheme is
somehow similar to the COAS scheme. Furthermore, since all
SIC techniques are applied at A and B, the signal processing
complexity at them is already high. Therefore, we applied
norm-based TAS for the considered HI-FD-SM-MIMO sys-
tem to significantly reduce the computational complexity but
can keep the performance as close to alternative methods as
possible.

At the receiver side, maximal ratio combining (MRC) is
used to coherently combine the signals from Nr reception
antennas (NrA at terminal A and NrB at terminal B). Then,
to recover the transmitted bits, the receiver can use joint
maximum likelihood (ML) detection for estimating both acti-
vated transmit antenna index andMo-ary modulated symbols.
In this paper, as we are interested in analyzing the impact
of both HI and RSI 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 respective transmitters for the ML detection. This
assumption may not fully reflect the behavior of practical SM
system. However, as reported in [15], [22], [25], [37]–[39],
this assumption helps to significantly reduce the computa-
tional complexity in calculating while it causes slight error
in comparison with the case of imperfect estimation the acti-
vated antenna index [22], [38], [39]. As can be seen from
Fig. 3 of [38], in low SNR (SNR ≤ −10 dB) and high SNR
(SNR ≥ 20 dB), there is no antenna detection error, the upper
and lower bounds converge to the simulated capacity. More-
over, since we apply TAS for the considered system with the
presence of both HI and RSI, the mathematical derivations
are very complex. Therefore, it is reasonable to assume that
the correct information of transmit antenna indices is alway
available at the receivers.

From the received signals in (5) and (6), the SINDRs at
terminal A, γA, and terminal B, γB, are given by

γA =
‖hjA‖2 PB

‖hjA‖2(k tB)
2 PB + (k rA)

2 PB‖hjA‖2 + σ 2
RSIA
+ σ 2

A

.

(11)
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γB =
‖hiB‖2 PA

‖hiB‖2(k tA)
2 PA + (k rB)

2 PA‖hiB‖2 + σ 2
RSIB
+ σ 2

B

.

(12)

Let k2A = (k tB)
2
+ (k rA)

2 and k2B = (k tA)
2
+ (k rB)

2 be the
aggregate distortions, where kA is the aggregate impairment
level which accounts for that in both transmitter B (k tB) and
receiver A (k rA); kB is the aggregate impairment level which
accounts for that in both transmitter A (k tA) and receiver B
(k rB). As a result, (11) and (12) become

γA=
‖hjA‖2 PB

‖hjA‖2k2A PB + σ
2
RSIA
+ σ 2

A

=
‖hjA‖2γ̄A

‖hjA‖2k2Aγ̄A + 1
, (13)

γB=
‖hiB‖2 PA

‖hiB‖2 k2B PA + σ
2
RSIB
+ σ 2

B

=
‖hiB‖2γ̄B

‖hiB‖2 k2Bγ̄B + 1
, (14)

where

γ̄A =
PB

σ 2
RSIA
+ σ 2

A

, and γ̄B =
PA

σ 2
RSIB
+ σ 2

B

denote the average SINR at A and B, respectively.
It can be clearly seen from (13) and (14) that the SINDRs

at the receivers depend on the terms ‖hiB‖2 and ‖hjA‖2. Thus,
to improve the system performance, it is crucially necessary
to increase ‖hiB‖2 and ‖hjA‖2. In this context, TAS is a good
solution because it can maximize ‖hiB‖2 and ‖hjA‖2. In addi-
tion, the signal-to-noise-and-distortion ratios (SNDRs) of the
HI-HD-SM-MIMO system can be obtained from (13) and
(14) by setting the RSI equal to zero, i.e., σ 2

RSIA
= 0 and

σ 2
RSIA
= 0. Due to the effect of RSI, the performance in terms

of OP and SEP of the HI-FD-SM-MIMO system is lower
than that of the HI-HI-SM-MIMO system.

It is noted that in the SM-MIMO system, information
bits are mapped to not only the transmit symbols but also
the indices of the transmission antennas. As a result, the
SM-MIMO systems can achieve higher spectral efficiency
than the traditional single-input multiple-output (SIMO) sys-
tems [5], [15]. Based on the received signals given in (5)
and (6), the ML detector jointly detects the activated antenna
information and modulated symbols at A and B, i.e.,

(m̂, x̂n) = arg min
(m,xn)
‖y− hmxn‖2, (15)

where m ∈ {1, 2, . . . ,Nt}, Nt ∈ {NtA,NtB}, is the index of
activated antenna; xn ∈ {xi, xj} is the transmitted symbol.

For realistic SM communication systems, finite alphabet
is a more practical input scheme because the index of the

transmit antenna used to convey a partial information is dis-
crete and finite. Due to the constraint of finite alphabet inputs,
the capacity of the SM system with finite-alphabet input may
be lower than that of the SM system with Gaussian inputs.
Specifically, when finite-alphabet inputs are used, the ADR
(or the mutual information between the input and output
variables) is calculated as [40]–[43]

RSM = I (h; y|x)+ I (x; y), (16)

where I (h; y|x) is the mutual information of the activated
antenna information, and I (x; y) is the mutual information
between x and y.

Applying [40], [42], [43], the ADR in (16) can be rewritten
as in (17), as shown at the bottom of the page, where E is the
expectation operator; dm2,n2

m,n = hmxn − hm2xn2 with (m, n) 6=
(m2, n2); h ∈ {hjA,hiB}; ηt ∈ {ηtj, η

t
i}; ηηη

r
∈ {ηηηrA,ηηη

r
B}; rSI ∈

{rSIA , rSIB}; z ∈ {zA, zB}; k ∈ {kA, kB}; P ∈ {PA,PB}; and
σ 2
∈ {σ 2

A, σ
2
B}.

With SNR = P/σ 2, the maximum ADR in high SNR
regime is log2(Mo)+ log2(Nt) [40], [42], [43] due to the sec-
ond term in (17) is very small.

In this paper, the main goal is to analyze the impacts of
both HI and RSI as well as the effect of TAS scheme on the
performance of FD-SM-MIMO system by mathematically
deriving the exact closed-form expressions of OP and SEP.
For the sake of simplifying the following analysis of OP, SEP,
and ADR similar to [15], [25], [26], [44], we use the upper
bound of the ADR, i.e.,

RSM = log2(Nt)+ log2(Mo), (18)

where Nt denotes the number of transmission antennas at
terminals A and B, i.e., Nt ∈ {NtA,NtB}; Mo denotes the
modulation constellation size. Note that (18) is the total bits
transmitted in an interval, where log2(Mo) bits is used to
selected a symbol x from an M-QAM or M-PSK signal
set, while log2(Nt) bits is used to select an antenna i out
of Nt transmit antennas for the transmission of the selected
symbol x.

III. PERFORMANCE ANALYSIS
A. OUTAGE PROBABILITY
The OP of the point-to-point wireless system is defined as
follows [45]

P = Pr{log2(Nt)+ log2(1+ γ ) < R0}, (19)

where γ and R0 denote the SINDR and transmission rate,
respectively. It should be noticed that, the ADR in (19) is the

RSM = log2(MoNt)−
1

MoNt

Nt∑
m=1

Mo∑
n=1

×Ehηt,ηηηr,rSI,z

log2
[ Nt∑
m2=1

Mo∑
n2=1

exp
(
−
‖dm2,n2

m,n + hηt + ηηηr + rSI + z‖2 − ‖hηt + ηηηr + rSI + z‖2

k2 P+ σ 2
RSI + σ

2

)] (17)
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channel capacity, which is the maximum attainable mutual
information between the channel input-output of the consid-
ered system and expressed as bit per channel use (bpcu).

As given in (13) and (14), the SINDRs at nodes A and B
are similar. Thus, the OP and SEP expressions of A and B
also have the same form. To simplify the mathematical pre-
sentation in this paper, wewill provide our analysis for nodeB
in the following parts. The OP and SEP expressions of node A
can be obtained in a similar way.

From (19), the OP of B is calculated as

PB = Pr{log2(NtA)+ log2(1+ γB) < R0}

= Pr{γB < 2R0−log2(NtA) − 1}

= Pr{γB < 2R − 1}, (20)

where γB is given in (14); R = R0 − log2(NtA) denotes the
transmission rate obtained by the modulation scheme.

Let γth = 2R − 1 be the threshold, then (20) can be
rewritten as

PB = Pr

{
‖hiB‖2γ̄B

‖hiB‖2 k2Bγ̄B + 1
< γth

}
= Pr

{
‖hiB‖2γ̄B(1− k2Bγth) < γth

}
. (21)

Based on (21), theOP of the consideredHI-FD-SM-MIMO
system can be obtained in the following Theorem 1.
Theorem 1: When γth > 1/k2B, the OP of terminal B

of the considered HI-FD-SM-MIMO system with TAS
(denoted by Pwi

B ) is given by (22), as shown at the
bottom of the next page, where B(., .), 0(.) and 0(., .) are the
beta, gamma, and incomplete gamma function [46], respec-
tively; M is the complexity-accuracy trade-off parameter;
χB =

γth
2γ̄B(1−k2Bγth)

(1 + φm);φm = cos
(
(2m−1)π

2M

)
;wA =

NtA − SA + 1.
Proof: The detailed proof are given in Appendix A.

It is also noted that in the case without TAS, the OP of
terminal B (denoted by Pwo

B ) of the considered HI-FD-SM-
MIMO system is given by

Pwo
B = 1− e

−
γth

γ̄B(1−k2Bγth)

NrB−1∑
p=0

1
p!

( γth

γ̄B(1− k2Bγth)

)p
. (23)

Note that, due to the properties of the OP expression,
approximating this function in the extreme conditions can
cause great errors. Therefore, in this paper, we do not provide
asymptotic forms of the OP and the other expressions.

B. SYMBOL ERROR PROBABILITY
The SEP of the wireless system is computed as [45]

SEP = aE{Q(
√
bγ )} =

a
√
2π

∞∫
0

F
( t2
b

)
e−

t2
2 dt, (24)

where a and b are constants whose values depend on the
modulation types, e.g., a = 2, b = 1 for 4-quadrature
amplitude modulation (4-QAM) modulation; a = 1, b = 2

for the binary phase-shift keying (BPSK) modulation [45];
Q(x) represents the Gaussian function; γ and F(x) are the
SINDR and its CDF, respectively. By letting x = t2

b , we can
rewrite (24) as

SEP =
a
√
b

2
√
2π

∞∫
0

e−bx/2
√
x

F(x)dx. (25)

Based on (25), we can obtain the SEPs of the considered
HI-FD-SM-MIMO system in the following Theorem 2.
Theorem 2: The SEP of terminal B of the considered

HI-FD-SM-MIMO system with TAS (denoted by SEPwiB ) is
given by (26), as shown at the bottom of the next page, where
N is the complexity-accuracy trade-off parameter; φn =
cos
(
(2n−1)π

2N

)
. ψB =

1+φm
2γ̄B

; u = 1
2k2B

(1+ φn).

Proof: The detailed proof is provided in Appendix B.
In the casewithout TAS, the SEP of the terminal B (denoted

by SEPwoB ) of the HI-FD-SM-MIMO system is given by

SEPwoB =
a
√
b

2
√
2π

[√
2π
b
−

π

2Nk2B

NrB−1∑
p=0

N∑
n=1

up−
1
2

p!γ̄ pB(1− k
2
Bu)

p

×

√
1− φ2ne

−
u

(1−k2Bu)γ̄B
−
bu
2
]
. (27)

C. ACHIEVABLE DATA RATE
The maximum ADR of the considered HI-FD-SM-MIMO
system is expressed as

C = log2(NtA)+ E
{
log2(1+ γB)

}
+ log2(NtB)+ E

{
log2(1+ γA)

}
, (28)

where the terms log2(NtA)+E{log2(1+γB)} and log2(NtB)+
E{log2(1+ γA)} are the data rates from A to B and from B to
A, respectively.

From (28), the maximum ADR of the considered system is
derived in the following Theorem 3.
Theorem 3: The maximum ADR of the considered

HI-FD-SM-MIMO system with TAS (denoted by Cwi) is
given by (29), as shown at the bottom of the next page, where
N , φn, ψB, and u were defined in Theorem 2.

Proof: The detailed proof is provided in Appendix C.
The maximum achievable date rate of the considered

HI-FD-SM-MIMO system without TAS (denoted by Cwo) is
calculated as

Cw0 = 2 log2(NtA)+
π

Nk2B ln 2

NrB−1∑
p=0

N∑
n=1

e
−

u
(1−k2Bu)γ̄B

×
up
√
1− φ2n

p!(1+ u)γ̄ pB(1− k
2
Bu)

p
. (30)

IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, the performance of the considered
HI-FD-SM-MIMO system with and without TAS under the
impact of RSI is investigated. It is also compared with that

VOLUME 8, 2020 185223



B. C. Nguyen et al.: On the Performance of FD Spatial Modulation MIMO System With and Without Transmit Antenna Selection

of the ideal-FD-SM-MIMO system to understand about the
HI impact. It is noted that the OP expressions of the ideal-FD-
SM-MIMO system can be obtained by setting kA = kB = 0 in
the OP expressions of the HI-FD-SM-MIMO system. Other
parameters are set as follows: the average transmission power
at two terminals PA = PB = P; the variance of the Gaussian
noises σ 2

A = σ 2
B = σ 2

= 1; the numbers of transmission
and reception antennas are NtA = NtB = Nt = 4 and
NrA = NrB = Nr = 2, respectively; the numbers of the
selected transmission antennas are SA = SB = S = 2;
the HI levels k tA = k rA = k tB = k rB = k; the RSI levels
lA = lB = l. The average SNR is defined as SNR = P/σ 2.
The 4-QAM modulation (a = 2, b = 1) is used for all
simulations. The simulation results were obtained by using
107 channel realizations. For the sake of simplicity, we will
simply use the term ‘‘the system performance’’ instead of
mentioning explicitly node A or B in the subsequent discus-
sions. Furthermore, the RSI level, l, can be from 0 (perfect
SIC) to 1 (without SIC) in practice. However, in the following
scenarios, the range of the RSI level is chosen from 0.01 to
0.3, which is based on the recording by measurements and
experiments of FD devices [14], [29], [35].

Fig. 2 illustrates the impact of HI on the OPs of the
considered HI-FD-SM-MIMO systems in the case with and
without TAS for two transmission rates, R = 2, 4 bit-per-
channel-use (bpcu). We have used (22) and (23) to plot the
OPs of the HI-FD-SM-MIMO systems in the case with and
without TAS, respectively. We have also replaced k = 0 in
(22) and (23) to obtain the OP curves of the ideal-FD-SM-
MIMO systems with and without TAS. It can be seen in Fig. 2
that for low data transmission rate, i.e.,R = 2 bpcu, the OPs

FIGURE 2. The impact of HI on the OPs of the considered
HI-FD-SM-MIMO systems with and without TAS versus the average SNR
for different data transmission rates; Nt = 4, S = 2, Nr = 2, l = −5 dB,
k = 0.1.

of both the FD-SM-MIMO system with and without HI are
similar. This means the performance degradation due to HI
is negligibly small for this system. However, in the case of
higher transmission rate, i.e., R = 4 bpcu, the impact of HI
becomes larger and cannot be neglected. It can also be seen
that TAS significantly reduces the OPs of both the system
with and without HI. With the given parameters, the OPs for
the case without TAS reach 6 × 10−2 while those with TAS
reach 2× 10−4 for both the systems at high SNR regime for
R = 2 bpcu. This leads to the conclusion that TAS can greatly
improve the OP performance of the FD-SM-MIMO system
under the joint impact of both HI and RSI.

Pwi
B =

πγth

2M (NtA − wA + 1)0(NrB)γ̄B(1− k2Bγth)

NtA∑
p=wA

M∑
m=1

√
1− φ2m

B(p,NtA−p+ 1)

×

(
1−

0(NrB, χB)
0(NrB)

)p−1(
0(NrB, χB)
0(NrB)

)NtA−p

χ
NrB−1
B e−χB , (22)

SEPwiB =
a
√
b

2
√
2π

[
π2

4MNk2B(NtA − wA + 1)0(NrB)γ̄B

NtA∑
p=wA

M∑
m=1

N∑
n=1

ψ
NrB−1
B

√
(1− φ2m)(1− φ2n )

B(p,NtA−p+ 1)

(
1−

0(NrB,
ψBu

1−k2Bu
)

0(NrB)

)p−1

×

(0(NrB,
ψBu

1−k2Bu
)

0(NrB)

)NtA−p uNrB−
1
2

(1− k2Bu)
NrB

e
−

ψBu

1−k2Bu
−
bu
2
+

√
2π
b

(
1− erf

(√ b

2k2B

))]
(26)

Cwi = 2 log2(NtA)+ 2 log2
1+ k2B
k2B

−
π2

2MNk2B(NtA − wA + 1)0(NrB)γ̄B ln 2

NtA∑
p=wA

M∑
m=1

N∑
n=1

ψ
NrB−1
B

√
(1− φ2m)(1− φ2n )

B(p,NtA−p+ 1)

×

(
1−

0(NrB,
ψBu

1−k2Bu
)

0(NrB)

)p−1(0(NrB,
ψBu

1−k2Bu
)

0(NrB)

)NtA−p uNrB

(1− k2Bu)
NrB (1+ u)

e
−

ψBu

1−k2Bu (29)
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To clearly show the benefit of TAS, in Fig. 3, we consider
the case of larger numbers of transmission antennas and
selected antennas, i.e., Nt = 8 and S = 4. This parameter
configuration results in R0 with 1 bpcu higher than the pre-
vious case. As observed from Fig. 3, TAS is really effective
for mitigating the impact of HI, especially for the case of low
transmission rate (R = 2 bpcu). It is because the system
with more transmission antennas has higher diversity gain,
which then helps to lower the outage floor. However, when
the system with higher transmission rate (R = 4 bpcu)
is more affected by HI, the advantage of TAS on its OP
performance is not significant. It is also noted that, when the
numbers of transmission antennas increases, the total data
rate (R0) increases and may be different for the cases with
and without TAS. However, the data rate due to modulation
scheme (R) is still similar for these cases.

FIGURE 3. The impact of HI on the OPs of the considered
HI-FD-SM-MIMO systems with and without TAS versus the average SNR
for different data transmission rates; Nt = 8, S = 4, Nr = 2, l = −5 dB,
k = 0.1.

Fig. 4 investigates the throughput T of the considered
HI-FD-SM-MIMO system. It is calculated as T = R(1−P)
where P is given in (22) for the case with TAS and in (23)
for the case without TAS. The throughputs of the ideal-
FD-SM-MIMO system with and without TAS are obtained
similarly as for the OPs. For low data transmission rate,
i.e.,R = 2 bpcu, both the systems with TAS reach the target
throughput of 2 bpcu at SNR = 8 dB. However, in the case
without TAS, the throughput of both the systems only reach
1.9 bpcu at SNR = 16 dB. Particularly, for high transmission
rate, i.e., R = 4 bpcu, none of the systems with TAS can
reach the target throughput of 4 bpcu. This is due to the
strong impact of RSI on the system throughput. Meanwhile,
the considered HI-FD-SM-MIMO system can only reach the
throughput of 2.6 bpcu due to the joint impact of both HI and
RSI. For the case without TAS, both the systems can reach the
throughput of 1.5 and 2.2 bpcu, respectively. From both Fig. 2
and Fig. 4 we can see that the HI-FD-SM-MIMO systemwith
high transmission rate is greatly influenced by HI. Therefore,
when HI exists, the usage of a low data transmission rate is

FIGURE 4. The throughput of the considered HI-FD-SM-MIMO system in
comparison with that of ideal-FD-SM-MIMO system in the cases with and
without TAS, l = −5 dB, k = 0.1, R = 2, 4 bpcu.

necessary to reduce the performance and throughput losses.
In such a case, TAS can be used as an effective solution to
improve the system performance.

Fig. 5 plots the SEPs of the considered HI-FD-SM-MIMO
systems in the case with and without TAS versus the average
SNR. The RSI and HI levels are respectively set as lA = lB =
−5 dB and k = 0.15. We use (26) and (27) to obtain the
analytical results of the HI-FD-SM-MIMO systems with and
without TAS, respectively. The simulated SEPs of the ideal-
FD-SM-MIMO systems with and without TAS are provided
for comparison. Additionally, we also provide the SEPs of the
HI-FD-SM-MIMO systems in the case of imperfect detection
the activated antenna indices with and without TAS, denoted
by ‘‘HI-wi-TAS-I’’ and ‘‘HI-wi-TAS-I’’, respectively. It is
noted that we can obtain the OP expressions of the ideal-
FD-SM-MIMO systems from the OP expressions of the HI-
FD-SM-MIMO systems by replacing kA = kB = 0 in (22)

FIGURE 5. The SEPs of the considered HI-FD-SM-MIMO systems with and
without TAS versus the average SNR for Nt = 4, S = 2, Nr = 2, l = −5 dB,
k = 0.15.
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and (23). However, we cannot obtain the SEP expressions of
the ideal-FD-SM-MIMO systems from the SEP expressions
of the HI-FD-SM-MIMO systems by a similar approach due
to th existence of the terms 1/k2A and 1/k2B in (26) and (27).
As can be seen from Fig. 5 that all SEP curves have an error
floor in the high SNR regime (SNR = 30 dB). Furthermore,
the performance degradation due to HI in the case without
TAS is smaller than the case with TAS. Specifically, for the
case with TAS, the error floor of the considered system is
1.7 × 10−3 while it is 2.9 × 10−4 for the ideal system.
For the case without TAS, it is nearly 1.7 × 10−2 for both
the systems. These results clearly demonstrate the benefits
of using TAS for the FD-SM-MIMO system. On the other
hand, the index antenna detection errors are high in low
SNR regime, however, there is no index antenna detection
error in high SNR regime for the considered HI-FD-SM-
MIMO systems with and without TAS. That validates our
mathematical expressions in the paper.

Fig. 6 depicts the joint impact of HI and RSI on the SEPs.
From this figure we can easily deduce the SEPs of other
related systems, such as ideal-FD-SM-MIMO, ideal-HD-
SM-MIMO, HI-HD-SM-MIMO systems. For example, for
(k ≈ 0, l ≈ 0), (k > 0, l ≈ 0) and (k ≈ 0,
l > 0) the SEPs of the HI-FD-SM-MIMO become those of
the ideal-HD-SM-MIMO, HI-HD-SM-MIMO and ideal-FD-
SM-MIMO systems, respectively. As can be seen from Fig. 6,
SEP increases rapidly with both k and l, especially in the
high value regime. Particularly, we have SEP = 7.5 × 10−5

and SEP = 2.4 × 10−3 when k = 0.15 and l = 0.15
while SEP = 10−8 and SEP = 2.4 × 10−4 when k ≈ 0
and l ≈ 0 (the ideal-HD-SM-MIMO system) for the cases
with and without TAS, respectively. In other words, both k
and l cause great performance degradation in the considered
HI-FD-SM-MIMO system.

FIGURE 6. The joint impact of both HI and RSI on the SEPs of the
considered HI-FD-SM-MIMO systems with and without TAS, SNR = 20 dB.

Fig. 7 shows the maximum ADRs of the considered
HI-FD-SM-MIMO systems with and without TAS versus the
average SNR for Nt = 4, S = 2, Nr = 2, l = −5 dB,

FIGURE 7. The maximum ADRs of the considered HI-FD-SM-MIMO
systems with and without TAS versus the average SNR for Nt = 4, S = 2,
Nr = 2, l = −5 dB, k = 0.15.

FIGURE 8. The maximum ADRs of the considered HI-FD-SM-MIMO
systems with and without TAS under the joint impact of the HI and RSI for
Nt = 4, S = 2, Nr = 2.

k = 0.15. The analytical results with and without TAS are
plotted using (29) and (30), respectively, to demonstrate the
benefits of the FD technique and the impact of the RSI on the
HI-FD-SM-MIMO system’s ADR. In addition, the ADR of
the Ideal-HD-SM-MIMO system with TAS is also given for
easy comparison. It is obvious from Fig. 7 that, the impact of
the HI on the ADR is stronger than that on the SEP because
the SEP performance in the case of HIwith TAS is higher than
that in the case of the ideal without TAS (refer to Fig. 5) while
the ADR in the case of HI with TAS is lower than that in the
case of the ideal without TAS (refer to Fig. 7). Particularly,
at SNR = 30 dB, the ADRs with TAS are only 1.2 bpcu
higher than the case of without TAS and 0.8 bpcu higher than
the cases of ideal and HI. By combining Fig. 5 and Fig. 7,
we can conclude that applying TAS for the considered HI-
FD-SM-MIMO systems significantly decreases the SEP but
slightly increases the ADRs compared to the case without
TAS. Furthermore, with investigated parameters, the HI-FD-
SM-MIMO system’s ADR is always higher than that of the
HI-HD-SM-MIMO system. However, for the ideal hardware
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systems, the ADR of the Ideal-FD-SM-MIMO system is
only higher than that of the Ideal-HD-SM-MIMO system
when SNR < 30 dB. As SNR > 30 dB, the ADR of
the Ideal-FD-SM-MIMO system is lower than that of Ideal-
HD-SM-MIMO system. This feature emphasizes the strong
influence of the RSI on the performance of the considered
HI-FD-SM-MIMO system in the high SNR regime.

Fig. 8 illustrates the HI and RSI’s joint impact on the max-
imum ADRs of the considered HI-FD-SM-MIMO systems
with and without TAS. Similar to Fig. 7, the benefits of using
TAS on the ADR are not significant. On the other hand,
when both k and l change from 0.01 to 0.3, the difference
between theADRswith andwithout TAS remains unchanged.
This is the major difference between SEP and the ADR.
In particular, the SEPs with and without TAS are 10−8 and
10−4, respectively, when k = l = 0.05 (refer to Fig. 6).
Meanwhile, the ADRs with and without TAS are 17.2 and
16.6 bpcu, respectively, when k = l = 0.05 (refer to Fig. 8).
Another observation is that all SEP curves (Fig. 5 and Fig. 6)
exhibit irreducible error floors and all ADR curves (Fig. 7 and
Fig. 8) exhibit irreducible rate floors due to HI distortion and
RSI. Furthermore, the variances of both HI distortion and RSI
are the functions of transmission power. Therefore, increasing
SNR helps to reduce SEP and increase the ADR. When the
SNR is small, the levels of HI distortion and RSI are similar
to noise levels. However, when SNR is larger, the levels of
HI and RSI become dominant. Thus, the SEP and the ADR
are saturated quickly, causing irreducible floors of SEP and
the ADR. It is worth noticing that, since TAS is used not for
mitigating HI and RSI but for obtaining the spatial diversity,
this solution can only decrease SEP and increase the ADR but
cannot eliminate their floors.

V. CONCLUSION
Hardware impairments are important factors that need to be
considered when establishing wireless networks, especially
for the high rate systems. In this paper, we considered the
FD-SM-MIMO system under the joint impact of HI and RSI.
In order to compensate the performance degradation due to
these factors, we proposed to use TAS in this system. Using
theoretical analysis we obtained the closed-form expressions
of the OP, throughput, SEP, and ADR in the case of perfect
antenna index estimation. It was first seen that besides degra-
dation, HI and RSI also cause these performance parameters
to saturate in the high SNR regime. Moreover, it was also
understood that HI has a stronger impact than RSI does. The
proposed TAS solution was shown to be a simple yet effective
solution for performance improvement. However, in order
to tackle fully the impacts of HI and RSI, more effective
methods to suppress these distortions still need to be further
studied.

APPENDIX A
This appendix provides the detailed derivation of the OP of
the HI-FD-SM-MIMO system using TAS.

In order to obtain the OP expression from (21), we need
to consider the following two cases: 1 − k2Bγth ≤ 0 and 1 −
k2Bγth > 0.

Case 1: 1−k2Bγth ≤ 0 or γth ≥ 1/k2B. The probability in (21)
is always true, due to the fact that ‖hiB‖2γ̄B(1 − k2Bγth) ≤ 0
while γth > 0. Therefore, PB = 1 for both the cases with and
without TAS.

Case 2: 1 − k2Bγth > 0 or γth < 1/k2B. The probability
in (21) can be rewritten as

PB = Pr
{
‖hiB‖2γ̄B(1− k2Bγth) < γth

}
= Pr

{
‖hiB‖2 <

γth

γ̄B(1− k2Bγth)

}
. (31)

Using (31), the OP expression in Theorem 1 is determined
through the following steps.

First, the probability density function (PDF, denoted by
f (x)) and the cumulative distribution function (CDF, denoted
by F(x)) of the random instantaneous channel gain |h|2 of the
Rayleigh fading channel are, respectively, given by

f|h|2 (x) =
1
�
e−

x
� , x > 0, (32)

F|h|2 (x) = Pr{|h|2 < x} = 1− e−
x
� , x > 0, (33)

where � = E{|h|2} denotes the average channel gain. In this
paper, we normalize the average channel gain, i.e., � = 1,
for all channels.

When the MRC technique is applied at the receiver,

we have the sum ofNr channel gains Y = ‖hiB‖2 =
NrB∑
l=1
|hil |2.

In this case, the PDF and CDF of Y are respectively expressed
as

fY (x) =
xNrB−1e−x

0(NrB)
, x ≥ 0. (34)

FY (x) = 1− e−x
NrB−1∑
p=0

xp

p!
, x ≥ 0. (35)

In contrast, when TAS scheme is used, the sums of the
channel gains will be rearranged in a descending order. From
this new set, S antennas (SA of terminal A and SB of termi-
nal B) will be selected to maximize the received power. For
terminal B, the PDF of YwAB in the case that Y1B ≤ Y2B ≤
. . . ≤ YwAB ≤ . . . ≤ YNtAB is computed as [47, Eq. 2.1.6]

fYwAB (x) =
1

B(wA,NtA − wA + 1)

×

(
FY (x)

)wA−1(
1− FY (x)

)NtA−wA
fY (x). (36)

Therefore, the PDF of the instantaneous ‖hiB‖2 in the case
with TAS is then given by [26]

f‖hiB‖2 (x) =
1

NtA − wA + 1

NtA∑
p=wA

1
B(p,NtA−p+ 1)

×

(
FY (x)

)p−1(
1− FY (x)

)NtA−p
fY (x). (37)
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Plugging FY (x) and fY (x) in (35) and (34) into (37),
we obtain the PDF of the instantaneous ‖hiB‖2 as (38), as
shown at the bottom of the page.

Since the finite sum in (38) can be calculated as [46]
NrB−1∑
p=0

xp

p!
= ex

0(NrB, x)
0(NrB)

,

we can rewrite (38) as (39).
From (31) and (39), as shown at the bottom of the page,

we obtain the OP for B in the case with TAS as (40),
as shown at the bottom of the page. Now applying the
Gaussian-Chebyshev quadrature method [48], the integral
in (40) is calculated as (41), as shown at the bottom of the
page.

Finally, replacing (41) into (40), we obtain the OP expres-
sion of terminal B as in (22) of Theorem 1. TheOP expression
of terminal A is obtained by a similar way. The proof is thus
complete.

APPENDIX B
This appendix provides the detailed derivation of the SEPs of
the considered HI-FD-SM-MIMO system.

In order to obtain the SEPB, we first obtain the CDF of the
SINDR at terminal B of the considered system. The CDF of
the SINDR [45] at terminal B is given by

FγB (x) = Pr{γB < x}. (42)

Comparing (20) with (42), we can obtain the CDF of
the SINDR at terminal B via the OP expression which is
calculated in (22) by replacing γth with x. The term χB then
becomes χB =

x(1+φm)
2γ̄B(1−k2Bx)

=
ψBx

1−k2Bx
, where ψB =

1+φm
2γ̄B

.

Therefore, FγB (x) is given by (43), as shown at the bottom of
the page.

As FγB (x) can be calculated in a similar way with the OP
of terminal B. Therefore, FγB (x) is computed as in (43) when
x < 1/k2B. Otherwise, we have FγB (x) = 1.
From (25), we have the SEPB in the case of TAS as (44), as

shown at the bottom of the next page. The expression in (44)
is rewritten as (45), as shown at the bottom of the next page.

The first integral in (45) can be solved by applying
the Gaussian-Chebyshev quadrature method [48] presented
in (46), as shown at the bottom of the next page, where N and
u are defined as in Theorem 2.

f‖hiB‖2 (x) =
1

NtA − wA + 1

NtA∑
p=wA

1
B(p,NtA−p+ 1)

(
1− e−x

NrB−1∑
p=0

xp

p!

)p−1(
e−x

NrB−1∑
p=0

xp

p!

)NtA−p xNrB−1e−x

0(NrB)
. (38)

f‖hiB‖2 (x) =
1

NtA − wA + 1

NtA∑
p=wA

1
B(p,NtA−p+ 1)

(
1−

0(NrB, x)
0(NrB)

)p−1(
0(NrB, x)
0(NrB)

)NtA−p xNrB−1e−x

0(NrB)
. (39)

Pwi
B = Pr

{
‖hiB‖2 <

γth

γ̄B(1− k2Bγth)

}
=

∫ γth
γ̄B(1−k2Bγth)

0
f‖hiB‖2 (x)dx

=
1

(NtA−wA+1)0(NrB)

NtA∑
p=wA

1
B(p,NtA−p+ 1)

∫ γth
γ̄B(1−k2Bγth)

0

(
1−

0(NrB, x)
0(NrB)

)p−1(
0(NrB, x)
0(NrB)

)NtA−p

xNrB−1e−xdx. (40)

∫ γth
γ̄B(1−k2Bγth)

0

(
1−

0(NrB, x)
0(NrB)

)p−1(
0(NrB, x)
0(NrB)

)NtA−p

xNrB−1e−xdx

=
πγth

2M γ̄B(1− k2Bγth)

M∑
m=1

√
1− φ2m

[
1−

0(NrB, χB)
0(NrB)

]p−1[
0(NrB, χB)
0(NrB)

]NtA−p

χ
NrB−1
B e−χB . (41)

FγB (x) =
πx

2M (NtA − wA + 1)0(NrB)γ̄B(1− k2Bx)

NtA∑
p=wA

M∑
m=1

√
1− φ2m

B(p,NtA−p+ 1)

×

(
1−

0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)p−1(0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)NtA−p( ψBx

1− k2Bx

)NrB−1
e
−

ψBx

1−k2Bx . (43)
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To solve the second integral in (45), we apply
[46, Eq. 3.361.1 and Eq. 3.361.2], i.e.,

∞∫
1/k2B

e−
bx
2
√
x
dx =

∞∫
0

e−
bx
2
√
x
dx −

1/k2B∫
0

e−
bx
2
√
x
dx

=

√
2π
b

(
1− erf

(√
b

2k2B

))
. (47)

Substituting (46) and (47) into (45), we obtain the SEPB as
given in (26) of Theorem 2. Using the similar method, we can

obtain the SEPA of the considered system. The proof is thus
complete.

APPENDIX C
This appendix provides the detailed derivation of the maxi-
mum ADR of the considered HI-FD-SM-MIMO system.

From (28), we have

C = log2(NtA)+ log2(NtB)

+

∞∫
0

log2(1+ γA)fγA (x)dx +

∞∫
0

log2(1+ γB)fγB (x)dx.

(48)

SEPwiB =
a
√
b

2
√
2π

[ 1/k2B∫
0

e−bx/2
√
x

πx

2M (NtA − wA + 1)0(NrB)γ̄B(1− k2Bx)

NtA∑
p=wA

M∑
m=1

√
1− φ2m

B(p,NtA−p+ 1)

×

(
1−

0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)p−1(0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)NtA−p( ψBx

1− k2Bx

)NrB−1
e
−

ψBx

1−k2Bx dx +

∞∫
1/k2B

e−bx/2
√
x

dx
]
. (44)

SEPwiB =
a
√
b

2
√
2π

[
πψ

NrB−1
B

2M (NtA − wA + 1)0(NrB)γ̄B

NtA∑
p=wA

M∑
m=1

√
1− φ2m

B(p,NtA−p+ 1)

1/k2B∫
0

(
1−

0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)p−1

×

(0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)NtA−p xNrB−
1
2

(1− k2Bx)
NrB

e
−

ψBx

1−k2Bx
−
bx
2
dx +

∞∫
1/k2B

e−
bx
2
√
x
dx
]
. (45)

1/k2B∫
0

(
1−

0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)p−1(0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)NtA−p xNrB−
1
2

(1− k2Bx)
NrB

e
−

ψBx

1−k2Bx
−
bx
2
dx

=
π

2Nk2B

N∑
n=1

√
1− φ2n

(
1−

0(NrB,
ψBu

1−k2Bu
)

0(NrB)

)p−1(0(NrB,
ψBu

1−k2Bu
)

0(NrB)

)NtA−p uNrB−
1
2

(1− k2Bu)
NrB

e
−

ψBu

1−k2Bu
−
bu
2
, (46)

Cwi = 2 log2(NtA)+
2
ln 2

∞∫
0

1− FB(x)
1+ x

dx = 2 log2(NtA)+
2
ln 2

1
k2B∫
0

1− FB(x)
1+ x

dx +
2
ln 2

∞∫
1
k2B

1− FB(x)
1+ x

dx. (50)

1
k2B∫
0

1− FB(x)
1+ x

dx =

1
k2B∫
0

1
1+ x

dx −

1
k2B∫
0

FB(x)
1+ x

dx = ln
1+ k2B
k2B

−

1
k2B∫
0

πx

2M (NtA − wA + 1)0(NrB)γ̄B(1− k2Bx)

×

NtA∑
p=wA

M∑
m=1

√
1− φ2m

B(p,NtA−p+ 1)

(
1−

0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)p−1

×

(0(NrB,
ψBx

1−k2Bx
)

0(NrB)

)NtA−p( ψBx

1− k2Bx

)NrB−1
e
−

ψBx

1−k2Bx
1

1+ x
dx. (52)
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For the convenience in calculating the maximum ADR of
the considered system, we assume that the data rates from A
to B and from B to A are identical. Therefore, (48) can be
rewritten as

C = 2 log2(NtA)+ 2

∞∫
0

log2(1+ γB)fγB (x)dx

= 2 log2(NtA)+
2
ln 2

∞∫
0

1− FB(x)
1+ x

dx, (49)

where FB(x) is the CDF of γB given in (43) for the case
with TAS. Therefore, the maximum ADR of the considered
HI-FD-SM-MIMO system with TAS is presented as (50), as
shown at the bottom of previous page.

Since FB(x) = 1 when x ≥ 1
k2B
, the second integral in (50)

is equal to 0. Therefore, the maximumADR of the considered
HI-FD-SM-MIMO system with TAS now becomes

Cwi = 2 log2(NtA)+
2
ln 2

1
k2B∫
0

1− FB(x)
1+ x

dx. (51)

Substituting FB(x) in (43) into (51), as shown at the bottom
of previous page, the integral in (51) is calculated as (52).

Applying theGaussian-Chebyshev quadraturemethod [48]
to solve the integral in (52), we obtain the maximum ADR
of the considered HI-FD-SM-MIMO system with TAS as in
Theorem 3. The proof is complete.
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