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On the Performance of MIMO Full-Duplex Relaying
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Abstract—In this paper, we propose a full-duplex (FD) relaying
system with multi-input multi-output (MIMO) with simultaneous
wireless information and power transfer (SWIPT), where the com-
munication from source to destination is assisted by a full-duplex
decode-and-forward (DF) relay. The time switching (TS) protocol
is used at the relay to harvest the energy of radio-frequency (RF)
signals transmitted from the source. To improve both system per-
formance and the amount of harvested energy, multiple antennas
are used at source and destination. Transmit antenna selection
(TAS) is employed at the source with an assumption that the
feedback of channel state information (CSI) is outdated. Mean-
while, both selection combining (SC) and maximal ratio combining
(MRC) techniques are applied at the destination. The closed-form
expressions of the outage probability (OP), optimal throughput,
and symbol error probability (SEP) are derived subject to the
outdated CSI over Rayleigh fading channels. We also make a
comparison between the performance of the proposed MIMO-FD
relaying system with SWIPT and that of MIMO half-duplex (HD)
relaying systems with and without SWIPT. The validity of derived
mathematical expressions is verified by Monte-Carlo simulations.
Numerical results show that the TAS/MRC scheme gives better
system performance than the TAS/SC scheme. Moreover, higher
energy harvesting time is needed to maximize the throughput than
to minimize the OP.

Index Terms—Multi-input multi-output, full-duplex, wireless
power transfer, decode-and-forward, outage probability, symbol
error probability, throughput.

I. INTRODUCTION

NOWADAYS, full-duplex (FD) communication, has been
used in many networks such as personal area networks and

local area networks [1]. Furthermore, using relay can increase
the quality-of-service, coverage, and reliability of wireless sys-
tems [2], [3]. Consequently, many studies have focused on an-
alyzing the performance of full-duplex relaying (FDR) systems
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in terms of the outage probability (OP), bit error rate (BER) and
ergodic capacity [4]. It was shown that, although the residual
self-interference (RSI) after interference suppression still exists
and limits the performance of FD relay, FDR systems still have
better capacity than the half-duplex relay (HDR) systems. A hy-
brid scheme that dynamically switches between FDR and HDR
in a EH communication system was discussed in [5]. The authors
concluded that FDR technique outperforms HDR and is an effi-
cient relaying policy for harvest-use cooperative system. In [6],
the authors considered a full-duplex multiple-antenna access
point with half-duplex single antenna and spatially random users
for simultaneous uplink/downlink transmissions. However, a
key challenge in implementing a FDR transceiver is the presence
of loopback interference. To overcome this limitation, in [7],
[8], the authors proposed several SIC methods such as using
directional antennas or employing the time-domain interference
cancellation to isolate the Tx/Rx antennas.

On the other hand, the power supply for terminal devices
in communication networks has attracted much attention from
research institutions and scientists. Besides optimizing power
allocation to reduce the power consumption in the fifth genera-
tion (5G) and sixth generation (6G) networks1 such as in [10],
another promising way to improve the operating duration of
wireless communication devices is to convert external energy
sources such as solar, wind, and RF signals to electric power
to charge their batteries. Unfortunately, natural energy sources
cannot be applied for small size mobile devices and in some
cases cannot be used in healthcare monitoring networks, sensor
networks, etc. On the other hand, compared with other kinds of
sources, RF energy harvesting (EH), also known as simultaneous
wireless information and power transfer (SWIPT), has some
unique advantages such as full controllable and low cost [11],
[12]. Thus, it is often used to prolong lifetime of passive powered
devices [13]. In [14], an overview of recent advances in wireless
power supply was provided, then several promising applications
were presented to show the future trends. Besides, to efficiently
schedule the harvested energy, an energy scheduling scheme
in the EH-powered device-to-device (D2D) relay network was
proposed as a case study. Another important consideration was
the synchronization of switching time and decoding information
in each time slot. It is useful for later research on designing
antenna switching structure [15].

Currently, SWIPT has been used not only in the single-input
single-output (SISO) systems but also in MIMO systems,

16G network will start entering market by 2026 [9].
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because the multi-antennas are capable of converging energy by
using beamforming techniques and they also provide spatial
multiplexing gains. The MIMO system with SWIPT was
investigated for the first time in [16]. Using the optimization
problem, the authors found the maximum data rate and the max-
imum amount of harvested energy. In [17], the SWIPT MIMO
technique was utilized in the multicell cooperative transmission
environment, where multiple antennas at the users were sepa-
rated into two sets, one for for harvested energy and another for
information decoding. However, this scheme is less applicable
because the cost and complexity of the system remarkably
increases with the number of antennas. The joint transceiver
design algorithms for full duplex multi-pair MIMO with SWIPT
were proposed in [18]. Specifically, the authors considered two
optimization problems, i.e., the sum power minimization
problem and the sum-rate maximization problem, to mitigate
and exploit the complex interference. Unfortunately, they only
applied SWIPT on one side of this two-way FD communication
system. In [19], the authors demonstrated the performance gain
by the optimal scheduling of EH for MIMO wireless powered
communication networks comprising of a multi-antenna hybrid
beamforming base station and multi-antenna users. It was shown
that the number of required RF chains in hybrid beamforming
decreases when using EH scheduling, and the performance
gain in the EH time increases as network size increases and the
number of RF chains decreases. However, the authors in [16]–
[19] only considered the point-to-point MIMO system and did
not compare the performance with other works. The negative
impact of signal fading correlation in MIMO relaying system
with perfect channel state information (CSI) on the performance
of energy beamforming was studied in [20]. The authors of [21]
analyzed the performance of MIMO-SWIPT relay network with
imperfect CSI, especially they were able to derive the exact and
approximate formula for the symbol error probability (SEP) of
the EH networks. Unfortunately, the studies in [20] and [21]
only analyzed MIMO half-duplex relaying (HDR) systems. In
fact, HDR may not utilize the spectrum efficiently because two
time slots are needed in one communication cycle. To overcome
the limitation of MIMO-HDR systems, the optimal throughput
of MIMO full-duplex system was proposed in [22]. However,
the energy consumption at the relay is increased with its number
of antennas.

Regarding to the research on transmit antenna selection
(TAS)/maximal ratio combining (MRC) and TAS/selection
combining (SC) schemes in the FD relay systems with multiple
antennas at source destination, [23] and [24] evaluated the sys-
tem performance with various values of the number of antennas
at source and destination, including the special case of single
antenna. Specifically, the authors of [23] investigated the secrecy
outage performance of a dual-hop half-duplex (HD) MIMO re-
lay system using the TAS/MRC scheme under the impact of out-
dated CSI and antenna configurations. They presented numerical
results for different numbers of antennas at the source, relay,
destination, and eavesdropper. It was shown that increasing the
number of antennas at the source, relay and destination gives
a growing positive effect on the secrecy outage performance
while increasing the number of antennas at the eavesdropper

causes a negative impact. In [24], the outage performance of TAS
and MRC in dual-hop full-duplex (FD) amplify-and-forward
(AF) relay system over Rayleigh fading channels was studied.
The authors plotted the system outage probability (OP) for
different antenna configurations and claimed that as the number
of antennas at the source increases, the floor level of the system
OP decreases. Furthermore, for the same number of transmitting
antennas, increasing the number of antennas at the destination
does not decrease the floor level of the system OP, but increases
diversity gain at the low SNR regime.

It is worth noticing that the performance of MIMO systems
not only depends on the propagation environment but also on
the gain of array configurations. Unfortunately, the complex
time-varying wireless communication environment results in
serve fluctuations in the amplitude and phase of the received
signal, which then degrade the system performance significantly.
When the error in estimating amplitude of channel happens,
automatic gain control (AGC) can be used to properly scale the
received signal. However, even in the absence of noise, when
the phase component is estimated incorrectly, it will be very
difficult to compensate the phase error of the received signals.
More importantly, all previous works did not investigate the
impact of outdated CSI on the system performance although
the outdated CSI often happens in MIMO systems. In contrast,
we study the effect of outdated CSI at the transmitter on the
performance of a MIMO-FDR system with SWIPT at the relay.

The main contributions of our paper can be summarized as
follows:
� We propose a MIMO-FDR system with SWIPT where

multiple antennas are used at source and destination. This
antenna configuration has more advantages than using
multiple antennas at the relays [22] because it helps to share
the operation complexity of relay to source and destination
and provides better system performance in the high SNR
region.

� We derive the closed-form expressions of the outage
probability and the symbol error probability of the pro-
posed MIMO-FDR system with SWIPT of TAS/SC and
TAS/MRC schemes under the assumption of outdated CSI.
The optimal time switching ratio α that maximizes the
throughput can be obtained by a closed-form expression
while the optimal α that minimizes the outage probability
is determined through numerical results.

� The accurateness of all analysis results is validated by
Monte-Carlo simulations. Numerical results show that
TAS/MRC scheme provides better outage performance and
throughput than TAS/SC scheme. Moreover, the value of
time switching ratio that maximizes the throughput is larger
than the value of time switching ratio that minimizes the
outage probability.

The rest of this paper is organized as follows. Section II
describes the MIMO-FDR system with SWIPT. Derivations
of the outage probability and symbol error probability of the
proposed protocol are presented in Section III. The optimization
of system throughput is given in Section IV. Section V shows the
numerical results obtained from both analyses and simulations.
Finally, Section VI concludes the paper.
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TABLE I
THE MATHEMATICAL NOTATIONS USED IN THIS PAPER

Fig. 1. Proposed MIMO-FDR system with SWIPT.

For the sake of clarity, frequently used mathematical notations
together with their descriptions are summarized in Table I.

II. SYSTEM MODEL

Fig. 1 illustrates a dual-hop communication FDR system
of our consideration focusing, where source (S) and destina-
tion (D) have N and M antennas, respectively. In addition,
we assume that the relay (R) process (reception/transmission)
signals at two antennas independently.2 The advantage of this
proposed antenna configuration is to reduce the complexity
and power consumption at R. Specifically, if multiple transmit-
ting/receiving antennas are used at R, multiple RF chains are
required for each antenna to perform the MRC/MRT scheme,
leading to higher hardware complexity and power consumption.
Meanwhile, from [7, Eqs. (9) and (16)], using a single transmit-
ting/receiving antenna at the relay helps to reduce the residual
interference power during full-duplex transmission significantly.

It is also assumed that the power supply from batteries is
limited so that R has to rely on the harvested energy of signals
transmitted from S [27]. Then, the energy harvested during the
energy harvesting phase is stored in a super-capacitor,3 and all
harvested energy during EH phase is consumed by R during
signal transmitting duration. In this system, the sizes of S, R,
and D must be large enough to avoid mutual coupling between

2It is noted that a FD communication system equipped with a circulator can
transmit and receive signals simultaneously with a single antenna [26].

3It is also called as harvest-use architecture [5], [28] which is different from
harvest-store-use architecture.

antenna elements [29]. Specifically, a distance of greater or equal
to half of wavelength between antenna elements is required.4

Generally, direct S−D link not available when D is very far
from S. However, as assumed in this paper, the direct S−D link
may not exist even when the communication distance between
S and D is short because the physical obstacles in dense urban
environment such as buildings and mountains may block this
direct S−D link.

In the proposed MIMO-FDR system with SWIPT, transmit
antenna selection (TAS) scheme is utilized because it requires
only a single RF chain, resulting in a considerable reduction in
the size, cost, and complexity of transmitting antenna. Although
the maximal ratio transmission (MRT) scheme has better perfor-
mance, it requires multiple RF chains, making the complexity
of the system are higher than the TAS scheme. The operation of
this TAS scheme can be summarized as follows. First, S sends
the pilot sequence one-by-one to R for the channel estimation.
After that, R selects a transmit antenna associated with the ith
best instantaneous SNR, and gives feedback on the index of
the selected antenna to S. This feedback information can be
presented by a binary vector with the number of bits b = log2 N .

Moreover, the distance between S and R cannot be very large
due to the degradation of signal quality and the energy low
conversion efficiency of SWIPT.5 Modeling wireless channels
by Rician or Nakagami-m distributions may be more suitable,
however, it results in an extremely high complexity when an-
alyzing the performance of the proposed MIMO-FDR system
with SWIPT. Alternatively, we analyze the system performance
over quasi-static flat Rayleigh fading channels, which is the
worst case. Therefore, if the proposed MIMO-FDR system with
SWIPT fulfills all performance requirements over quasi-static
flat Rayleigh-fading channel, it also works well over other kinds
of wireless channels. For simplicity, we assume that all channel
coefficients in a transmission block period T are constant but
independent and identically distributed (i.i.d.) compared with
those in other transmission block periods.

Let us denote h1,i ∼ CN(0, λ1) and h2,j ∼ CN(0, λ2) as
the channel element vectors from S to the receiving antenna
of R and from the transmitting antenna of R to D, respec-
tively. For a slowly varying channel and the average fading
power is supposed to remain constant over the time delay,
i.e., E{|h̃1,i|2} = E{|h1,i|2}, where h̃1,i denotes the channel
coefficient version of h1,i in time-delayed. The average channel
gains are λ1 = E{|ĥ1,i|2}, λ2 = E{|hRD|2}. On the other hand,
f ∼ CN(0, λ3) is the channel coefficient of the transmitting
antenna to the receiving antenna of R (a.k.a loopback chan-
nel) with λ3 = E{|f |2} represents the strength of loopback
channel. Since f is modeled by Rayleigh distribution.6 |f |2 is

4This is the main limitation of designing practical MIMO systems.
5As mentioned in [30], SWIPT is applicable to (unmanned aerial vehicle)

UAV-assisted communication systems where the UAV acts as a relay. It is
because the altitude of the UAV is relatively short (ranging from 122 m to
300 m) and the line-of-sight (LoS) propagation mainly appears in UAV-ground
channel.

6The loopback interference channel modeled by Rayleigh flat fading is a well-
known model [7]. Notably, according to [6], the strong line-of-sight component
of the loopback channel is removed during the interference canceling process
at R. As a result, the loopback channel can be modeled as a Rayleigh fading
channel.
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exponentially distributed with mean λ3. It is well-known that
when channel coefficient follow Rayleigh distribution, channel
gain will have exponential distribution. We should remind that
|hSR|2 = maxi=1,...,N |h̃1,i|2 for TAS scheme. Denote hRD =
[h1

2, . . . , h
M
2 ]∗ as the 1 ×M channel vector from R to D, where

(·)∗ refers to the transpose. Since selection combining (SC)
scheme is applied at D, we have |hRD|2 = maxj=1,...,M |h2,j |2.
Additionally, when maximal ratio combining (MRC) scheme is
applied, the weigh vector wR = hRD

†
||hRD||F is used to combine all

antenna branches of D, where † denotes the conjugate transpose
operator and |hRD|2 =

∑M
j=1 |h2,j |2.

A. The Impact of Outdated CSI on TAS Scheme

Due to the time-varying characteristics of S – R channel,
its coherent time may be altered when the feedback delay is
larger than the transmission block period T . Consequently, the
feedback information of ith optimal antenna which is used to
select antenna is outdated at S.7 In [31], the authors considered
that the second hop has weighting errors when combining the
multiple received signals for MIMO with SWIPT system in
HDR mode. However, the description of channel estimation
errors in [31, Eq. (17)] may not suitable. In contrast, since R
in our proposed MIMO-FDR system has only single antenna to
transmit signals to multiple antennas ofD, it does not require the
feedback CSI from D. Thus, we only consider the outdated CSI
sent from R to S to select the transmit antenna index. However,
the outdated CSI may happen at D because it employs multiple
antennas.

We denote ρ1,i as the correlation coefficients between the
past channel, h1,i, and the current channel, h̃1,i. For simplicity,
we assume that the correlation coefficients ρ1,i between h̃1,i

and h1,i of all antennas at the S have the same values, i.e.,
ρ1,i = ρ,with i = 1, 2, . . . , N as the relative distance from the
transmitting antennas of S to R can be considered to be equal.
This assumption was also used in several previous works such
as [32], [33].

Using Markov chain, the relationship of h̃1,i and h1,i can be
modeled by the correlation coefficient ρ as [34]

h̃1,i = ρh1,i +
√

1 − ρ2e1,i, (1)

where 0 ≤ ρ ≤ 1; e1,i is an error term due to temporal changes
in the channel and is modeled by a circular symmetric complex
Gaussian random variable. We can see that, the coefficient ρ
depends only on the time delay and can be considered as the
measurement of channel fluctuation rate. Moreover, as presented
in [35], all random variables h̃1,i, h1,i, e1,i are modeled by
CN(μ, σ2). To reduce the complexity of mathematical equa-
tions, we denote X = |h̃1,i|2 in the following analyses.

Remark 1: According to [36], [37], the PDF of the SNR of
S− R link with TAS scheme in the case of outdated CSI is given
by

fX(x) =

N∑
i=1

(
N

i

)
(−1)i−1i

λ1Δ(ρ)
exp

(
− ix

λ1Δ(ρ)

)
, (2)

7In some cases, the phase and magnitude of the channel may be used normally
even when the outdated feedback CSI happens. However, we do not consider
this scenario in our paper.

Fig. 2. Time switching based relaying protocol.

where Δ(ρ) = 1 + (i− 1)(1 − ρ2).
Proof: Please refer to [36] and [37]. �
From (2), we have the CDF of X as

FX(x) =

N∑
i=1

(
N

i

)
(−1)i−1

[
1 − exp

(
− ix

λ1Δ(ρ)

)]
. (3)

Based on the property of CDF, i.e., FX(∞) = 1, then when
x → ∞ in (3),

∑N
i=1

(
N
i

)
(−1)i−1 = 1. Then, we can rewrite (3)

as

FX(x) = 1 −
N∑
i=1

(
N

i

)
(−1)i−1 exp

(
− ix

λ1Δ(ρ)

)
. (4)

The PDF in (2) and CDF in (4) are the probability functions
which model the statistics of the instantaneous SINR at R with
outdated CSI. From these equations, we can see that when the
outdated CSI happens, the variance of fading channel amplitude
increases, making the system performance decrease.

We should note that D linearly combines the received signals
from its M receiving antennas. These signals are transmitted
by an antenna of R. This technique is also called as receive
beamforming. Moreover, R does not request feedback CSI from
D. For simplicity, we assume that the CSI of R−D link is
perfect.

B. TSR Protocol

For current technologies, the operating sensitivity of the infor-
mation receiver is different from that of the energy receiver (i.e.,
−10 dBm for energy harvesters versus−60 dBm for information
receivers). To overcome this limitation, the authors of [27] pro-
posed two practical receiver architectures, i.e., power splitting
relaying (PSR) and time switching relaying (TSR), which allow
the receiver to decode information and harvest energy. In [38],
the authors showed that a multi-user FD system using the TS
scheme has a higher throughput than that system using the PS
scheme. Thus, we only consider the TSR scheme at R in this
paper.

The communicating process from source to destination in
a RF energy harvesting full duplex communication system is
described as follows. Let T denote the time block of an entire
communication period in which the information is transmitted
from S to D. For every T period, the first amount of time
αT is used for energy harvesting at R while the remaining
amount of time (1 − α)T is used for information transmission
and reception, where α, 0 ≤ α < 1, denotes the percentage of
the block time T for energy harvesting as illustrated in Fig. 2.
It should be noted that the case α = 1 is not considered in this
paper because when the energy harvesting time duration takes
the whole communication period T , the relay does not process
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any signals. Thus, the basic role in signal forwarding of the relay
is eliminated [15].

As presented in [22], [39], the amount of harvested energy
during αT with linear EH model and using the TAS technique
is calculated as

Eh = PSηαT max
i=1,...,N

|h̃1,i|2, (5)

where 0 < η ≤ 1 is the energy conversion efficiency which
depends on the quality of energy conversion circuitry [15].

From (5), the transmission power of R is expressed as8

PR =
Eh

1 − α
= φPS max

i=1,...,N
|h̃1,i|2, (6)

where φ = αη/(1 − α).
We can see that the transmission power of R depends on the

amount of energy harvested during EH phase. On the other
hand, the amount of harvested energy is determined by the
wavelength, the power of RF signals, as well as the distance
between harvesting node and RF energy source.

III. PERFORMANCE ANALYSIS

In this section, we will derive the mathematical expressions of
the outage probabilities (OPs) for both TAS/SC and TAS/MRC
schemes. Then, based on these OP expressions, we derive the
closed-form expressions of SEPs. The purpose of analyzing
the OP and SEP of the proposed MIMO-FDR system with
SWIPT using both TAS/SC and TAS/MRC schemes is to clearly
show the differences in the system performance corresponding
to these two schemes so that network designers can rely on these
results to make useful decisions. A similar comparison was also
presented in [40]”.

After the first time slot for energy harvesting, the signal
processing is performed in the second time slot. We assume
that the delay caused by the signal processing at R is equal
to one period to guarantee that current transmitted symbol is
uncorrelated with the received symbol [6], [7]. In other word,
the signal transmitted at R is the received signal from S in the
previous period. Therefore, the received signal atR are presented
as

yR(k) = hSR

√
PSx(k) + f

√
PR x̃(k − τ) + nR(k), (7)

where PS and PR denote for transmission power of S and R,
respectively; x(k) and x̃(k − τ) are the signals at S and R,
respectively; τ , τ > 0, is an integer processing delay (in the
number of time slots) due to the signal processing at the FD
relay; nR(k) is the additive white Gaussian noise (AWGN) at R

8In practice, the output power of EH circuit may be proportional to the
harvested input power up to a certain power threshold Pth. As the input power
exceeds Pth, the output power remains unchanged. This nonlinear EH model
reflects the join effect of of the light sensitivity limit and the current leakage of
EH circuit. Due to this nonlinear characteristic, the transmission power of R in
the case of nonlinear EH model can be obtained by extending (6), i.e.,

PR =

{ 2αη
1−αPS max

i=1,...,NS

|h̃1,i|2, PS max
n=1,...,N

|h̃1,i|2 ≤ Pth

2αη
1−αPth, PS max

i=1,...,NS

|h̃1,i|2 > Pth.

which follows normal distribution with zero-mean and variance
of σ2

R, i.e., nR(k) ∼ CN (0, σ2
R).

It is worth noticing that, in the case that the channel from the
transmitting antenna to the receiving antenna of R has perfect
CSI and the hardware of R is ideal, there is no RSI after SIC.
Thus, the term f

√
PRx̃(k − τ) does not appear in (7). In other

words, by giving f
√
PRx̃(k − τ) in (7), we imply that f is

imperfect. Furthermore, as presented in [41], nR(k) is much
smaller than

√
PRfx̃(k − τ), i.e., the thermal noise at relay is

much smaller than SI, thus we can ignore this thermal noise.
On the other hand, R knows the transmitted signal x̃(k − τ)
and combines it with the estimated SI channel f to subtract
the SI from the received signals by using analog and digital
methods [7].9

After R decodes successfully the signals and forwards to D,
the received signal at D is

yD(k) =
√
PRhRDx̃(k) + nD(k), (8)

where nD is the AWGN matrix with i.i.d. elements at D follow
the normal distribution with zero-mean and variance σ2

D, which
is mathematically modeled as nD ∼ CN (0, σ2

DIM ) with IM ∈
C

M×1 is the identity matrix. From the received signal (7) and
(8), we can present the SINRs of S–R and R–D links as

γSR =
PS|hSR|2

PR|f |2 + σ2
R

. (9)

γRD =
PR||hRD||2

σ2
D

. (10)

According to DF protocol, the end-to-end SINR is given by

γe2e = min(γSR, γRD). (11)

The OP is defined as the probability that the instantaneous
error probability exceeds a specified value. In other words, it
is the probability that the output SNR falls below a certain
threshold. Therefore, the OP can be computed as

OP = Pr [(1 − α) log2 (1 + γe2e) ≤ R]

= Pr (min(γSR, γRD) ≤ γth) , (12)

where γth = 2
R

1−α − 1 is a predefined outage threshold served
as the protected values of SNR to ensure the quality of service
of the system, R is a predefined end-to-end spectral efficiency,
i.e., the total bits per channel usage.

A. TAS/SC Scheme

In this subsection, we investigate the OP and SEP of the
proposed MIMO-FDR system with SWIPT using TAS/SC
scheme.10

9SIC methods includes natural isolation, time-domain cancellation, and spa-
tial suppression. Especially, SIC methods in FD techniques, including passive
suppression, active analog cancellation, and active digital cancellation, can
suppress the self-interference up to 110 dB [26].

10When TAS is used with SC, the scheme is commonly denoted as TAS/SC,
so on TAS/MRC.
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From (6), (9), and (10), the SINRs of the best S–R link and
R–D link are given in (13) and (14), respectively.

γSR =

PS max
i=1,...,N

|h̃1,i|2

φPS max
i=1,...,N

|h̃1,i|2|f |2 + σ2
R

, (13)

γRD =
φPS

σ2
D

max
i=1,...,N

|h̃1,i|2 max
j=1,...,M

|h2,j |2. (14)

Dividing both numerator and denominator of (13) by σ2
R, we

have

γSR =

PS

σ2
R

max
i=1,...,N

|h̃1,i|2

φ PS

σ2
R

max
i=1,...,N

|h̃1,i|2|f |2 + 1
. (15)

Generally, the transmission power of S is much higher than
thermal noise. Thus, φ PS

σ2
R
maxi=1,...,N |h̃1,i|2|f |2 >> 1. Then,

γSR can be approximated as11

γSR ≈ 1
φ|f |2 . (16)

Proposition 1: The OP of the proposed MIMO-FDR system
with SWIPT using TAS/SC scheme in the condition of outdated
CSI is given by

OPSC = 1 −
N∑
i=1

(−1)i+j−2
M∑
j=1

(
M

j

)(
N

i

)[
1 − e

− 1
φλ3γth

]

×
√

4ijγthσ
2
D

φPSλ1Δ(ρ)λ2
K1

(√
4ijγthσ

2
D

φPSλ1Δ(ρ)λ2

)
, (17)

where Δ(ρ) = 1 + (i− 1)(1 − ρ2) indicates the severity of the
time delay of CSI are feedback from R to S, Kn(·) is the nth
order Bessel function of the second kind [25].

Proof: When using SC technique, the SNR obtained at desti-
nation is the highest SNR among antenna branches for decoding.
Let Y = maxj=1,...,M |h2,j |2 be the product of independent
random variables. Using [42, Eq. (7–14)], the PDF of Y can
be given by

fY (y) =
M∑
j=1

(−1)j−1

(
M

j

)
j

λ2
exp

(
−jy

λ2

)
. (18)

From (15) and (14), the end-to-end SINR, γe2e, can be rewritten
as

γe2e = min

(
1

φ|f |2 ,
φPSXY

σ2
D

)
. (19)

Let Z = XY , we can rewrite the joint CDF of X and Y as
the CDF of Z as

FZ(z) = Pr(XY < z) =

∫ ∞

0
FX

(
z

y

)
fY (y)dy. (20)

11For the sake of simplicity, the thermal noise at R is omitted in mathematical
analyses. However, it is still taken into consideration in simulations.

When the channel coefficients follow Rayleigh distributions,
the channel gains follow exponential distributions. Substituting
(3) and (18) into (20), we obtain

FZ(z) = 1 −Ψ(Σ, N,M)
j

λ2

∫ ∞

0
exp

(
− iz

yλ1Δ(ρ)
− jy

λ2

)
dy.

(21)

To get the closed-form of (21), we use [25, Eq. (3.324.1)],
then, we have the CDF of Z as

FZ(z) = 1 −Ψ(Σ, N,M)

√
4ijz

λ1Δ(ρ)λ2
K1

(√
4ijz

λ1Δ(ρ)λ2

)
,

(22)

where

Ψ(Σ, N,M) =

N∑
i=1

M∑
j=1

(−1)i+j−2

(
N

i

)(
M

j

)
.

From theOP derived in (12) and letW = |f |2, we can rewrite
the expression of OP as

OP = Pr

[
min

(
1

φW
,
φPSZ
σ2
D

)
< γth

]

= 1 − Pr

[
1

φW
> γth,

φPSZ
σ2
D

> γth

]
, (23)

where γth = 2R/(1−α) − 1 denotes the SNR threshold at D at
which the information from S can be decoded successfully at
the target rate R.

We see that W and Z in (23) are independent random vari-
ables. Thus, we can rewrite (23) becoming as

OP = 1 − Pr

(
W <

1
γthφ

)
Pr

(
Z >

γthσ
2
D

φPS

)

= 1 −
[

1 − exp

(
− 1
γthφλ3

)][
1 − FZ

(
γthσ

2
D

φPS

)]
.

(24)

Finally, plugging (22) into (24), we have the OP expression
as in (17). The proof of Proposition 1 is completed. �

Another performance criterion which is undoubtedly the most
difficult one to analyze is the average SEP. Hence, this criterion
has not been investigated in the previous works on SWIPT
systems. We will derive the expressions of SEP for TAS/SC
scheme in the following Theorem 1.

Theorem 1: The SEP of the proposed MIMO-FDR system
with SWIPT using TAS/SC scheme in the condition of outdated
CSI is given by

SEPTAS/SC =
a

2
− [I1 − I2] , (25)

I1 is given in (26), shown at the bottom of the next page, and

I2 =

N∑
i=1

M∑
j=1

(−1)i+j−2

(
N

i

)(
M

j

)
a

√
b

π

×
(

1
φλ3b

) 1
4

K 1
2

(
2

√
b

φλ3

)
, (27)

Authorized licensed use limited to: East Carolina University. Downloaded on June 22,2021 at 12:23:53 UTC from IEEE Xplore.  Restrictions apply. 



15586 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 12, DECEMBER 2020

where a and b are the constants whole values depend on mod-
ulation types, e.g., (a = 1, b = 1) for binary phase-shift keying
(BPSK) modulation and (a = 2, b = sin2( π

M )) for M-PSK
modulation. In this paper, we only consider BPSK modulation.

Proof: When detecting M-PSK signals, SEP is described
as [43], i.e., SEP = aQ(

√
2bγe2e).

After having the CDF of SNR, the average SEP can be
calculated as

SEP = a

∫ ∞

0
Q
(√

2bγe2e

)
fγe2e (γ) dγ, (28)

where Q(x) = (1/
√

2π)
∫∞
x e−t2/2dt is the Gaussian Q-

function. Then, the average SEP of the system is

SEP =
a
√
b

2
√
π

∫ ∞

0

e−bγ

√
γ
Fγe2e (γ) dγ. (29)

We should remind that the OP is the CDF of the instan-
taneously SNR, i.e., OP =

∫ γth

0 fX(x)dx = FX(x) [44, Eq.
(1.4)]. From the expression of OP presented in (17), after some
manipulations, we obtain SEPTAS/SC as in (25). Please refer to
Appendix A for detailed derivations. �

Remark 2: It is noted that, when the TAS/SC scheme is
used, the impacts of the numbers of antennas at S and D on
the system performance are similar. Furthermore, the OP and
SEP are greatly influenced by the arguments of the first-order
modified Bessel function of the second kind.

B. TAS/MRC Scheme

Proposition 2: The OP of the proposed MIMO-FDR system
with SWIPT using TAS/MRC scheme under outdated CSI is
given by

OPMRC = 1−
N∑
i=1

(−1)i−1

(
N

i

)[
1 − e

− 1
φλ3γth

]

× 2
Γ(M)λM

2

(
iγthσ

2
Dλ2

φPSλ1Δ(ρ)

)M
2

×KM

(
2

√
iγthσ

2
D

λ1Δ(ρ)λ2φPS

)
, (30)

where Γ(M) is the Gamma function.

Proof: When MRC technique is used at D, the γRD is

γRD =
φPS

σ2
D

max
i=1,...,N

|h̃1,i|2
M∑
j=1

|h2,j |2. (31)

We let Y =
∑M

j=1 |h2,j |2. Thus, the CDF and PDF of Y are
respectively given by [45]

FY (y) = 1 − e
− y

λ2

M−1∑
j=0

1
j!

(
y

λ2

)j

. (32)

fY (y) =
yM−1e

− y
λ2

Γ(M)λM
2

. (33)

Note that the PDF of X given in (2). Similar to (20), the CDF
of Z is calculated as

FZ(z) = 1 −Aχ (Σ, N,M)

∫ ∞

0
yM−1 exp

(
− iz

yλ1Δ(ρ)
− y

λ2

)
dy,

(34)

where Aχ(Σ, N,M) =
∑N

i=1 (−1)i−1(N
i

)
1

Γ(M)λM
2

. Using [25,
Eq. (3.471.9)], then (34) can be rewritten as

FZ(z)

= 1 − 2Aχ (Σ, N,M)

(
izλ2

λ1Δ(ρ)

)M
2

KM

(
2

√
iz

λ1Δ(ρ)λ2

)
.

(35)

Finally, from the expression of OP in (23), we substitute (35)
into (24) to obtain the expression of OP as in (30). �

Based on the OPMRC in (30), we can derive the SEP of
TAS/MRC scheme in the following Theorem 2.

Theorem 2: The SEP of the proposed MIMO-FDR system
with SWIPT using TAS/MRC scheme under outdated CSI is
given by

SEPTAS/MRC =
a

2
− [I3 − I4] , (36)

where I3 is given in (37), shown at the bottom of this page, and

I4 =
N∑
i=1

(−1)i−1

(
N

i

)
a

√
b

π

(
1
2

)M
2
(

1
φλ3b

) 1
4

K 1
2

(
2

√
b

φλ3

)
,

(38)

with W�,μ(z) is the Whittaker function [25].

I1 =
N∑
i=1

M∑
j=1

(
N

i

)(
M

j

)
exp

(
ijσ2

D

2φPSλ1Δ(ρ)λ2

)
aijσ2

D(−1)i+j−2

2φPSλ1Δ(ρ)λ2

[
K1

(
ijσ2

D

2φPSλ1Δ(ρ)λ2

)
−K0

(
ijσ2

D

2φPSλ1Δ(ρ)λ2

)]
(26)

I3 =
N∑
i=1

(−1)i−1

(
N

i

)
a
√
b√
π

1
Γ(M)λM

2

(
iσ2

Dλ2

φPSλ1Δ(ρ)

)M
2 Γ(M + 1

2 )Γ(
1
2 )√

iσ2
D

φPSλ1Δ(ρ)λ2

× exp

(
iσ2

D

2bφPSλ1Δ(ρ)λ2

)
b−

M
2 W−M

2 ,M2

(
iσ2

D

bφPSλ1Δ(ρ)λ2

)
(37)
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Proof: We begin with theOPMRC given in (30) and reuse (29)
to proof Theorem 2 similarly as in Theorem 1. Please refer to
Appendix B. �

Remark 3: It is noted that, when the TAS/MRC scheme is
used, the number of antennas at D (i.e., M ) has a dominating
effect on the system performance. Specifically,M is the variable
of Gamma function and the M order of Bessel function in
(30), and the M/2 order of Whittaker function in (37). This
is the main difference between the TAS/SC and TAS/MRC
schemes.

IV. OPTIMIZATION OF SYSTEM THROUGHPUT

The throughput, is defined as the ratio of the average number
of packets successfully transmitted in any given time interval
to the number of attempted transmissions in that interval. It
is generally calculated from the OP of the system at a fixed
transmission rate of R bits/sec/Hz [46]. Let R be a fixed
transmission rate satisfying R = log2(1 + γth), where γth is the
SNR threshold for correct data detection. From [27, Eq. (14)]
and the operation of TS protocol, we can derive the throughput
expression of FDR system as

RID(α) = R(1 − α)(1 −OP). (39)

The aim of this section is to find the TS ratioα that maximizes
the throughput. Unfortunately, from (39), it is very difficult to
obtain the closed-form expression of optimal throughput with
respect to α. Another way to calculate the system throughput is
to use the instantaneous capacity with acceptable delay, which
is the upper bound of the data rate that system can achieve
with arbitrary coding length. From (11), we can rewrite the
instantaneous capacity of the proposed MIMO-FDR system with
SWIPT as

RID(α) = (1 − α)

× log2

(
1 +min

{
ηα|f |2
1 − α

,
ηαPS|hSR|2||hRD||2

(1 − α)σ2
D

})
.

(40)

We can see that (40) shows the trade-off between the time
switching ratio α and the throughput. Specifically, if α is high,
the harvested energy will be increased. Then, the SNR of the
second hop is improved. However, the drawback is the time du-
ration for information transmission of the first hop is shortened.
Hence, it is necessary to optimize the value of α to balance the
throughput and the amount of harvested energy.

The optimal value of α can be obtained by solving the opti-
mization problem

αopt = argmax
α

RID(α),

subject to 0 ≤ α ≤ 1 (41)

whose solution is presented in the following Theorem 3.
Theorem 3: The optimal value of α, αopt, which maximizes

the upper bound throughput of the proposed MIMO-FDR system

with SWIPT is given by

αopt =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

e
W( c0−1

e )+1−1

c0−1+e
W( c0−1

e )+1
, (42a)

if eW( c0−1
e )+1 <

c1(
√
c0c1−1)

2
√
c0c1+1 ;

√
c0c1−1

1−c0c1
, otherwise,

(42b)

where W (x) is the Lambert W function [47], x is the solution to
the equationW (x) exp(W (x)) = x, b0 = |hSR|2||hRD||2, c0 =
ηPS|f |2

σ2
D

, and c1 = ηb0.
This αopt can be used to minimize the OP and SEP, and

maximize the throughput.
Proof: We consider two following cases of (40).
The first case is when 0 < α <

√
c0c1−1

1−c0c1
, we have

RID(α) =
(1 − α)

ln 2
ln

(
1 +

ηαPS|f |2
(1 − α)σ2

D

)
. (43)

Taking the partial derivation of (43) with respect to α, and
letting this derivation be equal to zero, we have

c0 +
c0α

1 − α
=

(
1 +

c0α

1 − α

)
ln

(
1 +

c0α

1 − α

)
, (44)

After some manipulations, we obtain

c0 − 1
e

= ln
(u
e

)
eln(

u
e ), u =

c0α

1 − α
+ 1. (45)

Using [47, Eq. (1.5)] and after some manipulations, we have the
optimal value α∗ as in (42a).

We now investigate the case that α ranges over
√
c0c1−1

1−c0c1
≤

α < 1. Then, we can rewrite (43) as

RID(α) =
(1 − α)

ln 2
ln

(
1 +

1 − α

ηαb0

)
. (46)

Taking the partial derivation of RID(α) in (46) with respect
to α, we have

∂RID(α)

∂α
=

− (1−α)2

η|f |2α2 − 1−α
η|f |2α

1−α
ηb0α

+ 1
− ln

(
1 +

1 − α

ηb0α

)
. (47)

We can easily see that (47) is always less than zero, thus,
RID(α) is a decreasing function. Obviously, α =

√
c0c1−1

1−c0c1
is the

value at which the system throughput is maximal. �

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we study the effects of the number of antennas
at S and D on the OP, SEP, and throughput of the proposed
MIMO-FDR system with SWIPT using TAS/SC and TAS/MRC
schemes. When not explicitly mentioned, the parameter settings
are as follows. The data rate threshold Rth = 1 bit/s/Hz. The
energy conversion efficiency η = 0.85. The time switching ratio
α = 0.3. In this system, we only consider small-scale Rayleigh
fading and assume that the terminals are stationary. Thus, the
path losses from the source to relay and from relay to destination
are characterized as average gains λ1,i = E{|ĥ1,i|2} = 1 and
λ2,j = E{|hRD|2} = 1, (i = 1, . . . , N ; j = 1, . . . ,M ), respec-
tively. The distances are normalized, i.e., dSR = dRD = 1, and
the average SNR is defined as the ratio of the transmission
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Fig. 3. Outage probability of TAS/SC scheme versus the average SNR for
different correlation coefficients ρ. N = M = 2.

power to the variance of AWGN, i.e., SNR = PS/σ
2. With-

out loss of generality, we let σ2
R = σ2

D = σ2 = 1. According
to the standards of LTE and IEEE 802.11a/g [48], [49], the
average channel gain of the SI channel is λ3 = 0.05. In some
evaluating scenarios, we set the number of antennas at source
and destination [N,M ] = [1, 1] to compare the performance of
our proposed MIMO-FDR system with that of the conventional
single-antenna FDR system.

Fig. 3 plots the OPs of TAS/SC and TAS/MRC schemes
versus the average SNR in dB for different channel correlation
coefficients ρ and [N,M ] = [2, 2]. As shown in Fig. 3, increas-
ing ρ lowers the OP because of the decreased delay of feedback
information from R to S. However, the improvement is only
significant as ρ approaches 1, which is the case of perfect CSI.
Hence, the channel correlation coefficient has a strong effect on
the outage performance. We can also see that although a part
of signal period T is used for EH, the diversity order remains
approximately being equal to two when the CSI is perfect.
Therefore, if the time switching ratio α is properly chosen, the
achievable quality of the proposed MIMO-FDR system with
SWIPT can be similar to that of conventional MIMO system,
diversity orders are in the range of min(N,M approximately.
We provide the OP of the TAS/SC scheme in the case of
non-linear EH to compare with that in the case of linear EH.
From Fig. 3, the OP of the TAS/SC scheme with linear EH
continuously decreases as the average SNR gets higher while
the OP of the TAS/SC scheme with non-linear EH reaches the
saturated value of 0.04 as the average SNR exceeds 12 dB. Even
with Pth = 20 dB, which is a slightly high threshold, this OP is
still high.

Fig. 4 demonstrates the OPs of TAS/SC and TAS/MRC
schemes versus the average SNR in dB for different [N,M ]
pairs. We consider three [N,M ] pairs, i.e., [N,M ] =
[1, 1], [N,M ] = [2, 2], and [N,M ] = [3, 3]. The channel cor-
relation coefficient ρ is fixed at 0.8. As observed from Fig. 4,
when N and M increase, the outage performance is improved.
Moreover, we can see from Fig. 4 that the slopes of OP curves,
which represents the diversity gain of the system, does not
depend on both N and M . Another important observation in
Fig. 4 is that, when [N M ] = [1 1], the OPs of both TAS/SC
and TAS/MRC schemes are similar. However, for other [N,M ],
the OP of TAS/SC scheme is higher than that of TAS/MRC

Fig. 4. Outage probabilities of TAS/MRC and TAS/SC schemes versus the
average SNR for different [N,M ] pairs.

Fig. 5. Outage probabilities of TAS/MRC and TAS/SC schemes versus the
average SNR for different average channel gain λ3 of self-interference channel.

scheme. This feature can be explained as follows. For TAS/MRC
scheme, since the output is a weighted sum of all branches, the
SNR at the output of signal combiner will be the summation
of the SNR of each branch. Consequently, the average SNR
increases linearly with the number of diversity branches M . In
contrast, for TAS/SC scheme, the SNR at the output of signal
combiner is the SNR of the branch with highest signal quality.
Thus, the average SNR does not linearly increase with M . On
the other hand, the summation of real numbers smaller than one
is always greater than their product.

Fig. 5 illustrates the impact of SIC capability at FDR node
on the OPs of TAS/SC and TAS/MRC schemes for different
average channel gain λ3 of self-interference channel. We eval-
uate the OPs in three cases of λ3, i.e., λ3 = [0.15, 0.1, 0.05].
As can be seen in Fig. 5, the SIC capability greatly determines
the shape of OP curve. Specifically, when the RSI is large, e.g.,
λ3 = 0.15, the OP decreases slowly and goes to the outage floor
quickly. For better SIC, e.g., λ3 = 0.05, the OP decreases faster
and avoids the outage floor. Therefore, it is absolutely necessary
to apply all techniques of SIC12 into FD relay. Besides, we can
see that the outage performance of TAS/MRC scheme is always
better than that of TAS/SC scheme.

Fig. 6 depicts the impact of optimal time switching α on the
OP of TAS/SC scheme for three [N,M ] pairs, i.e., [N,M ] =
[1, 1], [N,M ] = [1, 2], and [N,M ] = [2, 2]. The transmission

12SIC techniques include isolation, propagation domain, digital and analog
cancellation.
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Fig. 6. Effect of α on the outage probability of TAS/SC scheme for different
[N,M ] pairs. PS = 20 dB.

Fig. 7. Outage probability of TAS/SC scheme versus ρ for different average
SNRs. N = 2,M = 2.

power of source is fixed at PS = 20 dB while α continuously
increases from 0 to 1. We can see that the optimal value of α that
minimizes the OP is different for each antenna configuration.13

Moreover, when the number of antennas increases, the optimal
value ofα reduces. Specifically, for [N,M ] = [1, 1], the optimal
value of α is larger than 0.4, but for [N,M ] = [2, 2], the optimal
value ofα is less than 0.4. It is because the array gain is improved
so that the relay node can transmit with lower power with the
same required reliability, resulting in the reduction in α.

Fig. 7 depicts theOP of TAS/SC scheme versus ρ for different
average SNRs in dB. The number of antennas of S is N = 2 and
the number of antennas of D is M = 2. We can see that as
ρ increases (i.e., the CSI from R to the antenna of S is more
exact), the OP reduces. The improved CSI helps to select the
best antenna to assist the source transmission. Fig. 7 also shows
that when ρ < 0.8, the enhancement of outage performance is
not significant as ρ increases. It is only remarkable when ρ is
close to 1.

Fig. 8 presents the SEPs of TAS/MRC and TAS/SC schemes
versus the average SNR in dB for different channel correlation

13The optimization problem for minimizing the OP is expressed as

αopt = argmin
α

OP(α)

subject to 0 < α < 1
. (48)

Using this optimization problem, it is very difficult to obtain the closed-form
expression of αopt. Fortunately, we can numerically find αopt by using Matlab
or Mathematica.

Fig. 8. Symbol error probability of TAS/SC scheme versus the average SNR
in dB for different correlation coefficients ρ.

Fig. 9. Comparison between the throughputs of HDR and FDR systems versus
SNR in dB, α = 0.3.

coefficients ρ. We set [N,M ] = [3, 2] to compare with the
HD-MIMO system without SWIPT in [50]. Firstly, we see that
increasing ρ enhances the SEP performance. Another important
observation is that the difference in the diversity gains of partial
correlation and full correlation is significant in moderate and
high SNR regimes. The results show that both TAS/MRC and
TAS/SC schemes have similar diversity orders, which are ap-
proximation to 2 in the case of perfect CSI (ρ = 1) although
we use a part of signal period for EH. The TAS/SC scheme
is suggested as a good choice in practice because of its low
implementation complexity. However, to reduce the energy har-
vesting time or transmission power while still ensure the system
performance, TAS/MRC scheme should be used. Furthermore,
we can see that, althoughα = 3, the diversity gain of HD-MIMO
system with SWIPT is not very significant compared to that of
HD-MIMO system without SWIPT, i.e., the diversity gain is
around 1.7 dB at SEP = 5 × 10−5.

Fig. 9 shows a comparison between the throughputs of FD-
MIMO and HD-MIMO systems with SWIPT. From Fig. 9, we
see that the throughput of FD-MIMO system is double compared
to that of HD-MIMO system. This result is reasonable because
the FD relay transmits and receives signals simultaneously while
the HD relay receives and transmits signals in two separate time
slots. As SNR increases, the throughputs of both FD-MIMO and
HD-MIMO systems with SWIPT remain unchanged, indicating
that the throughput cannot be improved by simply increasing the
SNR of transmitted signal. Instead, it is determined by the data
rate threshold, Rth = 1 bit/s/Hz.
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Fig. 10. Effect of α on the system throughput of TAS/SC scheme for with
different [N,M ] pairs. PS = 20 dB, ρ = 1.

Fig. 11. Comparison between the throughput of TAS/SC and TAS/MRC
schemes versus α. N = M = 2, PS = 20 dB, ρ = 1.

Fig. 10 plots the throughput of TAS/SC scheme versus the
time switching ratio α for different [N,M ] pairs. We can see in
Fig. 10 that for each [N,M ] pair, there exists an optimal value of
α that maximizes the throughput. Specifically, as α goes from 0
to 1, the system throughput increases from zero to the maximum
value at which the value α is optimal. Then, the throughput
decreases from that maximum value to zero. Moreover, the
throughput is increased with [N,M ]but is inversely proportional
toα but largerα reduces the effectiveness of the forwarding time
as shown in (39).

Fig. 11 shows the throughputs of both TAS/SC and TAS/MRC
schemes with the optimal value of α is obtained in (42a). We
can see that TAS/MRC scheme provides better throughput than
TAS/SC scheme. Besides, the optimal values ofα corresponding
to TAS/SC and TAS/MRC schemes are different. It is worth
noticing that, the values of α that minimizes OP (Fig. 6) and
maximizes throughput (Figs. 10 and 11) are also different, i.e.,α
that maximizes throughput is larger than α that minimizes OP.
This reason behind this feature is that, the throughput is linearly
proportional to the rate threshold while the OP is exponentially
proportional to the rate threshold.

VI. CONCLUSION

In this paper, we have proposed a MIMO-FDR system
with SWIPT where multiple antennas are used at source and
destination. We successfully derived the CDF of the SNR then
used it to obtain the closed-form expressions of the OP, SEP, and
throughput of the proposed MIMO-FDR system with SWIPT
when TAS/SC and TAS/MRC schemes were used to select the
transmit antenna under the condition of imperfect CSI. The
validity of these mathematical expressions were confirmed by
Monte-Carlo simulations. Numerical results show that better
feedback knowledge of CSI improve the outage and SEP per-
formance. Furthermore, when the number of antennas at source
and destination [N,M ] = 1, the OPs of both TAS/SC and
TAS/MRC schemes are similar. However, as [N,M ] increases,
TAS/MRC scheme has lower OP than TAS/SC scheme. The
throughput of TAS/MRC scheme is higher than that of TAS/SC
scheme. The throughputs of both FD-MIMO and HD-MIMO
systems increase with the SNR of transmitted signal and the
number of antennas. Unfortunately, these throughputs cannot
be improved further by simply increasing the SNR of trans-
mitted signal but is determined by the data rate threshold.
Lastly, the optimal time switching ratio α that minimizes the
OP is different for each [N,M ] setting. When [N,M ] in-
creases, the optimal α reduces. Moreover, the value of α that
maximizes throughput is larger than the value of α that min-
imizes OP. Our proposed MIMO-FDR system with SWIPT is
especially useful for unmanned aerial vehicle (UAV)-assisted
relay systems because using multiple antenna at source and
destination instead of the relay helps to reduce the hardware
complexity, power consumption, and self-interference at the
relaying UAV.

APPENDIX A

The outage probability is the CDF of random variable γ, i.e.,
OP = Fγ(γth) =

∫ γth

0 fγ(γ)dγ. Hence, from (17), the CDF of
the end-to-end SNR of the TAS/SC scheme is

FTAS/SC
γe2e

(γ) = 1 −Ψ(Σ)

[
1 − exp

(
− 1
φλ3γ

)]

×
√

4ijγσ2
D

φPSλ1Δ(ρ)λ2
K1

(√
4ijγσ2

D

φPSλ1Δ(ρ)λ2

)
,

(49)

After having the CDF, by substituting (49) into (29), we get the
symbol error probability of TAS/SC scheme as in (50), shown
at the bottom of this page. For simplicity, we can rewrite (50)
as

SEPTAS/SC =
a

2
− [I1 − I2] , (51)

SEP =
a
√
b

2
√
π

∫ ∞

0

e−bγ

√
γ

[
1 −Ψ(Σ)

{
1 − exp

(
− 1
φλ3γ

)}√
4ijγσ2

D

φPSλ1Δ(ρ)λ2
K1

(√
4ijγσ2

D

φPSλ1Δ(ρ)λ2

)]
dγ (50)
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I1 =
a
√
b

2
√
π
Ψ(Σ)

∫ ∞

0

e−bγ

√
γ

√
4ijγσ2

D

φPSλ1Δ(ρ)λ2
K1

(√
4ijγσ2

D

φPSλ1Δ(ρ)λ2

)
dγ

=
a
√
b

2
√
π
Ψ(Σ)

√
4ijσ2

D

φPSλ1Δ(ρ)λ2

∫ ∞

0
e−bγK1

(√
4ijγσ2

D

φPSλ1Δ(ρ)λ2

)
dγ (52)

I2 =
a
√
b

2
√
π
Ψ(Σ)

∫ ∞

0

e−bγ

√
γ

exp

(
− 1
φλ3γ

)√
4ijγσ2

D

φPSλ1Δ(ρ)λ2
K1

(√
4ijγσ2

D

φPSλ1Δ(ρ)λ2

)
dγ (53)

I3 =
a
√
b

2
√
π

N∑
i=1

(−1)i−1

(
N

i

)
2

Γ(M)λM
2

∫ ∞

0

e−bγ

√
γ

(
iγσ2

Dλ2

φPSλ1Δ(ρ)

)M
2

KM

(√
4iγσ2

D

λ1Δ(ρ)λ2φPS

)
dγ

=
N∑
i=1

(−1)i−1

(
N

i

)
2

Γ(M)λM
2

a
√
b

2
√
π

(
iσ2

Dλ2

φPSλ1Δ(ρ)

)M
2
∫ ∞

0
γ

M
2 − 1

2 e−bγKM

(√
4iγσ2

D

λ1Δ(ρ)λ2φPS

)
dγ (57)

I4 =
a
√
b

2
√
π

N∑
i=1

(−1)i−1

(
N

i
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2

Γ(M)λM
2
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0
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exp
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KM
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2
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0
γ

M
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2 exp
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− bγ
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KM
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D
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where a
√
b

2
√
π

∫∞
0

e−bγ√
γ = a

2 , and I1 and I2 can be rewritten as in
(52) and (53), shown at the top of this page.

Using [25, Eq. (6.614.5)] and after some manipulations on
(52), we obtain I1 as in (26).

When PS is in high regime,
√

4ijγσ2
D

φPSλ1Δ(ρ)λ2
is small enough.

Then, by using the approximation of Bessel function [51, Eq.
(9.6.9)] as K1(z) ≈ 1

z , we can rewrite I2 as

I2 =
a
√
b

2
√
π
Ψ(Σ)

∫ ∞

0
x− 1

2 exp

(
−bγ − 1

φλ3γ

)
dγ. (54)

From [25, (3.471.9)] and after some manipulations, we obtain
I2 as in (27). The proof of Theorem 1 is completed.

APPENDIX B

Similar to the proof of Theorem 1, from (30) we present the
CDF of the end-to-end SNR of TAS/MRC scheme with respect
to γ, FMRC

γe2e
(γ), as

FMRC
γe2e

(γ) = 1 −
N∑
i=1

(−1)i−1

(
N

i

)[
1 − exp

(
− 1
φλ3γ

)]

× 2
Γ(M)λM

2

(
iγσ2

Dλ2

φPSλ1Δ(ρ)

)M
2

KM

(√
4iγσ2

D

λ1Δ(ρ)λ2φPS

)
.

(55)

By substituting (55) into (29), we have the SEP of TAS/MRC
scheme as in (56).

SEPTAS/MRC =
a

2
− [I3 − I4] , (56)

where I3 and I4 are presented in (57) and (58), shown at the top
of this page, respectively.

Using [25, Eq. (6.643.3)], after some manipulations on (57),
we obtain the closed-form expression of I3 as in (37).

To calculate the integration in (58), we use the approximation
of Bessel function Kn(z) =

(n−1)!
2 ( z2 )

−n provided in [51, Eq.
(9.6.9)]. After some manipulations, we have

I4 =

N∑
i=1

(−1)i−1

(
N

i

)
a
√
b√
π

(
1
2

)M
2
∫ ∞

0
γ

1
2 −1e

− 1
φλ3γ

−bγ
dγ.

(59)

Finally, applying [25, Eq. (3.471.9)] and after some manip-
ulations, we obtain I4 as in (38). The proof of Theorem 2 is
completed.
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