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Abstract: Simultaneous wireless information and power transfer (SWIPT) technology provides an
efficient solution to energy-limited communication terminals in a wireless network. However, in
the current application scenario of SWIPT technology, relays use all the collected energy forwarding
to assist communication between source nodes, while ignoring the fact that relays can accumulate
and store energy. This is of great practical significance in collaborative communication. By using a
transmission scheme of a time-division broadcast for the direct transmission link, improvement of
the system diversity gain through combining the technology at the receiver can be realized. Based
on the above, we propose a two-way relay energy accumulation communication system, which is
extended from a single relay system to a multi-relay system. The instantaneous transmission rate
of the system link and the system equivalent profit are optimized by jointly optimizing the relay
selection, time slot allocation factor, power splitting factor and relay transmit power. Compared
with the comparison algorithm, the proposed algorithm shows a significant improvement in the
performance of the system.

Keywords: simultaneous wireless information and power transfer; two-way relay system; resource
allocation; outage probability

1. Introduction
1.1. Background and Motivation

With the continuous progression and development of wireless communication and
Internet technology, mobile communication technology has stepped into a new era, improv-
ing the system spectrum utilization and achieving reliable data transmission between users.
The implementation of wireless communication technology has made communication
devices no longer dependent on wired cables, enabling mobility and portability. However,
due to the exponential growth of the current communication demand, the energy demand
is increasing significantly. In the current wireless communication field, it is crucial to build
high-performance and low-energy-consumption wireless communication system.

There are abundant wireless energy resources hidden in the daily life environment,
including wireless energy sent by mobile terminals and satellites, etc., which can be easily
accessed and utilized. Moreover, unlike solar and wind energy, energy harvesting devices
for wireless energy can move freely within the range radiated by the transmission source.
They are not limited by time and position and can work in almost any environment [1].
Therefore, wireless energy transfer has become one of the preferred technologies for green
communication. Simultaneous wireless information and power transfer (SWIPT) in [2,3]
combines wireless energy transfer and wireless communication technologies to provide a
new solution to the energy consumption problem of energy-constrained communication
devices. Owing to the reality constraint of circuit technology, it is difficult to realize the use
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of the received signal for information decoding and energy harvesting at the same time.
To address this problem, Zhang et al. [4] proposed a time switching (TS) receiver and a
power splitting (PS) receiver for the first time according to the actual situation. This paper
presents the first study of SWIPT in the MIMO system and proposes a rate-energy domain
performance inscription function.

In wireless communication, the channel is a multipath channel, and the frequency-
selective fading phenomenon and the noise superimposed on the signal during the propa-
gation process in free space have a negative impact on the transmission results. However,
due to the fact that the transmission signals of multiple independent fading channels can
be received, the diversity gain brought by multiple antennas greatly improves the system’s
anti-noise and anti-jamming capabilities. Although MIMO technology fully utilizes the
spatial gain brought by multiple antennas during signal transmission, considering the
mobility and portability of mobile terminals in practical applications, it imposes constraints
on sending power, device volume, and weight. In order to overcome the drawbacks of
the MIMO technique while obtaining its diversity gain, Sendonaris et al. [5,6] proposed
wireless collaborative relaying. The collaborative approach is achieved by mutual assis-
tance between different users, where each user in the system can use other users as relays
to assist in sending messages. At this time, the antenna array in this system creates a
virtual MIMO system. Although only one antenna is configured for each user, by sharing
antennas of other relay users it is still achievable to obtain diversity gain to improve system
spectrum utilization.

In relay collaborative networks, relay nodes are reluctant to use their own energy
to assist in the transmission of information in the network due to node selfishness [7].
Thus, relays can be considered as passive nodes requiring a continuous energy supply
or additional energy replenishment. SWIPT makes it possible to provide a sustainable
energy supply to the nodes and solve the energy constrained problem of relay nodes.
Meanwhile, the SWIPT system can take advantage of relay collaboration technology to
improve system performance.

Currently, most studies on wireless energy transfer relay systems do not consider the
problem of energy accumulation and storage in relay nodes, i.e., all the energy of RF signals
collected by relay nodes through SWIPT is used for next-hop information forwarding,
or there is energy accumulation in a relay between energy transfer communications but
the power split is only taken from 0 to 1 discrete concentration. It does not take into
account that for practical applications, the node energy storage process may not satisfy
the linear relationship while the node has the constraint of the energy storage threshold.
Therefore, the joint optimization of time slot allocation for two-way communication, the
power splitting factor of SWIPT and energy allocation of relay nodes is an urgent problem.

1.2. Related Work

There has been some published work on SWIPT technology and the two-way com-
munication system in the last few years. For example, ref. [8] investigated the trade-off
between information transmission and energy transmission in point-to-point communi-
cation over flat fading channels through dynamic power splitting. In ref. [9], Shi et al.
minimized the total transmitted power of a multi-antenna base station by jointly designing
the transmitted beam-forming vector and received power splitting ratio of all single-
antenna base stations in a downlink of a multiple-input single-output system. The current
SWIPT techniques are also well integrated and utilized in various application scenarios in
wireless communication systems, such as MIMO, MISO, and OFDM. In addition, physical
layer security-related techniques, such as collaborative interference [10], secure time slot
allocation and secure power splitting [11], secure beam assignment [12], have also been
studied in wireless energy transfer relay systems. In ref. [13], Li et al. studied SWIPT in
amplify-and-forward-based two-way relay systems by considering the availability of the
eavesdropper channel and maximizing the system secrecy transmission rate under system
resource constraints. Ref. [14] investigated the trust-based secure relay selection problem
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in SWIPT relay networks. The interference power was optimized by selecting the appropri-
ate relay and time-division ratio under the premise of ensuring secure transmission and
trust degree.

Most of the existing studies on the forwarding power of relay nodes in SWIPT systems
use all the collected energy for forwarding and do not take into account the behaviour
of relays for energy accumulation. In ref. [15], Lee et al. proposed a SWIPT and wireless
information transmission (WIT) protocol in a MISO wireless-powered interference channel.
The beam-forming vector, transmission energy, and energy harvesting (EH) ratio are jointly
optimized by deep learning to maximize sum spectral efficiency. In [16,17], the constrained
energy problem of relay networks based on collaborative communication protocols was
studied under high signal noise ratio (SNR) conditions. By comparing the performance of
TS and PS transmission mechanisms, it is concluded that the PS transmission mechanism
outperforms the TS transmission mechanism in terms of throughput. In [18], Zhong et al.,
investigated the throughput performance of a full-duplex two-way energy harvesting relay
system and proposed an improved simulated annealing-based search (SABS) algorithm
for optimizing the throughput. Refs. [19,20] analysed the outage probability of a dual-
hop network with or without using SWIPT, respectively. Ref. [21] proposed a two-way
relaying scheme using digital network coding in the underlying cognitive radio network
and derived the exact closed-form formulas of the outage probability of the secondary
sources. In [22–24], the outage probability of two-way SWIPT systems was investigated.

A summary of related works is presented in Table 1.

Table 1. Review of related works.

Ref. Network
Structure EH Mechanisms Relay Properties Stored Energy

or Not Research Interests

[8] S→ D Dynamic power splitting No relay No Rate-energy performance trade-off
[9] MISO PS No relay No Transmit power minimization

[13] Two-way relay Energy receiver AF No System secrecy transmission rate
maximization

[14] S→ R→ D TS DF FD No Throughput maximization

[15] Two-way
MISO TS PS No relay No Sum spectral efficiency

maximization
[16] S→ R→ D TS PS AF No Throughput maximization
[17] S→ R→ D TS PS DF No Throughput maximization
[18] Two-way relay TS DF FD No Throughput maximization
[19] S→ R→ D No SWIPT DF No Outage probability minimization
[20] S→ R→ D TS AF DF No Outage probability minimization
[21] Two-way relay No SWIPT Partial relay selection No Outage probability minimization

1.3. Contributions

Based on the above discussion, we conduct an in-depth study for the following two
communication models with the following main contributions:
• First, we construct a two-way single-relay communication system (SR-TWRS), in which

the relay assists the source node in multiple two-way communications while collecting
energy in conjunction with a TS broadcast transmission scheme. The relay uses the
collected energy to assist in forwarding and accumulates and stores some of the energy
for subsequent communications.

• Second, the model is further extended to a two-way multi-relay communication system
(MR-TWRS) by defining the system’s equivalent profitability. Only one optimal relay
is selected to participate in collaborative communication at a time, and the relay
selection is based on maximizing the system’s equivalent profit.

• Finally, the optimal optimization problem for the instantaneous transmission rate
in a two-way single-relay communication system is solved by the Lagrange dual
method. Furthermore, based on this, the outage probability of a single node in the
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system is analysed theoretically, and the expression of outage probability is derived.
The proposed joint optimization algorithm is demonstrated to have a significant
improvement in the instantaneous transmission rate compared with the traditional
comparison algorithm by simulation. In the two-way multi-relay communication
system, our proposed accumulative energy based on SWIPT enhances the system
equivalence profit significantly compared to the comparison algorithm

2. SWIPT in Two-Way Single-Relay Communication
2.1. System Model

As shown in Figure 1, the three-node two-way relay system, also known as the two-
way single-relay communication system (SR-TWRS), includes two source nodes and one
relay node. The three-time slot transmission scheme in three-node TWRS is also known
as the time division broadcast (TDBC) scheme. Each node in the system is in half-duplex
operation mode. The direct transmission link exists between source nodes but they cannot
communicate independently due to the poor channel condition and the two source nodes
have a fixed energy supply. The relay node, on the other hand, can only collect energy from
the signal sent by the source node by means of SWIPT, which is used to supplement its own
energy consumption used to assist the source node in forwarding the signal. For finding
notations of this paper more conveniently, the key notations are listed in Table 2.

Source node Source node

Relay node

Time slot 1

Time slot 2

Time slot 3

Energy storage ,R iB

1h
2h

0h

R

A B

Figure 1. Schematic diagram of the SR-TWRS model under the TDBC transmission scheme.

Table 2. Notation setting.

Notation Physical Meaning

hx channel gains of the two-way links
dx distance between nodes
θ channel fading factor
βi time slot allocation factor
ρi power splitting factor
T the total communication time
x1,i, x2,i, xR,i normalized signals transmitted by source nodes and the relay node
nx,i noise at the relay node due to power splitting
Px,i, PR,i transmitted power of the two source nodes and the relay
η relay energy conversion efficiency
BR,i the accumulated stored energy of the relay node
Pc the inherent consumption of the relay circuit
Bmax the inherent consumption of the relay circuit
γth SINR threshold
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It is assumed that all channels in the system are independently and identically dis-
tributed with quasi-static Rayleigh flat fading, and all channels are mutually invertible.
The channel coefficients are random variables obeying the complex Gaussian distribution,
i.e., h ∼ CN

(
0, d−θ/2

N

)
, N ∈ {0, 1, 2}, where θ denotes the channel fading factor, and dN is

the distance between nodes. In the i-th communication, the two-way relay communication
consists of three time slots as follows.

As shown in Figure 2, T is the total duration of a two-way relay communication and is
divided into three timeslots by the time slot allocation factor βi . Both time slot 1 and time
slot 2 are βiT. Source node A broadcasts information in time slot 1 to relay node R and
source node B. In time slot 2, source node B sends its message to relay node R and source
node A. In timeslot 3 the relay R transfers the processed signal to the two source nodes in
(1− 2βi)T. It is assumed that the system operates in a symmetric mode, i.e., the amount
of data in one two-way communication interaction is equal. In the i-th two-way relay
communication, the source node A in time slot 1 sends RF signal x1,i and x1,i is a power
normalized signal that satisfies E

{
|xi|2

}
= 1. The relay node is mainly composed of an

energy collection unit and a signal processing core unit. The received signal power is
divided into two parts by a power splitting factor ρi through the PS receiver, which is used
to collect energy and decode information, respectively. Then the signals received by the
relay R and the source node B in time slot 1 can be expressed, respectively, as follows,

yR,i(1) =
√
(1− ρi)PA,i|h1,i|x1,i +

√
1− ρin1 + nR (1)

yB,i(1) =
√

PA,i|h0,i|x1,i + n0 (2)

Relay energy harvest

Information transmit

Relay energy harvest

Information transmit

Information transmit

Information 

transmit

Information transmit

,i A i
Pr

A R® ,1-
i A i
Pr

,i B i
Pr

,1-
i B i
PrB R®

B A®A B®

,R A B®

i
Tb

i
Tb ( )1-2

i
Tb

Figure 2. Structure of two-way energy-carrying relay communication system under TDBC scheme.

The source node B in time slot 2 sends RF signals to the relay node R and the source
node A in the same way, and then the received signal can be expressed as

yR,i(2) =
√
(1− ρi)PB,i|h2,i|x2,i +

√
1− ρin2 + nR (3)

yA,i(2) =
√

PB,i|h0,i|x2,i + n0 (4)

where PN,i, N ∈ {0, 1, 2} are the transmit power of the two source nodes, respectively. nN,i
is the additive Gaussian white noise satisfying a mean of 0 and a variance of σ2

N,i . nR is the
noise at the relay node due to power splitting with a power of σ2

R.
Assuming the same power splitting factor at the relay nodes in the first two times-

lots, the instantaneous information transmission rate of the relay nodes in the two time
slots for the i-th two-way energy-carrying relay communication can be presented as
follows, respectively.

Rr,i(1) = βiTln

(
1 +

(1− ρi)PA,i|h1,i|2

(1− ρi)σ
2
1 + σ2

R

)
(5)
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Rr,i(2) = βiTln

(
1 +

(1− ρi)PB,i|h2,i|2

(1− ρi)σ
2
2 + σ2

R

)
(6)

Then the energy collected at the relay energy receiver can be given as

ER,i = ηβiTρi

(
PA,i|h1,i|2 + PB,i|h2,i|2

)
(7)

where η is the energy conversion efficiency of relay R. Its value depends on the receiver
rectifier antenna and impedance matching circuit.

Relay node R decodes the information sent by the source node independently in the
first two time slots in turn. Due to the service symmetry, the relay can choose to merge the
two source messages by means of XOR. To ensure that the combined data has unit power,
the combined data is denoted as xR,i = (x1,i + x2,i)/

√
2. In time slot 3 the relay node sends

the merged data to two source nodes through broadcasting. At this time, the two source
nodes receive signals that can be expressed as follows, respectively.

yA,i(3) =
√

Pr,i|h2,i|xR,i + n2 =

√
Pr,i|h1,i|√

2
x2,i +

√
Pr,i|h1,i|√

2
x1,i + n1 (8)

yB,i(3) =
√

Pr,i|h1,i|xR,i + n1 =

√
Pr,i|h2,i|√

2
x1,i +

√
Pr,i|h2,i|√

2
x2,i + n2 (9)

Taking link A → R → B as an example, source node B combines the signal re-
ceived in time slot 1 through the direct transmission link and the signal forwarded in
time slot 3 through relay by the MRC technique to obtain the instantaneous information
transmission rate,

Rb,i(3) = (1− 2β)Tln

(
1 +

PA,i|h0,i|2

σ2
0,i

+
Pr,i|h2,i|2

2σ2
2

)
(10)

Similarly, the instantaneous information transmission rate at the source node A can be
obtained by

Ra,i(3) = (1− 2β)Tln

(
1 +

PB,i|h0,i|2

σ2
0,i

+
Pr,i|h1,i|2

2σ2
1

)
(11)

where Pr,i is the relay forwarding power. In summary, the instantaneous transmission
rate of the link A → R → B after the completion of a two-way energy-carrying relay
communication can be expressed as

Rab,i = min
{

Rr,i(1), Rb,i(3)
}

(12)

Set BR,i as the accumulated stored energy of the relay node after the end of the i-th
two-way energy-carrying relay communication, and Pc as the inherent consumption of the
relay circuit for maintaining the circuit operation. The energy storage threshold of the relay
node is Bmax. Considering the energy collected by the relay node each time, the energy
consumption when sending messages and the inherent consumption, the stored energy at
relay R should satisfy,

BR,i = min{BR,i−1 + ER,i − Pr,i(1− 2βi)T − PcT, Bmax} (13)

where Pr,i(1− 2βi)T indicates the energy consumption used to send signals in one time
period T.

Then, the energy available for relay-assisted forwarding consists of Er,i collected by
SWIPT and the accumulated stored energy BR,i−1. We call this SWIPT, which collects energy
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in a two-way single-relay communication network and stores it cumulatively, the relay
energy accumulation SWIPT under SR-TWRS in this paper.

2.2. Problem Formulation

Combined with Equation (13), substitute BR,i−1 to obtain an equation that only relates
to the variable, then the energy storage constraint is further obtained as

C1 : BR,i = min

{
i

∑
k=1

ER,k −
i

∑
k=1

Pr,k(1− 2βk)T − iPcT, Bmax

}
(14)

Since the transmitting power of the relay node cannot be greater than the energy
possessed by the node, the relay forwarding power should satisfy the constraint that,

C2 : (1− 2βi)Pr,iT ≤ BR,i−1 + ER,i − PcT (15)

Combined with the non-negativity constraint of the transmitted power, the collected
energy needs to meet at least the information transmission and the inherent consump-
tion requirements. The minimum collection energy of the relay node should satisfy the
following constraint.

C3 : Er,i − Pr,i(1− 2βi)T ≥ PcT (16)

The instantaneous transmission rate optimization problem of link A→ R→ B in the
i-th two-way energy-carrying relay communication can be formulated as

OP : max
ρi ,Pr,i ,βi

Rab,i

s.t.C1, C2, C3

C4 : 0 ≤ ρi ≤ 1

C5 : 0 ≤ βi < 0.5 (17)

where C4, and C5 are realistic constraints on the power splitting factor and the time slot
allocation factor.

2.3. Joint Optimization Algorithm

The objective function in the optimization problem is a non-convex function with
respect to ρi. It needs to be solved by converting it into a convex problem. By solving the
above problem equivalently by the Lagrange dual method [25], the Lagrange function of
the optimization problem is expressed as

L(ρi, Pr,i, βi) = α1(Rr,i(1)− Rab,i) + α2(Rb,i(3)− Rab,i)

+ α3

(
Bmax −

i

∑
k=1

ER,k +
i

∑
k=1

Pr,k(1− 2βk)T + iPcT

)
+ α4(Er,i − Pr,i(1− 2βi)T − PcT) (18)

where α = (α1, α2, α3, α4) are dual variables. The Lagrange dual function of the optimization
problem can be written as

g(α) = max L(ρi, Pr,i, βi) (19)

Further, the dual optimization problem can be expressed as

min
α

g(α)

s.t. α ≥ 0 (20)
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Since the dual function is derivable, the optimal solution for the dual variables is
solved by the sub-gradient method. The central idea of this method is to update the dual
variables by α(t + 1) = (α(t) + τ∆α)+ in the direction of the vector satisfying the sub-
gradient condition at a fixed step τ until the dual variables converge, where t is the number
of iterations. According to the optimization problem, the sub-gradient of the above dual
optimization problem can be derived as

∆α1 = Rr,i(1)− Rab,i (21)

∆α2 = Rb,i(3)− Rab,i (22)

∆α3 = Bmax −
i

∑
k=1

ER,k +
i

∑
k=1

Pr,k(1− 2βk)T + iPcT (23)

∆α4 = Er,i − Pr,i(1− 2βi)T − PcT (24)

After obtaining the specific dual variables, the optimization factors can be solved
separately by the following two steps.

2.3.1. Power Optimization

Let ϕA,i = PA,i|h1,i|2 , ϕB,i = PB,i|h2,i|2. Given a fixed time slot allocation factor at the
beginning of the iteration, the partial derivatives of the power splitting factor and relay
forwarding power in the Lagrange function are obtained separately.

∂L(ρi, Pr,i, βi)

∂ρi
=− α1βiT

ϕA,iσ
2
R

(1− ρi)
(

ϕA,i + σ2
1
)
+ σ2

R
· 1
(1− ρi)σ

2
1 + σ2

R

− α3

i

∑
k=1

βkTη(ϕA,k + ϕB,k) + α4βiη(ϕA,i + ϕB,i) (25)

∂L
(
ρi, Pr,i, βi

)
∂Pr,i

= α2(1− 2βi)T
w2,i

1 + PA,iw0,i + Pr.iw2,i
+ α3

i

∑
k=1

(1− 2βk)T − α4(1− 2βi)T (26)

where wN,i =
|hN,i |2

σ2
N

. The optimal value of the power splitting allocation factor is obtained

according to the KKT condition.

ρ∗i =

1−
−σ2

R
(

ϕA,i + 2σ2
1
)
+
√

σ4
R
(

ϕA,i + 2σ2
1
)2 − 4σ2

1
(

ϕA,i + σ2
1
)
Yi

2σ2
1
(

ϕA,i + σ2
1
)

+

(27)

P∗r,i =

(
α2(1− 2βi)T

α4(1− 2βi)T − α3 ∑i
k=1(1− 2βk)T

−
σ2

2
|h2|2

(
1 +

PA,i|h0|2

σ2
0

))+

(28)

where Yi = σ4
R −

α1TϕA,iσ
2
R

α4η(ϕA,i+ϕB,i)−α3 ∑i
k=1 Tη(ϕA,k+ϕB,k)

, (·)+ = max(·, 0). Based on the original

constraint of the time slot allocation factor and the constraint C3, the new constraint range
is obtained as

βi ∈
(

Pc + Pr,i

ρiη(ϕA,i + ϕB,i) + 2Pr,i
, 0.5

)
(29)

2.3.2. Time Slot Optimization

To date, the instantaneous transmission rate of the link is only related to βi. By an
exhaustive method, the time slot allocation factor which makes the largest objective function
is the optimal value β∗i by traversing the range of values of βi.

β∗i = arg max
βi

Rab,i (30)
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where β∗i is obtained as the initial value of the time slot allocation factor in the next iteration
of power optimization. Repeat the above steps iteratively until the dual variables converge.
Algorithm 1 summarizes the proposed algorithm for the joint optimization problem in the
SR-TWRS scenario.

Algorithm 1 Proposed algorithm for the joint optimization problem in the SR-TWRS scenario.

Initialize: Given the dual variables α(t), the iteration step size τ, convergence parameter ε
and time slot allocation factor βi(1). Let t = 1.

1: repeat
2: Calculate ρi(t) and Pr,i(t) according to (27) and (28).
3: Update the value interval of βi(t + 1) and take the value according to

βi(t + 1) = arg max
βi

Rab,i.

4: Update dual variables α(t + 1) and set t = t + 1 .
5: until |α(t + 1)− α(t)| ≤ ε

2.4. Outage Probability Analysis

In this section, the analysis is performed for the single node outage probability in the
system. To facilitate subsequent calculations, let x = |h1,i|2 , y = |h2,i|2 and z = |h0|2. Since
|hN |2 obeys an exponential distribution with parameter d−θ

N , its probability density function
can be expressed as f (x) = λ1e−λ1x, f (y) = λ2e−λ2y and f (z) = λ0e−λ0z, where λN is the
channel gain density function variable and λN = d−θ

N . The relay node R participates in
collaborative communication based on the DF protocol. The outage probability of link
transmission is the outage probability at any hop. The SINR at the relay node R and the
source node B can be, respectively, expressed as

γR(1) =
(1− ρi)PA,i|h1,i|2

(1− ρi)σ
2
1 + σ2

R
(31)

γB,i =
Pr,i|h2,i|2

2σ2
2

+
PA,i|h0|2

σ2
0

(32)

Then the outage probability at the source node B can be expressed as

PBout ,i = 1− P(γR(1) ≥ γth)P
(
γB,i ≥ γth

)
= 1− Pr

{
|h1,i|2 ≥

γth
[
(1− ρi)σ

2
1 + σ2

R
]

(1− ρi)PA,i

}
Pr

{
|h2,i|2 ≥

(
γth −

PA,i|h0|2

σ2
0

)
2σ2

2
Pr,i

}

= 1− e
−λ1

γth [(1−ρi)σ2
1+σ2

R ]
(1−ρi)PA,i

∫ ∞

0
e
−λ2

(
γth−

PA,i z

σ2
0

)
2σ2

2
Pr,i λ0e−λ0zdz

= 1− λ0e−ψB,i

λ0 − φB,i
(33)

where ψB,i = λ1γth
(1−ρi)σ

2
1+σ2

R
(1−ρi)PA,i

+ 2λ2γth
σ2

2
Pr,i

, φB,i =
2λ2PA,iσ

2
2

σ2
0 Pr,i

holds in condition

Pr,i >
2λ2PB,iσ

2
1

σ2
0

. Similarly, the expression for the outage probability at the source node

A during the i-th two-way energy-carrying relay communication can be obtained as

PAout ,i = 1− λ0e−ψA,i

λ0−φA,i
, where ψA,i = λ2γth

(1−ρi)σ
2
2+σ2

R
(1−ρi)PB,i

+ 2λ1γth
σ2

1
Pr,i

, φA,i =
2λ1PB,iσ

2
1

σ2
0 Pr,i

.

3. SWIPT in Two-Way Multi-Relay Communication

In collaborative relay networks, as the relay is often configured with only a single
antenna, a virtual antenna array composed of relay nodes can be used to enhance spatial
diversity and improve system throughput and user quality of service.
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3.1. System Model

As shown in Figure 3, the two-way multi-relay relay system (MR-TWRS) includes two
sources and multiple relay nodes. Each node in the system is in half-duplex operation mode,
where both source nodes have a fixed energy supply. The relay nodes can collect the energy
in the RF signal sent by the source node through WPT and SWIPT to assist in information
transmission. In a two-way energy-carrying communication, one optimal relay node is
selected at a time to assist the two-way communication. Meanwhile, direct transmission
links exist between the source nodes but they cannot communicate independently because
of the poor channel conditions.

Source node Source node

Time slot 1

Time slot 2

Time slot 3

Energy storage
RB

1R

jR

0h

1jR +

NR

1, jh 2, jh

A B

Figure 3. Model of two-way multi-relay communication system under the TDBC transmission
scheme.

As in Figure 2, the two-way communication duration T is split into βiT, βiT and
(1− 2βi)T. It is assumed that the best relay Rj is selected to assist the source node in the
i-th two-way energy-carrying relay communication, and the power splitting factor is ρi.
When Rj is not selected, the RF signal energy sent by the source node can be collected by
WPT, and this part of energy can be expressed as

E1,i =
i−1

∑
k=1

βkT
(

PA,k|h1,j|2 + PB,k|h2,j|2
)

(34)

where PA,k and PB,k are the transmit power of the two source nodes during the first i− 1
two-way energy-carrying relay communication.

In this section, it is assumed that relay nodes do not have energy storage thresholds.
In the i-th two-way energy-carrying relay communication, source node A in time slot 1
transmits signal x1,i to source node B and the relay node Rj, and source node B in time slot
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2 sends signal x2,i, and the process is the same. Then the energy collected by A in the first
two time slots by means of SWIPT can be expressed as

E2,i = ηβiTρi

(
PA,i|h1,j|2 + PB,i|h2,j|2

)
(35)

where η is the relay energy conversion efficiency. Each relay node in the network collects
energy in the same way as Rj, as shown in Figure 4.

Source node Source node

WPT collected energy

SWIPT collected energy

Idle relay node

Best relay node

1R

jR

NR

0h

2, jh1, jh

BA

Figure 4. Relay energy storage model for MR-TWRS.

Depending on the relay selection benchmark, the system may select the best relay node
differently each time. Excluding the inherent consumption of relay circuit operation, all the
energy collected when a relay node is selected to participate in collaborative communication
is used to forward messages in the broadcast phase. Then the relay forwarding power can
be expressed as

Pr,i =
E1,i + E2,i − iPcT

(1− 2β)T
(36)

This kind of SWIPT that combines WPT for energy accumulation in two-way multi-
relay communication is defined as accumulative energy based on SWIPT under MR-TWRS.
The selected relay node uses XOR to merge and process the information of the two source
nodes to obtain the power normalized signal xR,i and then broadcast. Then the source node,
after removing its own signal from the signal received in time slot 3, merges the two signals
of time slot 1 and time slot 3 by the MRC technique. The end-to-end instantaneous
transmission rate of the source node can be obtained by

Rab,i = (1− 2βi)Tln

(
1 +

PA,i|h0|2

σ2
0

+
Pr,i|h2,j|2

2σ2
2

)
(37)

Rba,i = (1− 2βi)Tln

(
1 +

PB,i|h0|2

σ2
0

+
Pr,i|h1,j|2

2σ2
1

)
(38)
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Due to the energy limitation of relay nodes, the system energy consumption is consid-
ered to save energy and thus extend the network lifetime. The system energy consumption
during the i-th two-way energy-carrying relay communication is defined as

Ui = βiT(PA,i + PB,i) + E2,i (39)

It is worth noting that the energy E1,i collected by the WPT method is used as an
additional energy supplement for the relay nodes, which is not considered as the system
energy consumption for this two-way energy-carrying relay communication. Two new
variables, v1 and v2, are further introduced, where v1 is the equivalent profit per unit of
throughput and v2 is the equivalent cost per unit of system energy spent. The system
equivalent profit is defined as the difference between the system information transmission
profit and the system energy consumption cost v1(Rab,i + Rba,i)− v2Ui.

3.2. Problem Formulation

In our two-way multi-relay system, the optimization objective is to maximize the
system equivalent profit with optimal relay collaboration. The optimization problem is
divided into two sub-problems, defined as the inner and outer optimization problems,
respectively. In the inner optimization problem, the initially selected relay node is presumed
to be the best relay, and the maximum equivalent profit of the system is obtained by the
joint time allocation and power splitting (JTAPS) optimization method on the basis of the
selected relay. In the outer optimization problem, all relay nodes of the system are traversed
by exhaustive enumeration, and the relay that makes the system equivalent profit the
largest is the best relay node. Then the intra-optimization problem of system profitability
in the ith two-way energy-carrying relay communication can be illustrated as

OP : max
ρi ,βi

v1(Rab,i + Rba,i)− v2Ui

s.t.C1 : E2,i ≥ PcT

C4 : 0 ≤ ρi ≤ 1

C5 : 0 ≤ βi < 0.5 (40)

where C1 is the constraint on E2,i when the first relay node selected by the MR-TWRS
system does not exist E1,i. C2 and C3 are realistic constraints made on the power splitting
factor and the time slot allocation factor. Since the objective function in the optimization
problem does not satisfy the convex function condition, the Lagrange dual method is used
to equivalently solve the original optimization problem. Then its Lagrange function can be
expressed as

L(βi, ρi) = v1(1− 2βi)Tln[ln(1 + PB,iw0,1 + Pr,iw1,i) + ln(1 + PA,iw0,i + Pr,iw2,i)]

− v2[βi(PA,i + PB,i) + E1,i] + λ(E2,i − PcT) (41)

where wN,i =
|Nn |2

σ2
N

, N = 0, 1, 2 and λ is a non-negative dual variable. The dual function of

the optimization problem can be expressed as

g(λ) = max
ρi ,βi

L(βi, ρi) (42)

The original optimization problem can be solved by the dual optimization problem

min g(λ)
s.t. λ > 0 (43)

The optimal dual variable is obtained by the sub-gradient method, where the dual
variable is updated iteratively by λ(t + 1) = λ(t) + τ∆λ . The algorithm flow is as follows.
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3.2.1. Power Optimization

The time slot allocation factor βi and the power splitting factor ρi are initialized. Then
the partial derivative of the Lagrange function can be found,

∂L
∂ρi

=
v1ηβiT(ϕA,i + ϕB,i)

2

(
w2

1 + PA,iw0 +
1
2 Pr,iw2

+
w1

1 + PB,iw0 +
1
2 Pr,iw1

)
− v2ηβiT(ϕA,i + ϕB,i) + ληβiT(ϕA,i + ϕB,i) (44)

where ϕA,i = PA,i|h1|2, ϕB,i = PB,i|h2|2. The optimal value ρ∗i can be obtained by bringing
Equation (44) into Equation (36) and combining it with the KKT condition.

3.2.2. Time Slot Optimization

The time slot allocation factor βi is optimized after obtaining the optimal power
splitting factor ρ∗i . By taking partial derivatives of the Lagrange function, we obtain

∂L
∂βi

=− 2Tv1

[
ln
(

1 + PA,iw0 +
1
2

Pr,iw2

)
+ ln

(
1 + PB,iw0 +

1
2

Pr,iw1

)]
+

ηρi(ϕA,i + ϕB,i) + η ∑i−1
k=1(ϕA,k + ϕB,k)− 2iPc

1− 2βi
(v2 − λ)T2

− v2T

[
PA,i + PB,i + ηρi(ϕA,i + ϕB,i) + ηT

i−1

∑
k=1

(ϕA,i + ϕB,i)

]
+ λTηρi(ϕA,i + ϕB,i) (45)

The optimal value β∗i is also obtained by the KKT condition, which is brought in as
the initial value in the next iteration of power optimization.

3.2.3. Dual Variable Update

The dual variable is updated according to ∆ = E2,i − PcT. This is repeated until
the dual variable converges. The specific flow of the alternating iteration step of the
optimization factor in the internal optimization joint time allocation and power splitting
algorithm is shown in Algorithm 2.

Algorithm 2 Proposed algorithm for the joint optimization problem in the MR-TWRS
scenario.
Initialize: Given the dual variable λ(t), the iteration step size τ, convergence parameter ε

and time slot allocation factor βi(1). Let t = 1.
1: repeat
2: Substituting βi(t) to obtain the power splitting factor ρi(t) according to (44) and the

KKT condition.
3: Substitute ρi(t) to obtain βi(t + 1) as the initial value of the next iteration according

to (45) and the KKT condition.
4: Update dual variable λ(t + 1) and set t = t + 1 .
5: until |λ(t + 1)− λ(t)| ≤ ε

The maximum equivalent profit of the system under the initialized relay node is
obtained after the inner optimization problem is solved. In this section, the relay selection
strategy is to maximize the system profitability, when the objective function in the outer
optimization problem is only related to the relay nodes. Then the optimal relay node can
be obtained by

R∗j = arg max
Rj

v1(Rab,i + Rba,i)− v2Ui (46)
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4. Simulation Results

In this paper, the total duration of one two-way communication is T = 1s, during
which we simulated 20 times of two-way energy-carrying relay communication. Noise
power due to power splitting at the relay node is σ2

R = 4× 10−4W. In the system equivalent
profit, the equivalent benefit per unit of throughput is v1 = 1.5 and the equivalent cost per
unit of system energy spent is v2 = 1.0. The remaining parameters are shown in Table 3.

Table 3. Simulation Parameters.

Parameters Values

Distance between nodes d1 = 1m, d2 = 1m, d3 = 1.5m
Path loss factor θ = 3
Channel Gain h1 = 1.2, h2 = 1, h0 = 0.8
AWGN Power σ2

1 = σ2
2 = σ2

0 = 10−3W
Inherent consumption of relay Pc = 0.1W
Source nodes transmit power PA,i = PB,i = Pi

Relay energy conversion efficiency η = 0.6

4.1. SR-TWRS Scenario Analysis

Figure 5 shows the comparison of the energy collected by the relay and the trans-
mission power under the joint optimization algorithm and the comparison algorithm,
where the comparison algorithm is also a two-way energy-carrying relay communica-
tion under the TDBC transmission scheme. The relay node assists the communication
between the source nodes through the SWIPT method based on DF collaborative commu-
nication. The difference is that the energy collected by the relay is all used for the next
time slot forwarding, i.e., non-accumulative energy based on SWIPT, which maximizes the
instantaneous transmission rate of the link by optimizing the power splitting factor only.

2 4 6 8 10 12 14 16 18 20

Number of times to energy-carrying communication

0

1

2

3

4

5

6

7

P
o
w

e
r 

(W
)

Joint optimization algorithm relay collected power

Joint optimization algorithm relay transmit power

Comparison algorithm relay collected power

Comparison algorithm relay transmit power

Figure 5. Comparison of relay collected energy and transmitted power in the joint optimization
algorithm and comparison algorithm.



Electronics 2023, 12, 1941 15 of 21

Simulation results are given for the joint optimization algorithm and the compar-
ison algorithm in cases Bmax = 3J and Pi = 5W. For the comparison algorithm, the
relay transmitted power for each two-way communication is equal to the collected power
minus the inherent power consumed by the relay circuit. For the joint optimization algo-
rithm, the relay forwarding energy is part of the accumulated energy during the initial
energy-carrying communication, and the remaining energy is stored for subsequent com-
munication. As the relay transmitted power also participates in the optimization process
of the objective function, a further degree of freedom is added to the SR-TWRS system.
As the number of communications increases, the collected energy decreases but the relay
transmitted power can continue to increase due to the support of stored energy. In Figure 5,
the relay collected energy is less than the relay transmitted power in the 14th two-way
communication, i.e., the relay node starts to use the stored energy to assist in forwarding. It
can also be seen in conjunction with Figure 6 that the relay storage energy starts to decrease
at the 14th two-way carry communication.

Figure 6 shows the instantaneous transmission rate of the link obtained with differ-
ent energy storage thresholds set at transmit power of Pi = 5W. As can be seen from
Figure 6, the instantaneous transmission rate obtained by the joint optimization algorithm
is significantly higher than that of the comparison algorithm, even in the first two-way
energy-carrying communication, i.e., the worst instantaneous transmission rate in the
joint optimization algorithm. This is because the multi-factor optimization in the joint
optimization algorithm adds an additional degree of freedom compared to the comparison
algorithm, allowing a more rational allocation of resources to achieve higher instantaneous
transmission rates. In addition, as the energy storage threshold increases, the relay node can
store more energy, which enhances the relay forwarding power, thus making the broadcast
link instantaneous transmission rate increase.

0 2 4 6 8 10 12 14 16 18 20

Number of times to energy-carrying communication

2.7

2.72

2.74

2.76

2.78

2.8

2.82

2.84

2.86

2.88

In
s
ta

n
ta

n
e
o
u
s
 t
ra

n
s
m

is
s
io

n
 r

a
te

 (
b
p
s
)

B
max

=2J

B
max

=3J

B
max

=4J

Comparison algorithm

Figure 6. Comparison of the joint optimization algorithm and comparison algorithm under different
relay energy storage thresholds.
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Figure 7 shows the relay node energy collection curves for different energy storage
thresholds in case Pi = 5W. The energy storage accumulation is the same until the relay
collected energy reaches the threshold. After the collected energy is not enough for this
communication, the relay forwarding message starts to consume the stored energy. When
all the stored energy is consumed, i.e., B = 0, the instantaneous transmission rate reaches
the maximum value. Combining Figures 6 and 7, the above process is repeated at the
next energy-carrying communication to obtain a periodic variation of the instantaneous
initial rate.
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Figure 7. Relay collected energy at different energy thresholds.

Figure 8 shows the comparison of the instantaneous transmission rate between the joint
optimization algorithm and the comparison algorithm in the 1st two-way energy-carrying
relay communication (i.e., the worst instantaneous transmission rate) with different inherent
consumption of the relay circuit in the case of Bmax = 3J with different transmitted powers.
As can be seen from the figure, the instantaneous transmission rate in both the joint
optimization algorithm and the comparison algorithm increases as the transmitted power
increases for a certain intrinsic consumption of the relay circuit. At a certain transmit
power, the inherent consumption of the relay circuit increases under the same algorithm
making less energy available for relay forwarding, which further reduces the instantaneous
transmission rate.

Figure 9 shows the curves of the single node outage probability for different SNR thresh-
olds at different node distances. From the figure, it can be observed that as the SINR threshold
increases, the node outage probability increases. With the increase in distance between nodes,
the signal attenuation increases and the signal outage probability increases as well.
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Figure 8. Instantaneous transmission rate versus source node transmit power for the joint optimiza-
tion algorithm and the comparison algorithm.
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4.2. MR-TWRS Scenario Analysis

The comparison algorithm considered in this section is non-cumulative energy based
on SWIPT, that is, the relay node does not collect energy by WPT. When a relay is uns-
elected, it is idle. The energy collected by SWIPT only after being selected, and all the
collected energy is used to assist in information forwarding. Each relay node collects energy
independently.

Figure 10 shows the comparison of the system equivalent profit obtained by cumula-
tive energy based on SWIPT with different numbers of relays in MR-TWRS and the compar-
ison with the system equivalent profit obtained by non-cumulative based on SWIPT at the
number of relays N = 3. The system’s equivalent profit is the same in both ways because
the relay nodes do not have any form of energy storage during the first energy-carrying
communication. For the second and third energy-carrying communication, the relay node
that maximizes the system equivalent profit is selected according to the optimization objec-
tive algorithm. From the simulation results, it can be seen that the relay node with more
energy collected by WPT and stored energy will be selected first. This is because the end-to-
end instantaneous transmission rate increases due to the increased energy available to the
relay node for forwarding, which results in an increase in the system’s equivalent profit as
well. Once selected for collaborative communication, all forms of energy previously stored
by the relay node will assist in forwarding. At the fourth communication, the relay node in
N = 3 scenario can collect energy by WPT at most 2 times. At this time, all relay nodes in
the system have been selected, and the relay node with 2 times of WPT energy is selected
for each subsequent energy-carrying communication, so the system is equivalent to a stable
profit. In the N = 4 scenario, compared to N = 3, the relay node can collect the energy
by WPT up to 3 times, so the equivalent profit of the system is larger. As the number of
energy-carrying communications increases, the system equivalent profit is greater for the
N = 5 scenario, and the system equivalent profit obtained subsequently is stable.
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Figure 10. Comparison of cumulative energy based on SWIPT and non-cumulative energy based on
SWIPT under MR-TWRS.
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Figure 11 shows the variation of energy collected by WPT for different relay nodes as
the number of energy-carrying communications increases in the N = 3 scenario, and the
relay nodes selected for each energy-carrying communication are marked in the figure.
In the first energy-carrying communication, the unselected relay nodes collect and store
energy by WPT, while the selected relay node collects energy by SWIPT, and all forms of
energy collected are used for collaborative communication. In the second energy-carrying
communication, the same as the simulation results in Figure 10, the relay node with
more stored energy will be selected to participate in the collaborative communication
according to the optimized target algorithm, and the same for the subsequent energy-
carrying communication. The selected relay node can also be visualized from the figure,
because relay nodes need to use all the stored energy for forwarding, so the relay node
with E1,i = 0 at the end of each energy-carrying communication is the best relay selected to
assist the two-way communication between source nodes in the system.
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Figure 11. Energy collected by different relay nodes through WPT.

The minimum transmitted power Pmin = 5W of the source node is set to ensure that
the selected relay node can decode the received information correctly. Figure 12 shows
the variation curves of the system equivalent profit under accumulative energy based on
SWIPT for different transmitting powers in N = 3 scenario, and the comparison with the
system equivalent profit under non-accumulative energy based on SWIPT. The system
equivalent profit obtained under the accumulative energy based on SWIPT is significantly
higher than the system equivalent profit under the comparison scheme. At the same time,
the system equivalent profit obtained decreases continuously as the transmitting power
increases. This is because an increase in transmitted power further leads to an increase in
system energy consumption and the cost required for two-way communication. The impact
of increasing transmitted power on the system equivalent profit is relatively small and
leads to an overall decrease in the system equivalent profit. Furthermore, from Figure 12,
it can be seen that in the same SWIPT approach, as the inherent consumption of the relay
circuit increases, the increase in system energy cost also leads to a decrease in system
equivalent profit.
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Figure 12. System equivalent profit versus transmitted power for accumulative energy based on
SWIPT and non-accumulation energy based on SWIPT.

5. Conclusions

At present, in the two-way relay communication system combined with SWIPT,
the relay often uses all the energy collected to participate in collaborative communica-
tion, ignoring the feature that the relay node can store and accumulate energy, which can
be improved to further extend the freedom of the system. In this paper, we divide the
network into two models, SR-TWRS and MR-TWRS, in the context of two-way energy-
carrying relay communication networks, and consider the energy storage of relay nodes
under these two system models. TDBC transmission scheme is also used for the direct
transmission links present in the system, and the system diversity gain can be improved by
merging techniques at the receiving end. By jointly optimizing the relay selection, time slot
allocation factor, power splitting factor and relay forwarding power for the instantaneous
transmission rate and the system equivalent profit, our proposed algorithm improves the
performance of the system compared with the comparison algorithm.
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