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Abstract: In this paper, we investigated the performance of a two-way satellite-terrestrial DF relay
network with asymmetric simultaneous wireless information and power transfer (SWIPT). In par-
ticular, selective physical-layer network coding (SPNC) was employed in the proposed network,
improving the throughput performance. We derived the expressions of system average end-to-end
throughput and single node detection (SND) occurrence probability. Furthermore, to observe the
effects of the power splitting (PS) coefficient on the energy efficiency performance, the expressions of
energy harvested in the physical-layer network coding (PNC) and SPNC protocol were also derived.
Finally, theoretical analyses and Monte Carlo simulation results are presented to show: (i) SPNC
protocol outperforms the conventional PNC protocol in the two-way satellite-terrestrial relay network
with SWIPT in infrequent light shadowing (ILS), average shadowing (AS), and frequent heavy shad-
owing (FHS) Shadowed-Rician fading channels; (ii) as the channel state gets worse, SPNC protocol
can achieve more performance improvement than PNC protocol; (iii) as the PS coefficient increases,
the average end-to-end throughput performance increases progressively, and the average energy
efficiency performance increases progressively within a certain range, while decreasing in the others.

Keywords: satellite-terrestrial relay network; simultaneous wireless information and power transfer
(SWIPT); selective physical-layer network coding (SPNC); Shadowed-Rician fading

1. Introduction

Land mobile satellite (LMS) communication systems can provide accessibility and
high-speed broadcast access for global users, especially in reducing broadband cost, navi-
gation, emergency relief, etc. The hybrid satellite-terrestrial network (HSTN) has received
tremendous attention due to its performance advantage and space advantage. In [1], the au-
thors proposed the satellite-terrestrial network. Significant progress on Shadowed-Rician
fading channel research has already been made in LMS communication systems. The
closed-form expressions of the probability density function (PDF) and the cumulative
distribution function (CDF) for the signal-to-noise ratio (SNR) in Shadowed-Rician fading
channels were derived in [2]. In order to effectively overcome the severe shadowing effect
of satellite-terrestrial links, a hybrid satellite-terrestrial relay network was proposed in [3,4].
Considering unacceptable time delay during the satellite-terrestrial link in a conventional
four time-slot communication, two-way relay technology was introduced into the hybrid
satellite-terrestrial relay network. In [5], the authors applied analog network coding (ANC)
and PNC technology to the bidirectional satellite-terrestrial network. In [6], the concept of
PNC is introduced in the bidirectional relay channel, where the two users are communicat-
ing with each other through an intermediate node or relay. Both the users transmit their
messages to the relay simultaneously. Exclusive OR (XOR) operation is applied at the relay
for broadcasting the XORed messages to both users. In [7], the authors proposed a novel
PNC protocol, named SPNC, in which SPNC protocol performs better than conventional
PNC protocol in throughput performance over Rayleigh fading channel, where the XOR
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operation is replaced by single node detection during the second time slot of conventional
PNC. In [8], the authors derived upper bounds in closed-form for average BERs of the
SPNC scheme over Rayleigh fading channels. In [9], the exact BER analysis of PNC for
two-way relay channels was presented by the authors. In [10], the effect of hardware im-
pairments on a two-way satellite-terrestrial relay network was analyzed. An opportunistic
relay selection scheme was employed in a two-way satellite multi-terrestrial cooperative
network in [11]. In [12], the satellite-terrestrial cooperative network was analyzed. The
performance of a distributed space-time coding-based hybrid satellite-terrestrial cooper-
ative system with a single fixed terrestrial relay was investigated. However, the lifetime
of a two-way satellite-terrestrial network is limited by the battery power of the terrestrial
mobile user.

To overcome the problem of battery limitation, we can introduce energy harvesting
techniques to extend the system’s lifetime. The energy-constrained device can harvest
energy from a portion of the received signal without affecting the communication perfor-
mance. The author proposed SWIPT in [13], where the receiver simultaneously executes
information decoding and energy harvesting. Considering the structure of the wireless re-
ceiver, [14] proposed two kinds of effective working modes: time switching (TS) mode and
PS mode. PS mode uses one portion of the received signal power for information decoding
and the remaining portion for energy harvesting from the perspective of power allocation
in [15,16]. From the perspective of time slot allocation, TS mode divides a communication
period into two portions in [17,18], one of which is used for information decoding. The re-
maining portion is used for energy harvesting. Much research work has been done on relay
energy harvesting scenarios [19–21]. In [22], an asymmetric energy harvesting model was
discussed with energy efficiency (EE) precoding design in MIMO two-way relay network.
EE was defined as the ratio of total energy consumption and information rate in green
communications in [23–25]. Especially in a network composed of the energy-constrained
device, EE will be an indispensable metric to measure system performance.

However, the existing theoretical analyses on energy harvesting are focused on ter-
restrial communication systems. To solve the problem, we introduced the SWIPT technol-
ogy into account and investigate the performance of the SWIPT aided two-way satellite-
terrestrial relay network.

Firstly, we propose the framework of the SWIPT aided two-way satellite-terrestrial
relay network model and introduce the SPNC protocol to improve the throughput perfor-
mance of the proposed network. Before deriving exact average end-to-end throughput
expressions of PNC and SND protocols, we derive the exact BERs and instantaneous
throughputs. Secondly, we derive the probability of single node detection occurrence of
SPNC protocol in the SWIPT aided system. Thirdly, to get the energy efficiency perfor-
mance of the SWIPT aided system, the energy harvesting at the user source node is given.

The rest of this paper is organized as follows: In Section 2, the SWIPT aided two-
way satellite-terrestrial relay network model is presented, and a brief introduction to
SPNC protocol is given. In Section 3, the system performance of the proposed network
is investigated. In Section 4, Monte Carlo simulation results are provided to verify
the correctness of theoretical results, and the conclusion of this paper is summarized in
Section 5.

2. System Model and Selective PNC

As shown in Figure 1, we consider a SWIPT enabled two-way DF satellite-terrestrial
network, with a satellite source node (S1) and an energy-constrained user source node
(S2) at ground exchange information with the assistance of a mobile terminal relay node
(R) situated at the ground. Both the SPNC protocol and PS scheme are employed in the
two-way satellite-terrestrial network. We assume the satellite source node, user source
node, and mobile terminal relay node have a single antenna and operate in half-duplex
mode. Therefore, there is no direct link between the satellite source node and the user
source node.
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Figure 1. Illustration of the system model.

In the proposed network, non-identical, independent, and reciprocal fading channels
are assumed. The satellite–mobile terminal link is modeled as Shadowed-Rician fading
channel. The mobile terminal can receive the signal from the line of sight (LOS) and the
signal from other paths. The destination–mobile terminal link is modeled as Rayleigh
fading channel, which is a multipath scene. In Figure 1, g and h denote fading channel
coefficients of links S1—R (or R—S1) and S2—R (or R—S2), respectively. Hence, g is the
independent and identically distributed Shadowed-Rician random variable (RV), and h
is the independent and identically distributed Rayleigh RV. Specifically, channel state
information (CSI) is only available on the receiver side.

It takes two time slots for the communication. Let T be the duration of the entire
transmission block, divided into two time slots with a time proportion factor β ∈ (0, 1).
During the first time slot of duration βT, the satellite or the user simultaneously transmits
the signals s1 or s2 to the mobile terminal with the transmit power P1 or P2, respectively,
and the received signal at the relay is

r1 = h
√

P1s1 + g
√

P2s2 + n1 (1)

where the additive noise n1 indicates the complex Gaussian noise with zero mean and
variance Wσ2; W denotes the system bandwidth; h is the channel coefficient between S1
and R; g is the channel coefficient between R and S2. The transmit signals are generated
corresponding to the messages m1 and m2 from S1 and S2, respectively. Assume that the
BPSK signaling is employed by both S1 and S2. The BPSK mapping follows si = 1–2mi for
i = 1, 2. After receiving, decision making is according to the maximum likelihood (ML)
detection rule; the message m̂ is equal to 0 if

∑
m̂=0

exp
[∣∣r1 − h

√
P1s1(m1)− g

√
P2s2(m2)

∣∣]
> ∑

m̂=1
exp

[∣∣r1 − h
√

P1s1(m1)− g
√

P2s2(m2)
∣∣] (2)

or m̂ = 1 otherwise, where m̂ = m1 ⊕m2.
During the second time slot of duration (1− β)T, R broadcasts sR to S1 and S2 with

the transmit power PR, which follows the function sR = 1–2m̂. The received signal at S1
and S2 can be expressed as y1 = h

√
P1sR + n2 and y2 = g

√
P1sR + n3, respectively, where

the additive noise n2 and n3 indicate the complex Gaussian noise with zero mean and
variance Wσ2. After receiving signal y2 from R, S2 splits it into two parts with ratio ρ,
where the portion

√
ρy2 is used for information decoding and the remaining

√
1− ρy2 for
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RF energy harvesting. The received signal at S2 for decoding information and the harvested
energy during the second time slot (1− β)T can be respectively written as:

y2,ID =
√

ρ
(

g
√

PRsR + n3

)
+ n3,z (3)

ES2,EH = η(1− β)T(1− ρ)PR|g|2 (4)

where η is the energy conversion efficiency, the additive noise n3,z indicates the complex
Gaussian noise with zero mean and variance Wσ2.

After employing the minimum Euclidean distance rule, S1 and S2 can detect m̃i as
m̃2 = argmin

m̂∈(0,1)

∣∣y1 − h
√

PRsR
∣∣2 and m̃1 = argmin

m̂∈(0,1)

∣∣y2,ID −
√

ρg
√

PRsR
∣∣2, respectively. Then,

the satellite source node and the user source node can detect the message by applying XOR
operation on m̃i with its own message mi.

2.1. Selective PNC

In the conventional PNC protocol, the mobile terminal simultaneously broadcasts the
signal sR to both the satellite source node and the user source node during the second time
slot. However, in selective PNC protocol, to outperform conventional PNC protocol in the
sense of average end-to-end throughput, we introduce the single node detection protocol.
The mobile terminal detects messages from the superimposed signal as conventional PNC
protocol or detects the message from the better channel by treating the other message
as part of the noise. Hence during the second time slot, the mobile terminal can decide
according to the instantaneous throughputs for current channel state information as shown
in Figure 2.
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Figure 2. Description of selective PNC protocol. During the first time slot, the satellite source node
and the user source node transmit messages S1 and S2, respectively. During the second time slot, the
mobile terminal relay broadcast and forward SR in PNC protocol, while broadcast and forward one
of S1 and S2, according to the channel coefficient in SND protocol.

By employing the SPNC protocol, during the first time slot, the mobile terminal
relay compares the value of instantaneous throughput Thpnc with Thsnd after receiving the
signals s1 and s2. If Thpnc > Thsnd, the mobile terminal relay will detect m̂, and broadcast
its corresponding BPSK signal sR to both satellite source node and user source node as
PNC protocol. If Thpnc < Thsnd, the mobile terminal will detect the message from the better
channel and broadcast its corresponding BPSK signal si instead of sR to both the satellite
source node and the user source node.

During the second time slot, the satellite source node and user source node receive the
broadcast signal from the mobile terminal relay. If the broadcast signal is sR, the satellite
source node and user source node will detect m̃2 and m̃1 as PNC protocol, respectively. If
the broadcast signal is s1, the user source node will split it into two parts with ratio ρ, where
the portion

√
ρy2 is used for information decoding and the remaining

√
1− ρy2 for RF
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energy harvesting. The received signal at S2 for decoding information and the harvested
energy during the second time slot (1− β)T can be respectively written as:

y2,ID =
√

ρ
(

g
√

PRs1 + n3

)
+ n3,z (5)

ES2,EH = η(1− β)T(1− ρ)PR|g|2 (6)

If the broadcast signal is s2, the satellite source node will detect m̃2 as PNC protocol,
and the user source node will split the received signal into two parts with ratio ρ0 ' 0. The
received signal at the user source node for RF energy harvesting can be written as:

ES2,EH ' η(1− β)TPR|g|2 (7)

2.2. Fading Models

In the proposed network, non-identical and independent fading channels are assumed.
The satellite source—mobile terminal link is modeled as a Shadowed-Rician fading channel
with the following PDF

fh(x) = 2xαe−µx2
1F1(m; 1; δx2), x > 0, (8)

where α = 0.5(2bm/(2bm + Ω))m/b, µ = (0.5/b), δ = 0.5Ω/(2b2m + bΩ), the parameter
Ω is the average power of LOS component, 2b is the average power of the multipath
component, and 0 ≤ m ≤ ∞ is the Nakagami parameter, for m = 0 and m = ∞, the
envelope of h follows the Rayleigh and Rician distribution, respectively; and 1F1(a; b; z) is
the confluent hypergeometric function.

The channel of the mobile terminal—destination user link is assumed to follow the
Rayleigh distribution g ∼ CN (0, Ω), where Ω is the average power.

3. System Performance Analysis

In this section, the exact expressions for instantaneous end-to-end throughput, average
end-to-end throughput, and the proposed network’s energy efficiency with SWIPT for
SPNC protocol are obtained, respectively.

3.1. Instantaneous BER for SPNC

Before deriving the exact expression for average end-to-end throughput of SPNC
protocol, we have to obtain the exact expressions for instantaneous error probability for
PNC and SND protocols in the two-way satellite-terrestrial network for BPSK modulation.
This is because the instantaneous BERs are affected by the numerical relationship of the
S1—R and S2—R links in two cases.

3.1.1. Case 1

In the first case, we assume the S1—R link channel gain is better than the S2—R link
channel gain in a block transmission time. The numerical relationship of the links are
as follows: ∣∣∣g√P2/h

√
P1

∣∣∣ = ∣∣∣ω0ejφ
∣∣∣ < 1 (9)

Given channel gains, the instantaneous BER of PNC protocol at the mobile terminal
relay during the first time slot is written as:

ppnc
MA ≡

1
2
[P(m̂ = 1|m1 ⊕m2 = 0 ) + P(m̂ = 0|m1 ⊕m2 = 1 )] (10)

The instantaneous BER of SND protocol at the mobile terminal relay during the first
time slot is written as:

psnd
MA ≡

1
2
[P(m̂ = 1|m1 = 0 ) + P(m̂ = 0|m1 = 1 )] (11)
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After adopting Craig’s integral used in [26], we can obtain ppnc
MA as follows:

ppnc
MA = Q(

√
2P2|g|2

Wσ2 ) + 1
2

[
Ipnc
craig −Q(

√
2(2
√

P1|h| cos φ+
√

P2|g|)
2

Wσ2 )

+Q(

√
2(2
√

P1|h| cos φ−
√

P2|g|)
2

Wσ2 )

] (12)

where Ipnc
craig is as follows:

Ipnc
craig = Icraig(

√
P1|h|,

√
P2|g|, π

2 − θ + φ, θ − π
2 )

+ Icraig(2
√

P1|h| cos φ +
√

P2|g|,
√

P1|h|+ 2
√

P2|g| cos φ, π − ν, φ− π + ν)
− Icraig(

√
P2|g|,

∣∣2√P2|g| cos φ−
√

P1|h|
∣∣, π

2 − θ, θ − π
2 + φ)

− Icraig(
∣∣2√P1|h| cos φ−

√
P2|g|

∣∣,√P1|h|, φ + α,−α)

(13)

where Icraig(a, b, c, d) is written as:

Icraig(a, b, c, d) =
1

2π

∫ c

0
exp

[
− a2

2σ2 sin2 ϕ

]
dϕ +

1
2π

∫ d

0
exp

[
− b2

2σ2 sin2 ϕ

]
dϕ (14)

where angle parameters are defined as: θ = arctan((
√

P1|h| −
√

P2|g| cos φ)/(
√

P2|g|

sin φ)), ω = arccos
[

cos θ

√
P1|h|2 − 2

√
P1P2|h||g| cos φ + P2|g|2/

(√
P2|g|

)]
, α = (3π/2)

−φ− θ− 2ω and ν = (π/2)−φ+ arctan((
√

P2|g| sin(θ − φ)/cos θ + 2
√

P2|g| sin φ)/(
√

P1
|h|+ 2

√
P2|g| cos φ)).

Similarly, psnd
MA can be obtained as follows:

psnd
MA =

1
2

[
Q(

√
2B2

Wσ2 ) + Q(

√
2A2

Wσ2 )− Isnd
craig)

]
(15)

where A =
√

P1|h|2 − 2
√

P1P2|h||g| cos φ + P2|g|2, B = A + 2
√

P2|g| cos(π − θ − ω) and
Isnd
craig is as follows:

Isnd
craig = Icraig(B,

√
P1|h|, 3π

2 − 2θ −ω, θ − π
2 − φ)

+ Icraig(
√

P1|h|+ 2
√

P2|g| cos φ, B, π − ν− φ, ν− θ −ω)
− Icraig(A,

∣∣2√P2|g| cos φ−
√

P1|h|
∣∣, π

2 −ω, π
2 + φ− θ)

− Icraig(
√

P1|h|, A, α, ω− π
2 )

(16)

The instantaneous BER of PNC and SND protocols at the satellite source node and
user source node during the second time slot are written as, respectively:

ppnc
BC,S1

= Q(

√
2PR|h|2

Wσ2 ), ppnc
BC,S2

= Q(

√
2ρPR|g|2

Wσ2 ) (17)

psnd
BC = Q(

√
2ρPR|g|2

Wσ2 ) (18)

3.1.2. Case 2

In the other case, we assume the S2—R link channel gain is better than the S1—R link
channel gain in a block transmission time. The relationship of the links are as follows:∣∣∣h√P1/g

√
P2

∣∣∣ = ∣∣∣ω0ejφ
∣∣∣ < 1 (19)
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Given channel gains, the instantaneous BER of PNC protocol at the mobile terminal
relay during the first time slot is the same with case 1. Therefore, the instantaneous BER of
SND protocol at the mobile terminal relay during the first time slot is written as:

psnd
MA ≡

1
2
[P(m̂ = 1|m2 = 0 ) + P(m̂ = 0|m2 = 1 )] (20)

After adopting Craig’s integral, we can obtain ppnc
MA as follows:

ppnc
MA = Q(

√
2P1|h|2

Wσ2 ) + 1
2

[
Ipnc
craig −Q(

√
2(2
√

P2|g| cos φ+
√

P1|h|)
2

Wσ2 )

+Q(

√
2(2
√

P2|g| cos φ−
√

P1|h|)
2

Wσ2 )

] (21)

where Ipnc
craig is as follows:

Ipnc
craig = Icraig(

√
P2|g|,

√
P1|h|, π

2 − θ + φ, θ − π
2 )

+ Icraig(2
√

P2|g| cos φ +
√

P1|h|,
√

P2|g|+ 2
√

P1|h| cos φ, π − ν, φ− π + ν)
− Icraig(

√
P1|h|,

∣∣2√P1|h| cos φ−
√

P2|g|
∣∣, π

2 − θ, θ − π
2 + φ)

− Icraig(
∣∣2√P2|g| cos φ−

√
P1|h|

∣∣,√P2|g|, φ + α,−α)

(22)

where angle parameters are defined as: θ = arctan((
√

P2|g| −
√

P1|h| cos φ)/(
√

P1|h|

sin φ)), ω = arccos
[

cos θ

√
P2|g|2 − 2

√
P1P2|h||g| cos φ + P1|h|2/

(√
P1|h|

)]
, α = (3π/2)−

φ− θ − 2ω and ν = (π/2)− φ + arctan((
√

P1|h| sin(θ − φ)/cos θ + 2
√

P1|h| sin φ)/(
√

P2
|g|+ 2

√
P1|h| cos φ)).

Similarly, psnd
MA can be obtained as follows:

psnd
MA =

1
2

[
Q(

√
2B2

Wσ2 ) + Q(

√
2A2

Wσ2 )− Isnd
craig)

]
(23)

where A =
√

P1|h|2 − 2
√

P1P2|h||g| cos φ + P2|g|2, B = A + 2
√

P1|h| cos(π − θ − ω) and
Isnd
craig is as follows:

Isnd
craig = Icraig(B,

√
P2|g|, 3π

2 − 2θ −ω, θ − π
2 − φ)

+ Icraig(
√

P2|g|+ 2
√

P1|h| cos φ, B, π − ν− φ, ν− θ −ω)
− Icraig(A,

∣∣2√P1|h| cos φ−
√

P2|g|
∣∣, π

2 −ω, π
2 + φ− θ)

− Icraig(
√

P2|g|, A, α, ω− π
2 )

(24)

The instantaneous BER of SND protocol at satellite source node during the second
time slot is written as, respectively:

psnd
BC = Q(

√
2PR|h|2

Wσ2 ) (25)

3.2. Average End-to-End Throughput of SPNC

After obtaining the exact expressions for instantaneous error probability for PNC and
SND protocols in the two-way satellite-terrestrial network for BPSK modulation, we can
derive the instantaneous throughput of the SPNC protocol according to the throughput
definition used in [27], the instantaneous end-to-end throughput of SPNC is given by

Thspnc = max
(
Thpnc, Thsnd

)
(26)
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Thpnc '
1
2
(1− ppnc

MA)
N
(1− ppnc

BC )
N

(27)

Thsnd '
1
2
(1− psnd

MA)
N
(1− Psnd

BC )
N

(28)

where Thpnc is the instantaneous of PNC protocol, Thsnd is the instantaneous of SND
protocol. N is the number of bits long in each packet. Substituting Equations (12), (15),
(17), and (18) into Equation (26), we can derive the instantaneous throughput of the SPNC
protocol in case 1. Substituting Equations (17), (21), (23), and (25) into Equation (26), we
can derive the instantaneous throughput of the SPNC protocol in case 2.

Then the average end-to-end throughput of SPNC is written as:

E
[
Thspnc

]
=
∫

zpnc
Thpnc f (h, g)dhdg +

∫
zsnd

Thsnd f (h, g)dhdg (29)

where f (h, g) is joint PDF of S1—R and S2—R link gain. zsnd is the z-plane region for BPSK
defined in [8] written as zsnd =

{
z
∣∣∣min(

√
P2|g|,

√
P1|h|) <

√
Wσ2 ln(N/6), |R[z]| < 0.5

}
.

zpnc is the complementary portion of zsnd in z-plane. R[·] denotes for real part operation.
For the S1—R and S2—R link are independent; we can rewrite Equation (29) as:

E
[
Thspnc

]
=
∫

Thpnc f (g) f (h)dhdg +
∫

zsnd
(Thsnd − Thpnc) f (g) f (h)dhdg (30)

where f (h) is the PDF of S1—R link, which follows Shadowed-Rician fading, f (g) is the
PDF of S2—R link, which follows Rayleigh fading.

Substituting Equation (8) into (30), we can obtain the exact expressions of average
end-to-end throughput for SPNC protocol. Furthermore, with the help of standard math-
ematical packets such as Mathematica, which is for numerical and symbolic operations,
we can achieve the numerical computation of the confluent hypergeometric function
1F1(a; b; z). Then we can obtain the numerical results of average end-to-end throughput for
SPNC protocol.

3.3. Probability of SND in SPNC Protocol

We need to analyze the probability of SND for the system. The probability of SND in
SPNC protocol is written as:

Psnd =
∫

zsnd
f (h, g)dhdg (31)

Substituting Equation (8) into (31), we can obtain the exact expressions of average
end-to-end throughput for SPNC protocol. Furthermore, we can obtain the numerical
results with the help of Mathematica.

3.4. Energy Efficiency of SPNC Protocol

In this section, we investigate the energy efficiency of the two-way satellite-terrestrial
network. Consider the remaining

√
1− ρy2 is used for RF energy harvesting during the

second time slot in PNC and SPNC protocols. We assume user source node can harvest
power with additional energy storage equipment. The harvested power ES2,EH is written as:

ES2,EH =

{
η(1− β)T(1− ρ)PR|g|2, PNC protocol & case 1 in SND protocol
η(1− β)TPR|g|2, case 2 in SND protocol

(32)

The system energy consumption is defined as:

Esum = (P1P2)βT + PR(1− β)T − ES2,EH (33)
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According to the energy efficiency ΘEE definition in [28], we can express the energy
efficiency for a two-way satellite-terrestrial network as follows:

ΘEE =
E
[
Thspnc

]
W

(P1 + P2)βT + PR(1− β)T − ES2,EH
(34)

Substituting Equation (30) into (34), we can obtain the exact expressions of energy
efficiency for the SPNC protocol. Moreover, we can obtain the numerical results with the
help of Mathematica.

4. Numerical Results

In this section, numerical simulation results are provided to verify the theoretical
analysis and show the impacts of key parameters on the system performance of the two-
way satellite-terrestrial relay network. The satellite source node-mobile terminal relay
channel coefficients follow Shadowed-Rician fading distribution. The parameters are listed
in Table 1 and follow FHS, AS, and ILS, respectively. The user source node-mobile terminal
relay channel coefficients follow Rayleigh fading distribution. During a block transmission
time, one data packet is transmitted with N = 512 symbols. The PS coefficient ρ is 0.5, which
means

√
0.5 portion of the received signal in the user source node is used for information

decoding, and the remaining
√

0.5 portion of the received signal is harvested. The energy
conversion rate η is 0.8.

Table 1. Land Mobile Satellite channel parameters.

Shadowing b m Ω

Frequent heavy shadowing (FHS) 0.063 0.739 0.000897
Average shadowing (AS) 0.126 10.1 0.835

Infrequent light shadowing (ILS) 0.158 19.4 1.29

Figure 3 shows the average end-to-end throughput performance versus the average
SNR, which is already normalized with power and distance parameters. In Figure 3, the
analytical average end-to-end throughput numerical results match the simulation results.
Thus, the throughput performance of the SPNC protocol outperforms one of the PNC
protocols in the ILS, AS, and FHS cases, respectively.

Figure 4 shows the probability of SND protocol versus the average SNR, which is
already normalized with power and distance parameters. In Figure 4, the probability of
SND protocol numerical results match the simulation results. The probability of SND
protocol in the ILS case is significantly higher than the one in AS and FHS cases. This is
due to the sharp deterioration of the channel situation. The probability of SND protocol
significantly reduces as the gradually increasing of average SNR.
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aided two-way satellite-terrestrial relay network with ILS, AS, and FHS.

Figure 5 shows the average end-to-end throughput performance in AS case versus the
average SNR with different PS coefficients ρ, which is already normalized with power and
distance parameters. In Figure 5, the probability of SND protocol numerical results match
the simulation results. The average end-to-end throughput performance in the AS case
significantly increases as the PS coefficients ρ increase from 0.4 to 0.5 and 0.6. This is due to
that the user source node spends more receiving signal energy on informance detection,
which increases the SNR of user source node during the second time slot.
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different PS coefficients ρ.

In Figures 6 and 7, we assume P1 = PR = 43 dBm, P2 = 27 dB. The distance from the
satellite source to the mobile terminal is 300 km, and the distance from the user source to the
mobile terminal is randomly varying and no more than 50 m. The energy conversion rate η
is 0.8. Figure 6 shows the average end-to-end throughput performance versus different PS
coefficients ρ. The throughput performance of the SPNC protocol outperforms one of the
PNC protocols in ILS, AS, and FHS cases, respectively. The average end-to-end throughput
performance in three cases significantly increases as the PS coefficient increases. This is
because the user source node spends more receiving signal energy on informance detection,
which increases the SNR of the user source node during the second time slot.
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Figure 7 shows the average energy efficiency performance in AS case versus different
PS coefficients ρ. The average energy efficiency performance in the ILS case is significantly
higher than the one in AS and FHS cases. The average energy efficiency performance in
three cases significantly increases as the PS coefficients ρ increase from 0.1 to 0.4 or 0.5
and gradually decreases as the PS coefficients ρ increase from 0.5 to 1. The increase of
average energy efficiency performance from 0.1 to 0.4 or 0.5 is because increasing average
end-to-end throughput exceeds the benefit of reducing energy consumption by energy
harvesting at the user source node. The decrease of average energy efficiency performance
from 0.5 to 1 is due to the benefit from reducing the total energy consumption by energy
harvesting at the user source node, which exceeds the benefit from increasing average
end-to-end throughput.

5. Conclusions

In this paper, we have investigated the performance of the two-way satellite-terrestrial
relay network with SWIPT, where both SPNC and PNC protocols have been considered
in the system. Firstly, we have derived exact average end-to-end throughput expressions
of PNC and SND protocols in the SWIPT aided system. Secondly, we have derived the
probability of single node detection occurrence of SPNC protocol in the SWIPT aided
system. Thirdly, to get the energy efficiency performance of the SWIPT aided system, the
energy harvesting at the user source node has been given. The analysis and simulation
results show that: (i) the proposed SPNC protocol outperforms the conventional PNC
protocol in the two-way satellite-terrestrial relay network with SWIPT in ILS, AS, and
FHS Shadowed-Rician fading channels; (ii) as the channel state gets worse, SPNC protocol
can achieve more performance improvement than PNC protocol; (iii) as the PS coefficient
increases, the average end-to-end throughput performance increases progressively, and the
average energy efficiency performance increases progressively within a certain range while
decreasing in the others. The results suggest that if we want to have better comprehensive
performance in the SWIPT aided system, we should trade-off between the average end-to-
end throughput and the average energy efficiency.
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Abbreviations
The following abbreviations are used in this manuscript:
DF decode-and-forward
SWIPT simultaneous wireless information and power transfer
SPNC selective physical-layer network coding
SND single node detection
PS power splitting
PNC physical-layer network coding
ILS infrequent light shadowing
AS average shadowing
FHS frequent heavy shadowing
LMS land mobile satellite
HSTN hybrid satellite-terrestrial network
PDF probability density function
CDF cumulative distribution function
SNR signal-to-noise ratio
ANC analog network coding
XOR exclusive OR
TS time switching
EE energy efficiency
LOS line of sight
RV random variable
CSI channel state information
ML maximum-likelihood

References
1. Evans, B.; Werner, M.; Lutz, E.; Bousquet, M.; Corazza, G.E.; Maral, G.; Rumeau, R. Integration of satellite and terrestrial systems

in future multimedia communications. IEEE Wirel. Commun. 2005, 12, 72–80. [CrossRef]
2. Bhatnagar, M.R.; Arti, M.K. On the Closed-Form Performance Analysis of Maximal Ratio Combining in Shadowed-Rician Fading

LMS Channels. IEEE Commun. Lett. 2014, 18, 54–57. [CrossRef]
3. Ann, D.S.; Kim, H.W.; Ahn, J.; Park, D.C. Integrated/hybrid satellite and terrestrial networks for satellite IMT-Advanced services.

Int. J. Satell. Commun. Netw. 2011, 29, 269–282.
4. Chini, P.; Giambene, G.; Kota, S. A survey on mobile satellite systems. Int. J. Satell. Commun. Netw. 2010, 28, 29–57. [CrossRef]
5. Jadoon, M.A.; Khan, Z.A.; Khan, I.; Shah, A.; Khalifa, O.O. Network Coding for Hybrid Satellite-Terrestrial Networks over

Non-Identical Fading Channels. In Proceedings of the 2013 International Conference On Computing, Electrical And Electronic
Engineering (ICCEEE), Khartoum, Sudan, 26–28 August 2013.

6. Zhang, S.; Liew, S.C.; Lam, P.P. Physical Layer Network Coding. ACM MobiCom 2007, 24, 2166–2168.
7. Mahdavi, A.; Jamshidi, A.; Keshavarz-Haddad, A. A Selective Physical Layer Network Coding for Wireless Two-Way Relaying.

In Proceedings of the 2016 8th International Symposium on Telecommunications (IST), Tehran, Iran, 27–28 September 2016.
8. Mahdavi, A.; Jamshidi, A.; Keshavarz-Haddad, A. Selective Physical Layer Network Coding in Bidirectional Relay Channel. IET

Commun. 2017, 11, 2691–2701. [CrossRef]
9. Park, M.; Choi, I.; Lee, I. Exact BER Analysis of Physical Layer Network Coding for Two-Way Relay Channels. In Proceedings of

the 2011 IEEE 73rd Vehicular Technology Conference (VTC Spring), Budapest, Hungary, 15–18 May 2011.
10. Guo, K.; Zhang, B.; Huang, Y.; Guo, D. Performance Analysis of Two-Way Satellite Terrestrial Networks with Hardware

Impairments. IEEE Wirel. Commun. Lett. 2017, 6, 430–433. [CrossRef]
11. Guo, K.; Kang, A.; Zhang, B.; Guo, D. Performance Analysis of Two-Way Satellite Multi-Terrestrial Relay Networks with

Hardware Impairments. Sensors 2018, 18, 1574. [CrossRef] [PubMed]

http://doi.org/10.1109/MWC.2005.1522108
http://doi.org/10.1109/LCOMM.2013.111313.131963
http://doi.org/10.1002/sat.941
http://doi.org/10.1049/iet-com.2017.0642
http://doi.org/10.1109/LWC.2017.2700797
http://doi.org/10.3390/s18051574
http://www.ncbi.nlm.nih.gov/pubmed/29762518


Sensors 2021, 21, 4303 14 of 14

12. Ruan, Y.; Li, Y.; Zhang, R.; Zhang, H. Performance Analysis of Hybrid Satellite-Terrestrial Cooperative Networks with Distributed
Alamouti Code. In Proceedings of the 2016 IEEE 83rd Vehicular Technology Conference (VTC Spring), Nanjing, China, 15–18
May 2016.

13. Varshney, L.R. Transporting information and energy simultaneously. In Proceedings of the 2008 IEEE International Symposium
on Information Theory, Toronto, ON, Canada, 6–11 July 2008; pp. 1612–1616.

14. Zhou, X.; Zhang, R.; Ho, C.K. Wireless Information and Power Transfer: Architecture Design and Rate-Energy Tradeoff. IEEE
Trans. Commun. 2013, 61, 4754–4767. [CrossRef]

15. Ye, Y.; Shi, L.; Chu, X.; Zhang, H.; Lu, G. On the Outage Performance of SWIPT Based Three-step Two-way DF Relay Networks.
IEEE Trans. Veh. Technol. 2018, 68, 3016–3021. [CrossRef]

16. Shi, L.; Ye, Y.; Hu, R.Q.; Zhang, H. Energy efficiency maximization for SWIPT enabled two-way DF relaying. IEEE Signal Process.
Lett. 2019, 26, 755–759. [CrossRef]

17. Xiong, K.; Fan, P.; Letaief, K.B. Time-Switching Based SWIPT for Network-Coded Two-Way Relay Transmission with Data
Rate Fairness. In Proceedings of the 2015 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP),
Brisbane, Australia, 19–24 April 2015.

18. Al-Habob, A.A.; Salhab, A.M.; Zummo, S.A. A Novel Time-Switching Relaying Protocol for Multi-user Relay Networks with
SWIPT. Arab. J. Sci. Eng. 2019, 44, 2253–2263. [CrossRef]

19. Ye, Y.; Li, Y.; Wang, D.; Zhou, F.; Hu, R.Q.; Zhang, H. Optimal Transmission Schemes for DF Relaying Networks Using SWIPT.
IEEE Trans. Veh. Technol. 2018, 67, 7062–7072. [CrossRef]

20. Ye, Y.; Li, Y.; Wang, Z.; Chu, X.; Zhang, H. Dynamic Asymmetric Power Splitting Scheme for SWIPT-Based Two-Way Multiplicative
AF Relaying. IEEE Signal Process. Lett. 2018, 25, 1014–1018. [CrossRef]

21. Zhong, S.; Huang, H.; Li, R. Outage probability of power splitting SWIPT two-way relay networks in Nakagami-m fading.
EURASIP J. Wirel Commun. Netw. 2018, 2018, 1–8. [CrossRef]

22. Rostampoor, J.; Razavizadeh, S.M.; Lee, I. Energy Efficient Precoding Design for SWIPT in MIMO Two-Way Relay Networks.
IEEE Trans. Veh. Technol. 2017, 66, 7888–7896. [CrossRef]

23. Zappone, A.; Cao, P.; Jorswieck, E.A. Energy Efficiency Optimization in Relay-Assisted MIMO Systems with Perfect and Statistical
CSI. IEEE Trans. Signal Process. 2014, 62, 443–457. [CrossRef]

24. Sun, C.; Yang, C. Energy efficiency comparison among direct, one-way and two-way relay transmission. In Proceedings of the
2012 IEEE International Conference on Communications (ICC), Ottawa, ON, Canada, 10–15 June 2012.

25. Rostampoor, J.; Razavizadeh, S.M. Energy efficiency and sum-rate maximization in MIMO two-way relay networks. In Proceed-
ings of the 2015 23rd Iranian Conference on Electrical Engineering (ICEE), Tehran, Iran, 10–14 May 2015.

26. Gradshteyn, I.S.; Ryzhik, I.M.; Jeffrey, A.; Zwillinger, D. Table of Integrals, Series, and Products, 7th ed.; Elsevier/Academic Press:
Amsterdam, The Netherlands, 2007.

27. Shukla, S.; Muralidharan, V.T.; Rajan, B.S. Wireless Network-Coded Accumulate-Compute and Forward Two-Way Relaying. IEEE
Trans. Veh.Technol. 2016, 65, 1367–1381. [CrossRef]

28. Song, Y.; Zhang, F.; Yubin, S. Energy Efficiency and Throughput Optimization of Cognitive Relay Networks. J. Comput. Inf.
Technol. 2014, 22, 151–158. [CrossRef]

http://doi.org/10.1109/TCOMM.2013.13.120855
http://doi.org/10.1109/TVT.2019.2893346
http://doi.org/10.1109/LSP.2019.2906463
http://doi.org/10.1007/s13369-018-3404-y
http://doi.org/10.1109/TVT.2018.2826598
http://doi.org/10.1109/LSP.2018.2839036
http://doi.org/10.1186/s13638-017-1006-0
http://doi.org/10.1109/TVT.2017.2681942
http://doi.org/10.1109/TSP.2013.2292031
http://doi.org/10.1109/TVT.2015.2411511
http://doi.org/10.2498/cit.1002419

	Introduction 
	System Model and Selective PNC 
	Selective PNC 
	Fading Models 

	System Performance Analysis 
	Instantaneous BER for SPNC 
	Case 1 
	Case 2 

	Average End-to-End Throughput of SPNC 
	Probability of SND in SPNC Protocol 
	Energy Efficiency of SPNC Protocol 

	Numerical Results 
	Conclusions 
	References

