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This paper investigates an energy-constrained two-way multiplicative amplify-and-forward (AF) relay network, where a practical
nonlinear energy harvesting (NLEH)model is equipped at the relay to realize simultaneous wireless information and power transfer
(SWIPT).We focus on the design of dynamic power splitting (DPS) strategy, in which the PS ratio is able to adjust itself according to
the instantaneous channel state information (CSI). Specifically, we first formulate an optimization problem to maximize the outage
throughput, subject to the NLEH. Since this formulated problem is nonconvex and difficult to solve, we further transfer it into an
equivalent problem and develop a Dinkelbach iterative method to obtain the corresponding solution. Numerical results are given
to verify the quick convergence of the proposed iterative method and show the superior outage throughput of the designed DPS
strategy by comparing with two peer strategies designed for the linear energy harvesting (LEH) model.

1. Introduction

Internet of things (IoT) devices are usually powered by
batteries with limited energy storage capacity, leading to a key
constraint of the performance of energy-constrained wireless
networks [1, 2]. To address this problem, simultaneous wire-
less information andpower transfer (SWIPT) has beenrecent-
ly proposed as a promising solution to prolong the lifetime of
energy-constrainedwireless networks, where thewireless sig-
nal is either switched in the time domain or split in the power
domain to provide signal transmission and power transfer
using the same wireless carrier, i.e., time switching (TS) strat-
egy and power splitting (PS) strategy. Accordingly, SWIPT is
applicable in energy-constrained networks for striking a bal-
ance between information and energy [3–5].

Relaying techniques, including one-way relay networks
(OWRNs) and two-way relay networks (TWRNs), are highly
beneficial in wireless communications to overcome shadow-
ing effects, to increase the communication range, to improve

the energy efficiency, and to increase the achievable through-
put [6]. Of particular interest is the two-step (or three-step)
TWRNs, in which one node shares its data with the other
node via an intermediate relay.The system configurationmay
arise inmany practical scenarios, e.g., data exchange between
sensor nodes and the data through an immediate relay in IoT
networks [7, 8]. However, in fact, the relay nodes may have
limited battery capacity and thus rely on some external re-
sources to charge in order to remain active. Further, due to
the random positions of relay nodes, consistent power supply
may be unavailable for energy-constrained relay nodes, lead-
ing to possible power outages. As a result, the aforementioned
two promising techniques, SWIPT and two-step (or three-
step) TWRNs, can be integrated to balance between informa-
tion and energy [9].

Up to now, several works have been reported regarding
this issue [10–15]. Authors of [10, 11] introduced decode-and-
forward (DF) and amplify-and-forward (AF) into PS strategy
based SWIPT with two-step TWRNs, respectively. Reference
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[12] studied the optimal PS strategy to maximize the energy
efficiency. Since the circuitry design of three-step is simpler
than that of two-step, [13] studied the bounds performance
for PS based SWIPT with three-step DF-TWRNs in terms
of outage probability. Different from [13], the authors of [14]
studied the PS based three-step multiplicative AF-TWRNs,
due to the advantage of three-step multiplicative TWRNs in
outage probability and investigated the corresponding outage
performance with a static PS strategy, where the PS ratio is
determined by statistic channel state information (CSI). This
results in a room for improving by making full use of the
instantaneous CSI. Due to this reason, the dynamic PS (DPS)
strategy was further developed [15]. It was shown that the
outage performance can be improved by employing the DPS
strategy.

However, the above works discussed [10–15] were based
on the assumption of a linear energy harvesting (LEH)model,
which was shown to be inaccurate and not capable of captur-
ing the nonlinear behaviour of RF energy harvesting (RF-EH)
circuits [16]. As a result, those existing strategies based on
the LEH model lead to significant performance loss in a real
scenario owing to the mismatching between linear and non-
linear EH (NLEH)model. Even though several works [16–27]
have been reported regarding the applications of the NLEH
model for wireless communications, most of them (see [16–
24]) focused on the wireless powered communication (WPC)
networks and point-to-point/cognitive radio networks with
SWIPT. Apart from the aforementioned networks, the appli-
cations of a NLEH model have also been studied to the
OWRNs [25–27]. In [25, 26], the authors investigated the
outage performance of a NLEH relaying network with a PS
strategy. Considering the perfect/imperfect CSI at the relay,
the optimal PS strategy was developed in terms of outage
performance [27]. However, there is no work in the existing
literature studying the TWRNs with a NLEH harvester. This
motivates our work.

In this paper, we study a DPS strategy for three-step
multiplicative AF-TWRNs, where the relay is equippedwith a
NLEH harvester (this work extends the recent work [15] into
the NLEH) to realize the SWIPT. To incentivize the relay to
cooperate with the source, the harvest-then-forward scheme
is adopted, i.e., the relay only uses the harvested energy from
the source’s signal to assist its transmissions. In order to inves-
tigate the upper bound outage throughput of the considered
network, we assume that CSI is available. Our contributions
are as follows.

We formulate an optimization problem to maximize the
outage throughput by adjusting the PS ratio according to the
instantaneous CSI. The optimization problem is equivalent
to maximize worse end-to-end signal-to-noise ratio (SNR),
which is nonconvex and difficult to solve. On this basis, we
reformulate it as a fractional programming problem and
employ the Dinkelbach method to derive a DPS strategy.The
simulation results show, compared with the existing strate-
gies, the proposed DPS strategy achieves a larger outage
throughput.

The rest of this paper is organized as follows. In Section 2,
we introduce the system model. In Section 3, we formulate
an optimization problem tomaximize outage throughput and

design an iterative method to obtain the optimal solution.
Section 4 provides simulation results to verify our work.
Finally, Section 5 concludes the paper.

2. System Model

2.1. Multiplicative AF-TWRNs. We consider a NLEH multi-
plicative AF-TWRNs, where an energy-constrained relay 𝑅
coordinates the two-way communications for two terminals
(i.e., node 1 and node 2) exchanging information by adopting
the harvest-then-forward scheme, as shown in Figure 1. All
nodes are equippedwith one antenna due to the limited space
(since the main focus of this work is on the novel dynamic
power splitting (DPS) scheme design subject to the nonlinear
model, for analytical tractability, we consider the single
antenna AF relay networks). We ignore the direct transmis-
sion between two terminals due to the heavy fading [15]. For
successful information exchange between the two nodes, we
consider the following assumptions [14, 15]:

(i) The total transmission time block𝑇 = 1 is divided into
three consecutive equal time slots, as shown in Fig-
ure 2. First, node 1 sends the signal to 𝑅. And then,
node 2 sends the signal to𝑅. Finally, the relay𝑅 broad-
casts themultiplied signal to nodes 𝑘 (𝑘 = 1 or 2) using
the harvested energy.

(ii) The path-lossmodel is distance-dependent with a rate
of 𝑑−𝛼𝑘 , where 𝛼 is the path-loss exponent and 𝑑𝑘 is the
distance between node 𝑘 and relay 𝑅. Let 𝑔𝑘 denote
the complex channel coefficients from the relay to the
destination node 𝑘, respectively. Each link is inde-
pendent with frequency nonselective Rayleigh block
fading. Further, CSI is available in order to investigate
the upper bound outage performance.

(iii) Theprocessingenergy required by the transmit/receive
circuitry at the relay is ignored since it is very small
compared with the transmit energy.

2.2. Energy Harvesting Model. EH model is able to charac-
terize the relationship between input power 𝑃𝑖𝑛 and output
power 𝑃𝑜𝑢𝑡 by a function 𝑓(⋅), given by

𝑃𝑜𝑢𝑡 = 𝑓 (𝑃𝑖𝑛) . (1)

The conventional LEH model assumes a fixed constant to
describe the relationship between input power 𝑃𝑖𝑛 and output
power 𝑃𝑜𝑢𝑡, given by

𝑃𝑙𝑖𝑛𝑒𝑎𝑟𝑜𝑢𝑡 = 𝑓 (𝑃𝑖𝑛) = 𝜂𝑃𝐸𝑅𝑘 , 0 ⩽ 𝜂 ⩽ 1, (2)

where 𝜂 is the fixed energy conversion efficiency of energy
harvester equipped at relay.

However, the above LEHmodel cannot capture the prop-
erties of practical EH circuits, since the energy conversion
efficiency improves as the input power rises, but for high
input power there is a limitation on the maximum harvested
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Figure 1: System model of three-step multiplicative AF-TWRNs with SWIPT.
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Figure 2: Transmission time-block structure for the DPS strategy.

energy [19]. To this end, a NLEHmodel was proposed by fitt-
ing the measurement data in [16], given by

𝑃𝑁𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟𝑜𝑢𝑡 = 𝑓 (𝑃𝑖𝑛)
= [𝑀/ (1 + exp (−𝑎 (𝑃𝑖𝑛 − 𝑏))) −𝑀Ω]1 − Ω , (3)

where𝑀 denotes the maximum harvested power at EH har-
vester when the EH circuit is saturated; 𝑎 and 𝑏 are constants
related to the detailed EH circuit specifications such as the
resistance, capacitance, and diode turn-on voltage;Ω = 1/(1+
exp(𝑎𝑏)).

More recently, the authors of [28] proposed another func-
tion to characterize the practical EH circuitry; that is,

𝑃𝑁𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟𝑜𝑢𝑡 = 𝑓 (𝑃𝑖𝑛) = 𝑎𝑃𝑖𝑛 + 𝑏𝑃𝑖𝑛 + 𝑐 −
𝑏𝑐 , (4)

where parameters 𝑎, 𝑏, and 𝑐 are constants determined by
standard curve fitting tool.

Compared with themodel in (3), themodel in (4) is more
mathematically tractable and is able to provide sufficient
precision [28]. For the above reasons, this paper employs the
model in (4) to develop the DPS strategy.

2.3. Working Flow. In the first or second slot, the signal from
the node 𝑘 received at relay 𝑅 is given as

𝑦𝑘,𝑅 = √𝑃𝑘ℎ𝑘𝑥𝑘 + 𝑧𝑘, ∀𝑘 = 1, 2. (5)

where 𝑃𝑘 is the transmit power of node 𝑘, ℎ𝑘 = 𝑔𝑘/√𝑑𝛼𝑘 , 𝑥𝑘
denotes the normalized signal from the node 𝑘, and 𝑧𝑘 is the
additive white Gaussian noise (AWGN) at the receiving an-
tenna.

The received RF signal is split into two streams,√(1 − 𝜌)𝑦𝑘,𝑅 for information processing and √𝜌𝑦𝑘,𝑅 for EH.
Accordingly, based on model (4), the total harvested energy
at 𝑅 from the first and second slots can be calculated as

𝐸𝑅 = 𝑇3 (𝑃𝑁𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟𝐸𝑅1
+ 𝑃𝑁𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟𝐸𝑅2

)
= 𝑇3 (

𝑎𝑃𝐸𝑅1 + 𝑏𝑃𝐸𝑅1 + 𝑐 +
𝑎𝑃𝐸𝑅2 + 𝑏𝑃𝐸𝑅2 + 𝑐 −

2𝑏𝑐 )

= 𝑇3 (
(𝑎𝑐 − 𝑏) [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)]𝑐𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐2 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2) + 𝑐3 ) ,

(6)

where 𝑃𝐸𝑅𝑘 = 𝜌𝑃𝑘|ℎ𝑘|2 is the received power from the node 𝑘;𝜌 ∈ [0, 1) is the PS ratio.
In the third slot, the received signals at the first slot and

the second slot are multiplied and amplified, resulting in a
hybrid signal at relay 𝑅, given by

𝑦𝑅 = √𝑃𝑅𝜉 (ℎ1√(1 − 𝜌) 𝑃1𝑥1 + 𝑍1)
⋅ (ℎ2√(1 − 𝜌) 𝑃2𝑥2 + 𝑍2) ,

(7)

where 𝜉 = Π2𝑘=1((1 − 𝜌)|ℎ𝑘|2𝑃𝑘 + 𝜎2𝑘) is the power constraint
factor; 𝜎2𝑘 is the power of the mixed AWGN noises 𝑍𝑘,
including the antenna noise and conversion noise; 𝑃𝑅 =3𝐸𝑅/𝑇 is the transmitted power at the relay.

According to the single channel separation signal tech-
nology [15], the desired signal from the target node can be ob-
tained from themixed signal.Therefore, the signal received at
destination node 1 obtains the information from node 2; that
is,

𝑦1,2 = 𝑥−11 (ℎ1𝑦𝑅 + 𝑍1) , (8)
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where 𝑍1 denotes the mixed noise at node 1 with the variance𝜎21 , which includes the transmitter antenna noise, the receiver
antenna noise, and the conversion noise; 𝑥−11 = 1/𝑥1.

Substituting (7) into (8), the received signal 𝑦1,2 at the
node 1 from the node 2 can be rewritten as

𝑦1,2 = √𝑃𝑅𝑃1𝑃2𝜉 (1 − 𝜌) ℎ12 ℎ2𝑥2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Signal Term

+√𝑃𝑅𝜉 ℎ1𝑥−11 𝑍1𝑍2 + √
𝑃𝑅𝑃1 (1 − 𝜌)𝜉 ℎ12 𝑍2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

Noise Term I

+√𝑃𝑅𝑃2 (1 − 𝜌)𝜉 ℎ1ℎ2𝑥−11 𝑥2𝑍1 + 𝑥−11 𝑍1,⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Noise Term II

(9)

Therefore, the SNR from node 2 to node 1 can be de-
scribed as

𝛾1 = 𝑠𝑛 + 𝑜 + 𝑖 + 𝑒 , (10)

where (in this paper, we assume that instantaneous CSI is
only available at the relay in order to reduce the CSI feedback
overhead. Thus, we assume that 𝑃1 = 𝑃2 = 𝑃𝑆, and the power
allocation scheme for destination nodes has not been consid-
ered)

𝑠 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] 𝑃𝑆2 (1 − 𝜌)2 ℎ14
⋅ ℎ22 ,

𝑛 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] 𝑃𝑆 (1 − 𝜌) ℎ14 𝜎22 ,
𝑜 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] 𝑃𝑆 (1 − 𝜌) ℎ12
⋅ ℎ22 𝜎21 ,

𝑖 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] ℎ12 𝜎21𝜎22 ,
𝑒 = (𝑐𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐2 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2) + 𝑐3)
⋅ (𝑃𝑆 (1 − 𝜌) ℎ12 + 𝜎21) (𝑃𝑆 (1 − 𝜌) ℎ22 + 𝜎22) 𝜎21 ,

𝜇 = 𝑎𝑐 − 𝑏,
𝑃1 = 𝑃2 = 𝑃𝑆,
𝑃𝐸𝑅1 = 𝜌𝑃𝑆 ℎ12 ,
𝑃𝐸𝑅2 = 𝜌𝑃𝑆 ℎ22 .

(11)

Likewise, the SNR from the node 1 to node 2 is 𝛾2, which
can be written as

𝛾2 = 𝑠𝑛 + 𝑜 + 𝑖 + 𝑒 , (12)

where

𝑠 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] 𝑃𝑆2 (1 − 𝜌)2 ℎ24
⋅ ℎ12 ,

𝑛 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] 𝑃𝑆 (1 − 𝜌) ℎ24
⋅ 𝜎21 ,

𝑜 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] 𝑃𝑆 (1 − 𝜌) ℎ22
⋅ ℎ12 𝜎22 ,

𝑖 = 𝜇 [2𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2)] ℎ22 𝜎22𝜎21 ,
𝑒 = (𝑐𝑃𝐸𝑅1𝑃𝐸𝑅2 + 𝑐2 (𝑃𝐸𝑅1 + 𝑃𝐸𝑅2) + 𝑐3)
⋅ (𝑃𝑆 (1 − 𝜌) ℎ22 + 𝜎22) (𝑃𝑆 (1 − 𝜌) ℎ12 + 𝜎21) 𝜎22 .

(13)

3. Dynamic Power Splitting

3.1. Optimization Problem Formulated. For SWIPT based
TWRNs, the outage occurs if one destination node cannot
decode the information from the other source node.Thus, the
outage throughput 𝜏 can be described as

𝜏 = (1 − 𝑃𝑜𝑢𝑡) 𝑈, (14)

with

𝑃𝑜𝑢𝑡 = 𝑃 {(𝛾1 < 𝛾𝑡ℎ) ∪ (𝛾2 < 𝛾𝑡ℎ)}
= 1 − 𝑃 {𝛾1 ⩾ 𝛾𝑡ℎ, 𝛾2 ⩾ 𝛾𝑡ℎ} , (15)

where 𝛾𝑡ℎ = 2𝑈−1 is theminimumacceptable threshold value;𝑈 denotes the constant transmission rate of the source node.
It can be observed from (14) and (15) that the outage

throughput is determined by the worse end-to-end SNR of
the two links. Thus, the optimization problem to maximize
the outage throughput can be written as

(P1) : maxmin
𝜌

{𝛾1, 𝛾2}
subject to : 0 ⩽ 𝜌 < 1. (16)

Lemma1. P1 is proved to be equivalent to the following optimi-
zation problem P2, which is

(P2) : max
𝜌
𝛾

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 : 0 ⩽ 𝜌 < 1, (17)

where 𝛾 = { 𝛾1, if 𝛾1⩽𝛾2𝛾2, if 𝛾1>𝛾2 .

The proof is given in Appendix.
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3.2. Iterative Method Design. In this subsection, we focus on
the design of iterative method to solve (P2) based on the
Lemma 1. Specifically, we assume that 𝛾1 is equal to 𝛾 and
design an iterative method to obtain corresponding solution.
Note that the case of 𝛾 = 𝛾2 can also be obtained by the same
method.

We denote the maximum SNR of the node 2 to node 1
which equals 𝑞∗, which is

𝑞∗ = max
0⩽𝜌(𝑙)<1

𝑠𝑛 + 𝑜 + 𝑖 + 𝑒 , (18)

It can be concluded that (18) is a typical fractional pro-
grammingproblem.Therefore, we can employ theDinkelbach
method to obtain the maximum 𝑞∗, as shown in Algorithm 1.
Notice that 𝑞∗ is available if and only if

max
0⩽𝜌(𝑙)<1

{𝑠 − 𝑞∗ (𝑛 + 𝑖 + 𝑠 + 𝑒)} = 0. (19)

The proof can be found in [29].
Next, we solve the auxiliary problem in the step 4 of the

Dinkelbachmethod, which is nonconvex.The equation in the
auxiliary problem can be written as

𝐹 (𝑞(𝑙−1), 𝜌(𝑙)) = 𝑟1𝜌4 + 𝑟2𝜌3 + 𝑟3𝜌2 + 𝑟4𝜌 − 𝑟5, (20)

where
𝑟1 = 2𝜇𝑚1𝑚3 − 𝑢5𝑚21,
𝑟2 = 𝜇 [−4𝑚1𝑚3 + (𝑐 + 2𝑢4)𝑚2𝑚3]
− 𝑢5 (𝑢8𝑚1𝑚2 − 2𝑚21) ,

𝑟3 = 𝜇 [2 (𝑚3 − 𝑚8)𝑚1 + 𝑐𝑚2𝑚7 − 2𝑐𝑚3] ,
− 𝑘5 [(𝑢9 + 𝑢10𝑚2)𝑚1 + 𝑚21 − 𝑢3𝑚22] ,
𝑟4 = 𝜇 (𝑐𝑚3 − 𝑐𝑚8)
− 𝑢6 [(𝑚2 − 2𝑐)𝑚1 − 𝑢3𝑚2 + 𝑢11𝑚22] ,

𝑟5 = 𝑢7 (𝑚1 + 𝜎2𝑚2 + 𝜎4) .
𝑚1 = 𝑢1𝑢2,
𝑚2 = 𝑢1 + 𝑢2,
𝑚3 = 𝑢1𝑢2 ℎ12 ,
𝑚4 = 𝑢1𝑢4 ℎ12 ,
𝑚5 = 𝑢2𝑢4 ℎ12 ,
𝑚6 = 𝑢4 ℎ12 𝜎21 ,
𝑚7 = 𝑢4 ℎ12 (𝑢1 + 𝑢2) ,
𝑚8 = 𝑘4 ℎ12 (𝑢1 + 𝑢2 + 𝜎2) .
𝑢1 = 𝑃𝑆 ℎ12 ,
𝑢2 = 𝑃𝑆 ℎ22 ,

𝑢3 = 𝑐𝜎2,
𝑢4 = 𝑞(𝑙−1)𝜎2,
𝑢5 = 𝑞(𝑙−1)𝜎2𝑐,
𝑢6 = 𝑞(𝑙−1)𝜎2𝑐2,
𝑢7 = 𝑞(𝑙−1)𝜎2𝑐3,
𝑢8 = 𝑐 − 𝜎2,
𝑢9 = 𝜎4 + 𝑐2,
𝑢10 = 𝜎2 − 2𝑐,
𝑢11 = 𝜎2 + 𝜎4.

(21)

The first-order derivative of the function𝐹(𝑞(𝑙−1), 𝜌(𝑙)) can
be written as

𝐹 (𝑞(𝑙−1), 𝜌(𝑙)) = 4𝑟1𝜌3 + 3𝑟2𝜌2 + 2𝑟3𝜌 + 𝑟4 = 0. (22)

Clearly, (22) is a typical cubit equation and the roots can
be determined [30]. For the convenience of the following
description, we denote that 𝐴 = 9𝑟22 − 24𝑟1𝑟3, 𝐵 = 6𝑟2𝑟3 −36𝑟1𝑟4, 𝐶 = 4𝑟23 − 9𝑟2𝑟4, and Δ = 𝐵2 − 4𝐴𝐶. The roots are as
follows.

Case 1. If 𝐴 = 𝐵 = 0, there exists a triple root and the real
root is −3𝑟2/12𝑟1.
Case 2. If Δ = 𝐵2 − 4𝐴𝐶 > 0, there exist one real root and
two complex roots.The real root is (−3𝑟2−( 3√𝑌1+ 3√𝑌2))/12𝑟1,
where 𝑌1,2 = 3𝐴𝑟2 + 12𝑟1((−𝐵 ± (√𝐵2 − 4𝐴𝐶))/2).
Case 3. If Δ = 𝐵2 − 4𝐴𝐶 = 0, there exist a double real root,
and a real root, i.e., two different real roots. Both two different
roots are −𝐾/2 and −3𝑟2/4𝑟1 + 𝐾, where 𝐾 = (𝐵/𝐴)(𝐴 ̸= 0).
Case 4. If Δ = 𝐵2 − 4𝐴𝐶 < 0, there exist three different
real roots. Three different real roots are (−3𝑟2 − 2√𝐴 cos(𝜃/3))/12𝑟1, (−3𝑟2 + √𝐴(cos(𝜃/3) + √3 sin(𝜃/3)))/12𝑟1, and(−3𝑟2+√𝐴(cos(𝜃/3)−√3 sin(𝜃/3)))/12𝑟1, where 𝜃 = arccos𝑇
and 𝑇 = (6𝐴𝑟2 − 12𝑟1𝐵)/2√𝐴3(𝐴 > 0, −1 < 𝑇 < 1).

Based on the above cases, we can obtain closed-form roots
for the above cubic equation (22). Then the real root from
0 to 1 to maximize the function 𝐹(𝑞(𝑙−1), 𝜌(𝑙)) is selected as
the optimal solution to the auxiliary problem by comparing
values of the real roots.

4. Simulation Results

In this section, we present the numerical results to evaluate
the outage throughput of the proposed DPS, two baseline
schemes proposed in [14, 15] under a NLEHmodel.The fitted
ones of the employed NLEH parameters are set as 𝑎 = 109.7,
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(1): Initialize:
the maximum number of iterations 𝐿max, the iteration index 𝑙 = 1, 𝑞(0) = 0;(2): Set:𝜂, 𝑃𝑆, 𝛿, 𝜎2 and input the instantaneous CSI, ℎ𝑘;(3): repeat(4): Solve the maximize optimization problem in (19) with 𝐹(𝑞(𝑙−1), 𝜌(𝑙)) =
max0⩽𝜌(𝑙)<1{𝑠 − 𝑞(𝑙−1)(𝑛 + 𝑜 + 𝑖 + 𝑒)} and obtain 𝜌(𝑙);(5): Apply 𝜌(𝑙) into 𝑠, 𝑛, 𝑜, 𝑖, 𝑒 to calculate 𝑠, 𝑛, 𝑜, �̃�, 𝑒;(6): Update 𝑞(𝑙) = 𝑠/(𝑛 + 𝑜 + �̃� + 𝑒);(7): If |𝐹(𝑞(𝑙−1), 𝜌(𝑙))| ⩾ 𝛿, then 𝑙 = 𝑙 + 1;(8): until |𝐹(𝑞(𝑙−1), 𝜌(𝑙))| < 𝛿 or 𝑙 = 𝐿max;(9): Obtain the maximum SNR 𝑞∗ = 𝑞(𝑙), and the optimal PS ratio 𝜌∗ = 𝜌(𝑙).

Algorithm 1: The proposed iterative method.
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Figure 3: SNR versus PS ratio through exhaustive searching.

b = 43.69, and c = 128.1. For comparison, we set the param-
eters as follows: 𝛼 = 2.7, 𝑑1 = 𝑑2 = 1m, 𝛿 = 10−1, and𝜎2 = 0.01.

Figure 3 shows the SNR versus PS ratio by exhaustive
searching method with the channel gains |ℎ1| = 0.9770 and|ℎ2| = 1.2594. The transmit power and the transmission rate
of source node are set to be 1.5 J/s and 3 bits/s/Hz, respectively.
One can see that the value of optimal PS ratios for LEH and
NLEH is unequal. This point illustrates that the optimal PS
strategy designed for LEH is not an optimal one for NLEH,
due to the mismatching between LEH and NLEH. Based on
the same parameter as Figure 3, the PS ratio and SNR versus
number of iterations are illustrated. It can be observed that
only two iterations are required to obtain optimal solution
by the proposed iterative method. In addition, the optimal
solution obtained by the proposed iterativemethod is equal to
the one obtained by exhaustive searchingmethod in Figure 4.
The above analyses verify our proposed iterative method.

Figure 5 depicts the outage throughput with different
transmission rates𝑈 for the proposed DPS strategy, the static
PS strategy [14], and the existing DPS strategy (here, we
employ LEH-DPS scheme to calculate the optimal PS ratio
under the LEH model and substitute it into NLEH model)
[15]. Among those strategies, the static PS strategy and the
existing DPS strategy are designed for LEH model and the
existing DPS strategy is renamed as a baseline scheme for
convenience. It can be observed that, in terms of outage
throughput, the proposedDPS scheme outperforms the static
PS and the baseline scheme at different transmission rates 𝑈,
as expected.This is because our proposed strategy is designed
for NLEH and can obtain the optimal solution optimized for
a NLEH model.

Both Figures 6 and 7 illustrate the outage throughput
versus SNR for two strategies under different scenarios. One
can see from Figure 6 that the outage throughput decreases
with the distance. The reason is that the larger distance leads
to a smaller channel gain and a lower outage throughput.
One also can see that the proposed strategy outperforms the
baseline scheme, which shows that the baseline scheme is a
suboptimal one for the NLEH. In addition, it can be observed
from Figure 7 that a considerable performance gain can be
achieved by selecting an appropriate transmission rate.

5. Conclusion

In this paper, we developed a DPS strategy to maximize the
outage throughput for NLEH three-step multiplicative AF-
TWRNs. In particular, we formulated a nonconvex optimiza-
tion problem formaximizing the outage throughput and pro-
posed a Dinkelbach method to obtain the solution with a few
iterations. Although the auxiliary problem of the proposed
Dinkelbachmethod is nonconvex,we derived the closed-form
solutions and avoided the necessity of solving a sequence of
nonconvex auxiliary problems. Simulations showed that the
proposed DPS strategy achieves a higher outage throughput
in NLEH three-step multiplicative AF-TWRNs compared
with two recent schemes designed for the LEH model.
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Appendix

Proof of the Lemma

For ease of analysis, we neglect the antenna noise and assume
that 𝜎2 = 𝜎21 = 𝜎22 = 𝜎21 = 𝜎22 [14, 15].
Case i. If |ℎ1|2 = |ℎ2|2 or 𝜌 = 0, it is obvious that 𝛾1 = 𝛾2.
Thus, the optimization problem (P1) is equivalent to (P2).

Case ii. By means of reduction to absurdity, it can be proven
that 𝛾1 = 𝛾2 holds when |ℎ1|2 ̸= |ℎ2|2 and 𝜌 ̸= 0. We

assume that 𝛾1 − 𝛾2 = 0 holds. Through some convenient
mathematical calculations, the equality 𝛾1 − 𝛾2 = 0 can be
rewritten asℎ12 ((1 − 𝜌) 𝑃𝑆 ℎ12 + 𝜎2) ((1 − 𝜌) 𝑃𝑆 ℎ22 + 𝜎2)

= ℎ22 ((1 − 𝜌) 𝑃𝑆 ℎ12 + 𝜎2)
⋅ ((1 − 𝜌) 𝑃𝑆 ℎ22 + 𝜎2)

(A.1)

Obviously, (A.1) holds if and only if |ℎ1|2 = |ℎ2|2 or 𝜌 = 0,
which indicates that the assumption 𝛾1 − 𝛾2 = 0 does not
hold except for the case i. Based on the above cases, Lemma 1
holds.

The proof is complete.
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