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Abstract—Smart agriculture is able to optimize the in-
formation resources of agriculture, which can improve the
quality and productivity of agricultural products. Wireless
sensor networks (WSNs) provide smart agriculture with ef-
fective solutions for collecting, transmitting, and process-
ing of information. However, the large number of sensor
networks consume too much energy that violates the prin-
ciple of green communication. Simultaneous wireless in-
formation and power transfer (SWIPT) technology utilizes
radio-frequency signals to transmit information and provide
energy to WSNs, which can extend the lifetime of WSNs ef-
fectively. In this article, an architecture design of smart agri-
culture is first proposed by exploiting the SWIPT. Then, an
energy efficiency optimization scheme is studied to achieve
green communication, in which the subcarriers’ pairing and
power allocation are jointly optimized. The process of com-
munication is divided into two phases. Specifically, in the
first phase, source sensor sends information to relay sen-
sor and destination sensor. Relay sensor utilizes a part of
the subcarriers to receive the information, and utilizes the
remaining subcarriers to collect energy. Destination sensor
uses all the subcarriers to receive the information. In the
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second phase, relay sensor utilizes the energy collected
in the first phase to forward the information to destina-
tion sensor. An effective iterative optimization algorithm
is proposed to resolve the proposed optimization problem
through Lagrangian dual function. Simulation results val-
idate that the performance of the algorithm can improve
energy efficiency of the system effectively.

Index Terms—Power allocation, simultaneous wireless
information and power transfer (SWIPT), subcarrier alloca-
tion, smart agriculture, wireless sensor networks (WSNs).

I. INTRODUCTION

THE POPULATION of the world is expected to be 9–10
billion, and the demand of food will increase to 60–70%

by 2050. Meanwhile, it is requested minimal negative impacts
on the environment, such as reducing the emissions of green-
house gas and the consumption of water, which poses a critical
challenge to the existing agriculture [1]. With the rising of the In-
ternet of Things (IoT) technology [2], [3], it has provided strong
technical support for agricultural development and accelerated
the speed of agricultural transformation [4].

Through the deployment of wireless sensor networks
(WSNs), smart agriculture is able to collect various information
on the farm [5]–[8], e.g., the temperature and humidity of the
greenhouse, the PH of the soil, and the concentration of CO2,
as shown in Fig. 1, which can increase the agricultural produc-
tion with real-time information monitoring [9], [10]. To realize
smart agriculture, a massive number of sensor nodes need to
be deployed. However, these sensor nodes are size constrained
with low-capacity battery. Once the battery is exhausted, the
sensor nodes will fail to work, which reduces the lifetime of the
system. Therefore, it is important to design an efficient power
supply mechanism for these low-powered sensor nodes.

Energy harvesting (EH) is a valid method to provide en-
ergy supply through harvesting energy from environmental
resources [11], [12], e.g., solar, thermoelectricity, and wind.
In [13], the sensor nodes are powered by harvesting energy from
solar, which can effectively extend the lifetime of WSNs. [14]
proposed an optimized wind EH system to sustain the oper-
ation of sensor nodes. However, these ambient energy source
are unstable, which cannot provide sustainable energy supply.
Moreover, in smart agriculture, some sensor nodes may be
deployed beneath the soil or indoors, which is inconvenient to
harvest the energy from the environmental resources. Thus, it is
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Fig. 1. Illustration of smart agriculture.

challenging to provide sustainable and reliable energy supply to
massive low-power sensor nodes.

Different with the EH, wireless power transfer (WPT) is able
to provide more stable and reliable energy supply to sensor
nodes by using radio-frequency (RF) signals [15]–[25]. [17]
proposed a WPT-based power allocation optimization strat-
egy, in which the wireless sensor nodes are charged through
receiving RF signals. As RF signals carry both energy and
information, it makes possible to transfer information and en-
ergy simultaneously. Simultaneous wireless information and
power transfer (SWIPT) is the technology proposed to harvest
energy and decode information at the receiver from the same
RF signals [26]–[35]. Time switching (TS) and power splitting
(PS) are two realizable protocols proposed to realize SWIPT
in the practical systems. In TS protocol, the receiver performs
information decoding and energy harvesting in different time
slots [26], [27]. In PS protocol, the power splitter divides the
received power into two parts, one part for information decoding
and the other for energy harvesting [28], [29]. It is envisioned that
SWIPT can significantly improve the energy efficiency of the
WSNs [30]–[35].

Motivated by the above-mentioned reasons, energy efficiency
optimization in SWIPT-enabled WSNs for smart agriculture is
studied in this article. With the target of maximizing the system
energy efficiency, we jointly optimize the power allocation and
pairing of subcarriers. To the authors best knowledge, this is
the first work that considers the SWIPT-enabled WSNs for
smart agriculture and studies the energy efficiency optimization
problem in smart agriculture.

II. RELATED WORKS

Energy efficiency optimization has been extensively studied
in WPT communication system [18]–[25]. Song and Zheng [18]
studied resource assignment optimization problem to maximize
energy efficiency in wireless powered sensor networks with
energy beamforming. Energy efficiency maximization problem

is studied by jointly optimizing harvesting time and transmit
power with nonorthogonal multiple access (NOMA) based wire-
less powered sensor networks [19]. Energy efficient resource
allocation are studied in various WPT networks, e.g., multiple-
antenna relay network [20], orthogonal frequency division mul-
tiple access (OFDMA) multicell network [21], mobile edge
computing network [22], and device-to-device network [23].
Chang et al. [24] proposed a simple and effective ON–OFFkeying
modulation method to achieve high energy efficiency operation
in resonant WPT systems. Yang et al. [25] proposed an energy-
efficient resource allocation scheme for a WPT-enabled mul-
tiuser massive multiple input multiple output (MIMO) system
with imperfect channel estimation.

In SWIPT sensor networks, the sensor nodes are able to
simultaneously perform energy harvesting and information de-
coding from the same received RF signal, which can improve
the energy efficiency. Huang et al. [30] studied the tradeoff
between system energy efficiency and throughput to satisfy
the minimum transmission rate in SWIPT sensor networks.
In [31], the energy efficiency maximization problem is studied
in SWIPT-based IoT network, where IoT devices utilize PS
protocol to coordinate the energy harvesting and information
decoding processes through varying PS ratios of IoT devices
and transmit power of distributed antenna ports. Tang et al.
[32] studied the energy efficiency optimization for SWIPT-based
MIMO two-way amplify-and-forward (AF) relaying networks
through jointly designing the PS ratio and precoding metrics,
in which relay forwards the source information by using the
energy harvested from sources signals. Tang et al. [33] studied
the energy efficiency optimization problem for SWIPT-based
MIMO broadcast channels in IoT communication systems with
TS receiver, where energy efficiency is maximized by optimizing
the TS ratios and transmit covariance matrices. Lu et al. [34]
proposed a joint spatial switching and antenna selection scheme
for QoS-constrained energy efficiency optimization in a MIMO
SWIPT system.

It is worth noting that in previous works, the energy efficiency
optimization in SWIPT system is studied based on PS or TS
protocol, which need to equip a power or time splitter at the
receiver. However, due to the restrictions of the size and energy
budget of sensor nodes, it is impractical to add a splitter at the
sensor nodes. In this article, we studied the energy efficiency
optimization in OFDM-based SWIPT-enabled WSNs for smart
agriculture, in which the sensor nodes utilize different subcar-
riers to perform energy harvesting and information decoding.
Then, the sensor nodes do not need to equip a splitter. We first
proposed an architecture design of smart agriculture based on
SWIPT-enabled WSNs and then studied the energy efficiency
optimization problem in OFDM-based SWIPT enabled WSNs.
With the target of maximizing the system energy efficiency, we
jointly optimize the power allocation and pairing of subcarriers.
Specifically, in the first phase, source sensor (SS) transmits
information to relay sensor (RS) and destination sensor (DS). RS
utilizes a part of the subcarriers to decode the information, and
utilizes the remaining subcarriers to collect energy. DS utilizes
all the subcarriers to receive the information. In the second phase,
RS utilizes the energy collected in the first phase to send the
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Fig. 2. Smart agriculture framework.

information to DS. The main contributions of this article are as
follows.

1) We proposed an architecture design of smart agricul-
ture based on SWIPT-enabled WSNs to achieve green
communications.

2) An energy efficiency optimization problem for SWIPT-
enabled WSNs is studied to maximize the system energy
efficiency. In the optimization problem, we jointly opti-
mize the subcarrier pairing and power allocation with the
constraints of SS’s transmission power and DS’s target
transmission rate.

3) Simulation results verify the performance of the energy
efficiency for SWIPT-enabled WSNs of smart agriculture.
It is shown that the proposed algorithm achieves larger
system energy efficiency comparing with the other three
algorithms.

The rest of this article is organized as follows. In Section III,
we describe the smart agriculture architecture and the system
model of OFDM-based SWIPT-enabled WSN. In Section IV,
we present the problem formulation. Section V discusses the
optimal solution to the objective function. In Section V, simula-
tion results are given to illustrate the performance of the energy
efficiency for SWIPT in WSNs by the algorithms proposed.
Finally, Section VII concludes this article.

III. SMART AGRICULTURE ARCHITECTURE AND

SWIPT ENABLED WSNS SYSTEM MODEL

A. Architecture of Smart Agriculture

As shown in Fig. 2, the smart agriculture consists of three
smart subsystems, which are smart farmland, smart breeding,
and smart greenhouse. In each subsystem, the data collected by
the sensors is transmitted to the subsystem through the WSNs.
The local information center of the subsystem processes it and
transmits it to the management information center of WSNs for

Fig. 3. SWIPT enabled on WSN.

smart agriculture. The management information center of WSNs
for smart agriculture can optimize the data information to help
farmers to make the best decisions.

In order to achieve large-scale smart agriculture, we require
to deploy a good deal of WSNs, which will consume a lot of
energy during the process of collecting and transmitting data.
Since the limitation of the battery capacity of the sensor, we
further proposed an energy efficiency optimization scheme in
SWIPT-enabled WSNs for smart agriculture, in which the energy
collected from the received RF signal is used for transmitting
information to realize the target of green communication. There-
fore, the remaining of the article is focused on the solution to
the energy efficiency optimization of SWIPT-enabled WSNs for
smart agriculture.

B. SWIPT-Enabled WSNs System Model

Fig. 3 shows a specific system model of SWIPT-enabled
WSN, which consists of SS, RS, and DS. SS, RS, and DS are
equipped with one single antenna, which work in half-duplex
mode. The signal is OFDM modulated on N subcarriers, and
the set of subcarriers is denoted as N = {1, 2, . . . N}. We study
slow fading that all the channel coefficients are presumed to be
constant over multiple OFDM symbols. The channel is mod-

eled as Rician fading, which is written as h(k) =
√

M
M+1 f̃ +√

1
M+1 f̂(k), where M = 3, f̂(k) and f̃ represent the Rayleigh

fading and line of sight deterministic component, respectively.
The channel gain of the subcarriern andn′ on SS→DS, SS→RS,
and RS→DS links are expressed as h1,n, h1,n′ , h2,k, and h3,n′ ,
respectively.

The received signal on subcarrier n and n′ at DS and RS will
be corrupted by noisenu,v , whereu ∈ {1, 2, 3} and v ∈ {n, n′},
which are modeled as an additive white Gaussian noise random
variable with zero mean and variance σ2

u,v, denoted as nu,v ∼
CN (0, σ2

u,v). At the same time, we set the total transmission
power of SS to P , and the target rate of DS to RT .

IV. ENERGY EFFICIENCY OPTIMIZATION STRATEGY

In the SWIPT-enabled WSN, the entire transmission process
consists of two phases. In the first phase, SS sends information
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to RS and DS. RS uses subcarriers in SI , which is a subset of N ,
to decode the information. The transmit power over subcarrier
n ∈ SI at SS is denoted as pi,n. RS uses the subcarriers remained
in SP to collect energy, where SI + SP = N . The transmit
power over subcarrier n ∈ SP is denoted as pe,n.

Then, the rate received at RS is written as

RB,R =
1
2

∑
n∈SI

ln

(
1 +

|h2,n|2 pi,n
σ2

2,n

)
. (1)

The energy collected by RS is written as

Q = ξ
∑
n∈SP

(
pe,n |h2,n|2 + σ2

2,n

)
(2)

where ξ is the energy conversion efficiency.
In the second phase, RS uses the energy collected in the first

phase to AF the received information to DS through subcarrier
pairing. Specifically, subcarriers in G, which is a subset of
N , are used to perform one-to-one subcarrier paring with the
subcarriers in SI to forward the information, where |G| = |SI |.
The transmit power over subcarrier n′ ∈ G is denoted as pr,n′ .

Therefore, the rate received at DS with the help of RS is
written as

RR
B,U =

∑
n∈SI

N∑
n′=1

ρnn′ ln (1 + δn,n′ + δ1,n) (3)

where δn,n′ =
|h2,n|2|h3,n′ |2pi,npr,n′/(σ2

3,n′σ2
2,n)

1+|h2,n|2pi,n/σ2
2,n+|h3,n′ |2pr,n′/σ2

3,n′
, δ1,n =

|h1,n|2pi,n

σ2
1,n

, ρnn′ denotes the subcarrier pairing indicator. If

the subcarrier n used to receive information in the first phase is
paired by the subcarrier n′ used to forward information in the
second phase, then ρnn′ = 1, otherwise ρnn′ = 0. In the condi-
tion of large signal to noise ratio, δn,n′ can be approximately [35]

equal to δn,n′ =
|h2,n|2|h3,n′ |2pi,npr,n′/(σ2

3,n′σ2
2,n)

|h2,n|2pi,n/σ2
2,n+|h3,n′ |2pr,n′/σ2

3,n′
.

As only a part of the subcarriers in G are utilized by RS
to forward the received information of SS to DS. Thus, the
subcarriers remained inG can be used by SS to send information
directly to DS, where G+G = N . The transmit power over
subcarrier n′ ∈ G is denoted as pi,n′ . Thus, the rate obtained at
DS by direct transmission from SS in the second phase is written
as

R2
B,U =

1
2

∑
n∈SI

N∑
n′=1

(1 − ρnn′) ln

(
1 +

|h1,n′ |2 pi,n′

σ2
1,n′

)
. (4)

Only the information transmitted by subcarriers in SI will be
forwarded by RS to DS. However, the information transmitted
by subcarriers inSP will be received for information decoding at
DS through direct link in the first phase. Thus, the rate received at
DS which transmitted from subcarriers inSP of SS transmission
in the first phase can be written as

R1
B,U =

1
2

∑
n∈SP

ln

(
1 +

|h1,n|2pe,n
σ2

1,n

)
. (5)

Thus, the total rate received at DS after two phases is written
as

Rtotal (S, ρ, p) = RR
B,U +R1

B,U +R2
B,U (6)

where RR
B,U denotes the rate received at DS with the help of

RS, R1
B,U denotes the rate received at DS which transmitted

from subcarriers in SP of SS transmission in the first phase, and
R2

B,U denotes the rate obtained at DS, which are transmitted
from subcarriers in G of SS transmission in the second phase.

The total power consumption of the system during the two
phases is written as

Utotal (S, ρ, p) = PB + PR + PU +
∑
n∈SI

pi,n +
∑
n∈SP

pe,n

+
∑
n∈SI

N∑
n′=1

(1 − ρnn′) pi,n′

+
∑
n∈SI

N∑
n′=1

ρnn′pr,n′ −Q (7)

where PB , PR, and PU are the fixed power consumption of the
electronics at SS, RS, and DS, respectively.

Therefore, the system energy efficiency can be defined as the
ratio between the received rate and the total power consump-
tion [36], which can be written as

Eeff(S, ρ, p) =
Rtotal (S, ρ, p)

Utotal (S, ρ, p)
(8)

where p = {pi,n, pe,n, pr,n′ , pi,n′ }, ρ = {ρnn′ } and S =
{SP , SI}.

In order to maximize the system energy efficiency, the sub-
carrier set S, the subcarrier pairing ρ, and the subcarrier power
allocation p are jointly optimized. The optimization problem is
written as

max
{S,ρ,p}

Eeff (S, ρ, p) (9)

subject to

C1 : Rtotal (S, ρ, p) ≥ RT

C2 : PB + PR + PU +
∑
n∈SI

pi,n +
∑
n∈SP

pe,n ≤ P

C3 :
∑
n∈SI

N∑
n′=1

ρnn′pr,n′ ≤ Q

C4 :
∑
n∈SI

N∑
n′=1

(1 − ρnn′)pi,n′ ≤ P

C5 : SI + SP = N

C6 : SI ∩ SP = ∅
where C1 represents the limitation of DS’s target transmission
rate, C2 and C4 represent that the power consumed by the sys-
tem cannot exceed the total transmission powerP ,C3 represents
that the power transmitted at RS in the second phase to forward

Authorized licensed use limited to: Carleton University. Downloaded on March 07,2021 at 01:29:55 UTC from IEEE Xplore.  Restrictions apply. 



LU et al.: ENERGY EFFICIENCY OPTIMIZATION IN SWIPT ENABLED WSNS FOR SMART AGRICULTURE 4339

information should be smaller than the energy collected in the
first phase, C5 and C6 represent the subcarrier set constraints.

Let q∗ denote the system maximum energy efficiency, which
is written as

q∗ =
Rtotal(S

∗, ρ∗, p∗)
Utotal(S∗, ρ∗, p∗)

= max
{S,ρ,p}

Rtotal(S, ρ, p)

Utotal(S, ρ, p)
. (10)

The maximum energy efficiency q∗ can only be ob-
tained [36] whenmaxS,ρ,p Rtotal(S, ρ, p)− q∗Utotal(S, ρ, p) =
Rtotal(S

∗, ρ∗, p∗)− q∗Utotal(S
∗, ρ∗, p∗) = 0.

Due to the fractional form of the energy efficiency represen-
tation of (9), the optimal solution is hard to be obtained directly.
Through utilizing q, (9) can be transformed into a new objective
function

max
{S,ρ,p}

Rtotal(S, ρ, p)− qUtotal(S, ρ, p) (11)

subject to

C1, C2, C3, C4, C5, C6.

V. OPTIMAL SOLUTION

The optimization objective function is a nonconvex opti-
mization problem. When the subcarriers number is large and
“time-sharing” condition is satisfied, Lagrange dual function
and Dinkelbach iterative algorithm can be utilized to solve this
problem [37].

The Lagrange dual function of the optimization problem in
(2) can be written as

g (β) = max
{S,ρ,p}

L(S, ρ, p) (12)

where L(S, ρ, p) is written as

L(S, ρ, p) = Rtotal (S, ρ, p)− qUtotal (S, ρ, p)

+ β1 (Rtotal (S, ρ, p)−RT )

+ β2

(
P − PB − PR − PU −

∑
n∈SI

pi,n −
∑
n∈SP

pe,n

)

+ β3

(
Q−

∑
n∈SI

N∑
n′=1

ρnn′pr,n′

)

+ β4

(
P −

∑
n∈SI

N∑
n′=1

(1 − ρnn′)pi,n′

)
(13)

where β = (β1, β2, β3, β4) is the vector of dual variables.
The dual optimization problem can be written as

min
β

g(β) (14)

subject to β ≥ 0.
The optimal dual variables β∗ = (β∗

1 , β
∗
2 , β

∗
3 , β

∗
4) can be ob-

tained by utilizing subgradient method. The subgradient of g(β)
is written as

Δβ1 = Rtotal (S, ρ, p)−RT

Δβ2 = P − PB − PR − PU −
∑
n∈SI

pi,n −
∑
n∈SP

pe,n

Δβ3 = Q−
∑
n∈SI

N∑
n′=1

ρnn′pr,n′

Δβ4 = P −
∑
n∈SI

N∑
n′=1

(1 − ρnn′)pi,n′ . (15)

Update iteratively by β(t+1) = (β(t) + η(t)Δβ), where η(t)

represents the iteration step size, t represents the number of iter-
ations, and Δβ = (Δβ1,Δβ2,Δβ1,Δβ4). When convergence
is reached, the optimal dual variables can be obtained. The
computational complexity of this method is given by O(V α),
where α is a non-negative integer and V is the number of dual
variables.

With given β, the optimal {S, ρ, p} can be obtained through
the following three steps.

A. Obtaining Optimal p With Fixed S and ρ

To facilitate the calculation, we introduce the variables γ1,n =
|h1,n|2
σ2

1,n
, γ2,n =

|h2,n|2
σ2

2,n
, γ1,n′ =

|h1,n′ |2
σ2

1,n′
, γ3,n′ =

|h3,n′ |2
σ2

3,n′
.

The partial derivatives of L(S, ρ, p) with pe,n, pi,n, pi,n′ , and
pr,n′ can be written as

∂L

∂pe,n
=

(1 + β1) γ1,n

2 (1 + pe,nγ1,n)
− (q + β2) + ξσ2

2,nγ2,n (β3 + q)

∂L

∂pi,n′
=

(1 + β1) γ1,n′

2 (1 + pi,n′γ1,n′)
− (q + β4)

∂L

∂pi,n
=

(1 + β1)α1

2α2
− (q + β2)

∂L

∂pr,n′
=

(1 + β1) p
2
i,n′γ2

2,nγ3,n′

2α2
− (q + β3) (16)

where α1 = γ1,n(pi,nγ2,n + pr,n′γ3,n′)2 + p2
r,n′γ2

3,n′γ2,n and
α2 = ((1 + pi,nγ1,n)(pi,nγ2,n + pr,n′γ3,n′) + pi,nγ2,npr,n′

γ3,n′)(pi,nγ2,n + pr,n′γ3,n′).
The optimal pe,n, pi,n, pi,n′ , and pr,n′ can be obtained through

the Karush Kuhn Tucher (KKT) conditions by equating the
partial derivative of the Lagrangian to zero.

Equating
∂L

∂pe,n
and

∂L

∂pi,n′
to zero, we can obtain

p∗e,n =

(
1 + β1

2
(
(q + β2)− ξσ2

2,nγ2,n(β3 + q)
) − 1

γ1,n

)+

p∗i,n′ =

(
1 + β1

2(q + β4)
− 1

γ1,n′

)+

. (17)

Equating
∂L

∂pi,n
and

∂L

∂pr,n′
to zero, we can obtain

γ1,n(pi,nγ2,n + pr,n′γ3,n′)2 + p2
r,n′γ2

3,n′γ2,n

q + β2
=

p2
i,n′γ2

2,nγ3,n′

q + β3
.

(18)

By further simplification, we can obtain

Ap2
i,n = Bp2

r,n′ + 2(q + β3)γ1,nγ2,nγ3,n′pi,npr,n′ (19)
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where A = (q + β2)γ
2
2,nγ3,n′ − (q + β3)γ1,nγ

2
2,n and B =

(q + β3)γ1,nγ
2
3,n′ + (q + β3)γ

2
3,n′γ2,n.

Assume pi,n = tn,n′pr,n′ . Substituting it into (19), we can
obtain

Ct2
n,n′ −Dtn,n′ − (q + β3)γ

2
3,n′(γ1,n + γ2,n) = 0 (20)

where C = γ2
2,n((q + β2)γ3,n′ − (q + β3)γ1,n) and D = 2(q +

β3)γ1,nγ2,nγ3,n′ .
From (20), we can obtain

Δ = E ((q + β2)(γ1,nγ3,n′ + γ2,nγ3,n′)− (q + β3)γ1,nγ2,n)
(21)

where E = 4(q + β3)γ
2
2,nγ

2
3,n′ .

Only when Δ ≥ 0, (20) can have real roots. Then, we can ob-
tain (q + β2)(γ1,nγ3,n′ + γ2,nγ3,n′) ≥ (q + β3)γ1,nγ2,n. Since
tn,n′ is larger than 0, then we can obtain

tn,n′ =
2(q + β3)γ1,nγ2,nγ3,n′ +

√
Δ

2γ2
2,n ((q + β2)γ3,n′ − (q + β3)γ1,n)

. (22)

Substituting (22) into
∂L

∂pi,n
= 0, we can obtain

p∗i,n =

(
ω1tn,n′ − 2(q + β3)tn,n′(γ2,ntn,n′ + γ3,n′)2

2(q + β3)ω2

)+

p∗r,n′ =

(
ω1 − 2(q + β3)(γ2,ntn,n′ + γ3,n′)2

2(q + β3)ω2

)+

(23)

where ω1 = γ2
2,nγ3,n′t2

n,n′ and ω2 =

(γ2,ntn,n′ + γ3,n′)(γ1,nγ2,nt
2
n,n′ + γ3,n′(γ1,n + γ2,n)tn,n′).

B. Obtaining Optimal ρ for Fixed S

Substituting (17) and (23) into (13), L(S, ρ, p) can be rewrit-
ten as

L(S, ρ, p) =
∑
n∈SI

N∑
n′=1

ρnn′En,n′ +
∑
n∈SI

ω4 +

N∑
n=1

ω5

+

N∑
n′=1

ω6 − (q + β2)(PB + PR + PU )

− β1RT + (β2 + β4)P (24)

where ω4 = (q + β2)(p
∗
e,n − p∗i,n)− 1+β1

2 ln(1 + p∗e,nγ1,n)−
ξ(β3 + q)(p∗e,nγ2,n + σ2

2,n), ω5 = 1+β1
2 ln(1 + p∗e,nγ1,n) +

ξ(β3 + q)(p∗e,nσ
2
2,nγ2,n + σ2

2,n)− (q + β2)p
∗
e,n, ω6 =

1+β1
2 ln(1 + p∗i,n′γ1,n′)− (q + β4)p

∗
i,n′ , and En,n′ =

1+β1
2 ln(1 + p∗i,nγ1,n +

p∗
i,nγ2,np

∗
r,n′γ3,n′

p∗
i,nγ2,n+p∗

r,n′γ3,n′ )− 1+β1
2 ln(1 +

p∗i,n′γ1,n′) + (q + β4)p
∗
i,n′ − (β3 + q)p∗r,n′ .

Obviously, ρnn′ is only related to En,n′ . Therefore, the opti-
mal subcarrier n′, which will be paired with n can be obtained
by finding the largest value of En,n′ , which can be given by

n′∗ = argmax
n′

En,n′ . (25)

Algorithm 1: The Algorithm to Solve the Optimization
Problem.

1: initialize the dual variables β1, β2, β3, and β4.
2: repeat
3: Compute the optimal power allocation p∗e,n, p

∗
i,n, p

∗
i,n′ ,

and p∗r,n′ defined in (17) and (23).
4: Compute the optimal subcarrier paring ρ∗nn′ defined in

(25) and (26).
5: Compute the optimal subcarrier allocation sets SI∗

and SP ∗ defined in (28) and (29).
6: Update β1, β2, β3, and β4 by using the subgradient

method with the subgradients defined in (15).
7: until β1, β2, β3, and β4 converge.

Then, for each n, n ∈ SI form a pair (n, n
′∗). The optimal

subcarrier paring ρ∗nn′ are the given by

ρ∗nn′∗ = 1

ρ∗nn′ = 0 ∀n′ = n′∗. (26)

The computational complexity of above subcarrier pairing is
given by O(NK), where K = |G|.

C. Obtaining the optimal S

After obtaining the optimal subcarrier pairing ρ∗nn′ , (24) can
be rewritten as

L(S, ρ, p) =
∑
n∈SI

Fn,n′ +

N∑
n=1

ω5 +

N∑
n′=1

ω6

− (q + β2)(PB + PR + PU )

− β1RT + (β2 + β4)P (27)

where Fn,n′ = En,n′ + (q + β2)(p
∗
e,n − p∗i,n)− 1+β1

2 ln(1 +

p∗e,nγ1,n)− ξ(β3 + q)(p∗e,nσ
2
2,nγ2,n + σ2

2,n).
It can be seen from (27) that the subcarrier set SI is only

related to Fn,n′ . Thus, the optimal subcarrier set SI∗
can be

written as

SI∗
= argmax

SI

∑
k∈SI

Fn,n′∗ . (28)

It is easy to find that all thesen’s (n ∈ N ) makeFn,n′∗ positive
form SI∗

. The involved computational complexity is given by
O(N). Then, optimal SP ∗

can be written as

SP ∗
= N − SI∗

. (29)

We obtain the optimal solution in one Dinkelbach iteration.
The above algorithm to solve (11) is concludes in Algorithm 1
[37].

We can obtain the maximum energy efficiency through it-
erations, and the Dinkelbach Iterative Algorithm is shown in
Algorithm 2 [37]. The involved computational complexity is
given by O(L), where L is the iterations for the convergence of
the Dinkelbach iteration algorithm.
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Fig. 4. Energy efficiency versus iterations.

Algorithm 2: The Algorithm of Dinkelbach Iterative.
1: initialize the maximum number of iterations T and

maximum error τ .
2: set q = 0, t = 0.
3: repeat
4: {S, ρ, p} obtained from Algorithm 1.
5: if
6: Rtotal(S, ρ, p)− qUtotal(S, ρ, p) ≤ τ .
7: return {S∗, ρ∗, p∗} = {S, ρ, p}, q = Rtotal(S,ρ,p)

Utotal(S,ρ,p)
.

8: else
9: q = Rtotal(S,ρ,p)

Utotal(S,ρ,p)
, t = t+ 1.

10: end
11: until Rtotal(S, ρ, p)− qUtotal(S, ρ, p) ≤ τ is true.

VI. SIMULATION RESULTS

In this section, the energy efficiency of our proposed algorithm
is evaluated by simulation results. The number of subcarriers is
N = 32. For simplicity, we set the energy conversion efficiency
ξ = 1, σ2

u,v = σ2
n.

Fig. 4 illustrates the convergence of the proposed algorithm
with the number of iterations at different noise powers when
P = 2W. From Fig. 4, we can find that the energy efficiency
will be converged after five iterations. We can also find from
Fig. 4 that the system energy efficiency becomes larger with
the smaller noise power. It is because that smaller noise power
will lead to larger rate and smaller power, which obtains larger
energy efficiency.

Fig. 5 shows the system energy efficiency versus the total
transmission power P of SS with different noise powers. From
Fig. 5, we can find that the system energy efficiency improves
with the total transmission power P gradually increasing from
1.0 to 2.0 W, which is because RS can collect more energy
when P becomes larger. When P = 2.0 W, the system energy
efficiency achieves its maximum value. Then, the energy effi-
ciency of the system is no longer changed when P increases. It

Fig. 5. Energy efficiency versus P .

Fig. 6. Energy efficiency versus PB .

is because that when the constraint of the target rate is reached
at DS, SS will not increase its power to transmit the information,
which result the rate at DS and the total power consumption with
fixed values.

Fig. 6 shows the effect of the power consumption of the
electronics at SS on the system energy efficiency with different
total transmission power P . We can observe from Fig. 6 that
the system energy efficiency becomes smaller with small total
transmission power P , which is consistent with the result in
Figs. 5. In Fig. 6, we can also find that the system energy effi-
ciency decreases with the power consumption of the electronics
at SS. In (7), it is easy to find that the total power consumption
increases with the power consumption of the electronics at SS,
which results in the decreasing of the system energy efficiency.

Fig. 7 and 8 show the allocation of subcarriers and power in the
first phase and second phase when P = 2 W and RT = 10 b/s,
respectively. In the first phase, the number of subcarriers used
for information decoding, |SI |, is small. This is because that
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Fig. 7. Subcarrier and power allocation in the first phase.

Fig. 8. Subcarrier and power allocation in the second phase.

when the target of DS’s transmission rate RT is small, only
a small number of subcarriers used to decode information is
able to reach RT . For purpose of increasing the system energy
efficiency, most of the subcarriers are utilized to collect energy
to reduce the power consumption. In the second phase, since the
subcarriers are one-to-one paired, the number of subcarriers used
by the RS in the second phase for forwarding the information
equals to the number of subcarriers for decoding information in
the first phase, i.e., |G| = |SI |.

In Fig. 9, to demonstrate the superiority of the proposed
resource allocation strategy, we contrasted the performance of
our proposed algorithm with the following three suboptimal
algorithms.

Algorithm 1: The subcarriers are sorted in descending order on
the basis of the channel gain in two phases. Then, the subcarrier
with the best channel gain in the first phase is paired by the
subcarriers with the best channel gain in second phase, until all
subcarriers in SI are paired in order. The method of subcarriers
and power allocation is the same as the method that proposed in
this article.

Fig. 9. Comparison of energy efficiency of different algorithms.

Algorithm 2: The method of subcarriers’ allocation and sub-
carriers’ pairing are the same as the method in our proposed
algorithm. However, the power in the first phase is medially
allocated, and the power in the second time slot is allocated
according water filling approach.

Algorithm 3: The SS subcarriers are randomly paired with the
RS subcarriers. The power in the first phase and second phase are
allocated according to the water filling approach. The subcarrier
allocation method is the same as the method proposed in this
article.

From Fig. 9, we can observe that our proposed algorithm
achieves preferable performance than Algorithm 1, Algorithm
2, and Algorithm 3. The performance of Algorithm 1 is superior
to Algorithm 2. It is due to the subcarrier paring in Algorithm 1
and the power allocation in Algorithm 2 are not optimized, which
results the performance degradation. The performance of Algo-
rithm 1 and Algorithm 2 are superior to Algorithm 3. It is due to
the subcarrier paring in Algorithm 3 are randomly paired, which
will seriously degrade the performance. The advantage of the
system energy efficiency of our proposed algorithm comparing
with Algorithm 1, Algorithm 2, and Algorithm 3 can verify the
superiority of subcarrier pairing and power allocation proposed
in this article.

VII. CONCLUSION

In this article, we first proposed an architecture design of smart
agriculture based on SWIPT-enabled WSNs. Then, an energy
efficiency optimization scheme for SWIPT-enabled WSNs was
studied to achieve green communication. The communication
process was divided into two phases. In the first phase, SS sent
information to RS and DS. RS used a part of the subcarriers
to decode the information, and used the remaining subcarriers
to collect energy. DS used all the subcarriers to receive the
information. In the second phase, RS used the energy collected
in the first phase to forward the information to DS. Maximum
energy efficiency was achieved by jointly optimizing the power
allocation for transmitting information and energy, subcarriers
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pairing, and allocation. The simulation results verify that the
proposed algorithm can improve the system energy efficiency
through comparing with the two benchmark algorithms. In future
work, we will extend our work into multiple sensors nodes scene
by considering interference problem, sensor nodes selection, and
rout optimization.
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