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In the wireless powered communication network (WPCN), the deployed nodes that harvest energy from the power station (PS)
and then transmit data to the access point (AP) may waste wireless information transmission (WIT) opportunities due to the
suffered faults. Confronting this dilemma, we propose a novel metric robustness, defined as the number of available nodes for
WIT, and evaluate its impact on the throughput. To optimize the tradeoff between the throughput and robustness, we design
an energy threshold approach, where the robustness decreases with the energy threshold and the throughput first increases and
then decreases with it due to the tradeoff between the WIT rate and WIT opportunities. In the designed approach, we
formulate the nodes with different energy states as Markov chain processes and prove the existence of steady-state probability
distribution. Moreover, in the scenario with high robustness by the designed approach, we select the nodes with higher energy
for WIT by the improved k-means++ algorithm, in order to increase the throughput. Finally, simulations validate the
theoretical analysis of the throughput and robustness performances under the improved k-means++ algorithm and show that,
compared with the comparison algorithms, the improved k-means++ algorithm achieves similar throughput and robustness
performances with low computational complexity.

1. Introduction

With the rapid development of the Internet of things (IoT), the
number of the nodes in the world is expected to reach 30.9 bil-
lion by 2025 [1, 2]. The nodes with batteries consume energy to
collect data from the environment, such as the air pressure and
air quality in its sensor area, and then transmit data to the
device [3–5]. However, for the nodes deployed in harsh envi-
ronments, it is difficult to prevent the out-of-service events
resulted from the energy depletion in the battery.

Motivated by this dilemma, researchers focus on the
energy efficiency of wireless communications [6], particularly
the radio frequency (RF) EH [7, 8], and the wireless-powered
communication network (WPCN) that incorporates EH tech-
nology has emerged as one of the hot issues. One WPCN
mode is that the nodes transmit data in the uplink by using
the energy harvested from the RF signal in the downlink [9].
Compared with the conventional battery solution, there is no
need to replace the batteries and the EH technology effectively
enhances the sustainability of nodes in the WPCN.

Some researchers study the WPCN scenario where the
nodes harvest the energy from the RF signal of the hybrid
access point (HAP) in the downlink and store it in their bat-
teries and transmit data to the HAP in the uplink when the
nodes need to communicate and have the sufficient energy
[10–12]. To be specific, according to the joint optimization
of energy and time allocation, Lee et al. [10] maximized
the throughput of the WPCN based on a dynamic time divi-
sion multiple access (TDMA) approach; Song et al. [11]
maximized the throughput of the WPCN based on the non-
orthogonal multiple access (NOMA) transmission. By
designing the transmit covariance matrices for both wireless
information transmission (WET) and wireless information
transmission (WIT), Jeong and Son [12] maximized the
uplink capacity based on the Lagrangian method.

As the HAP plays the roles of both the access point (AP)
and power station (PS), it could not receive data and trans-
mit the RF signal simultaneously due to the hardware con-
straint. With the consideration about the constraint in the
design of HAP, the issue of the AP and PS has become
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increasingly attractive [13, 14], where the nodes transmit
data to the AP in the uplink by using the energy harvested
from the RF signal of the PS in the downlink. To maximize
the energy efficiency, Ojo et al. [13] developed two relaying
protocols by optimizing the time and power allocation and
Nguyen et al. [14] developed an iterative algorithm by opti-
mizing the time, subcarrier, and power allocation.

During the operations of the WPCN, nodes may suffer
from faults and malicious attacks, especially in harsh and
unattended environments, so that WIT could not occur,
and the impact of the nodes’ failures should be evaluated
[15–18]. To be specific, Samara et al. [15] designed a detec-
tion and classification algorithm to detect the faults of nodes
and Sood et al. [16] proposed a feasible approach by using
the spatial correlation theory to distinguish the sensor
behavior in different scenarios. To maintain the connectivity
of the wireless sensor network after the nodes’ failures,
Wang et al. [17] proposed a central minimum cost k-con-
nectivity restoration algorithm and Akram et al. [18] pro-
posed a distributed movement-based algorithm.

As far as we know, few works have been done on the
issues of WIT and nodes’ failures in the WPCN with the
AP and PS. It is difficult to repair the nodes immediately.
Hence, to alleviate the impact of the nodes’ failures, the
number of the nodes that could be randomly selected for
WIT should be increased, resulting in the decrease of the
probability that WIT could not occur due to the sudden fail-
ure of the nodes.

In order to enhance the WIT when some nodes suddenly
fail, we aim to improve the robustness of the WPCN, i.e., the
number of the nodes that could be randomly selected for
WIT, which has an impact on the throughput. To optimize
the tradeoff between the throughput and robustness, we
design an energy threshold approach to select the nodes that
transmit the energy state information (ESI) to the AP and ana-
lyze the probability distribution of nodes’ energy states by the
Markov chain process. With the high energy threshold, there
may not exist nodes with energy larger than the threshold to
transmit the ESI, which wastes the WIT opportunity of the
slot. To fully explore the WIT opportunities, we lower the
energy threshold and propose the improved k-means++ algo-
rithm to select the node from the cluster with the highest aver-
age energy (HEC) for WIT. The main contributions of this
paper are summarized as follows:

(i) To reduce the failure of the WIT which resulted
from the nodes’ failures, we propose a novel metric
robustness, which represents the number of the
nodes that could be randomly selected for WIT.
To optimize the tradeoff between the throughput
and robustness, we design an energy threshold-
based transmission strategy and propose the
improved k-means++ algorithm to cluster the nodes
with energy larger than the threshold

(ii) We formulate the energy states of nodes as the Mar-
kov chain processes and prove the existence of
steady-state probability distribution for the nodes
in the WPCN. Moreover, we derive the energy state

transition probabilities and the achievable through-
put of the WPCN

(iii) Simulation results validate the theoretical analysis of
the throughput and robustness under the improved
k-means++ algorithm and show that the improved
k-means++ algorithm achieves similar throughput
and robustness performances as comparison algo-
rithms, while it has low computational complexity

In what follows, we present the system model in Section
2. In Section 3, we analyze the energy state of the node and
the throughput of the WPCN. In Section 4, we describe the
problem formulation and solution. Finally, Section 5 pro-
vides simulations to show the performances of the improved
k-means++ algorithm and Section 6 concludes this paper.

2. System Model

In this section, we describe the WPCN from the network
model and transmission model. The network model intro-
duces network composition and topology. The transmission
model specifies the WIT from nodes to the AP by using the
energy harvested from the RF signal of the PS.

2.1. Network Model. As illustrated in Figure 1, we consider a
WPCN consisting of one mobile AP, one mobile PS, and M
uniformly distributed nodes, denoted by Sm, m = 1,⋯,M.
The WPCN area is divided intoM nonoverlapping hexagons
with area O, which are defined as sensor areas. Due to the
limited sensing ranges of nodes, only one node is deployed
in each sensor area and collects data from the sensor area.
Each node is equipped with an EH device and a power con-
version circuit. Only when the power of the input RF signal
is larger than the predesigned threshold of the power con-
version circuit that the node efficiently harvests energy from
the RF signal of the PS. To characterize the area where the
node successfully harvests energy, we define the harvesting
zone (HZ) as a disk with radius re centered at the PS with
respect to the path loss. Then, the number of nodes in the
HZ, denoted by Nh, approximately equals bπr2e /Oc where b·c
is a floor function.

With respect to the locations of the AP and PS, there are
two scenarios of the WPCN. In the first scenario, the AP is
located in the HZ and D ≤ re holds, where D denotes the dis-
tance between the AP and PS. Due to the potential interfer-
ence from the PS to the AP, the wireless energy transmission
(WET) and WIT do not occur simultaneously. To let the AP
and PS work simultaneously, we study the second scenario
where the AP is located outside the HZ, i.e., D > re. Here,
we do not specify the mobility models of the AP and PS
and only require that the AP and PS have the same probabil-
ity of being at each location [19] and the AP is located out-
side the HZ during the AP and PS’s movements, such as the
mobility model where the AP and PS move with unchanged
distance. The duration of movements is relatively short com-
pared with that of one slot and could be neglected. Then,
after the AP and PS’s movements, the operations of the
WPCN during the rest slot are our main focus.
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2.2. Transmission Model. To characterize the area where the
node successfully transmits data to the AP with the path loss
impact, we define the transmission zone (TZ) as a disk with
radius ri centered at the AP. The number of nodes in the TZ,
denoted by Nt , approximately equals bπr2i /oc. As illustrated
in Figure 2, the number of nodes in the overlapping area
between the TZ and HZ could be given as follows:

No =
1
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where θi and θe are the angles in Figure 2, θir
2
i − ð1/2Þr2i

sin ð2θiÞ represents the area of the segment on the left of
the dotted line, θer

2
e − ð1/2Þr2e sin ð2θeÞ represents the area

of the segment on the right of the dotted line, and b·c is a
floor function. As illustrated in Figure 2, we have

ri cos θi + re cos θe =D,
ri sin θi = re sin θe:

ð2Þ

Based on (2), we have
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The WPCN adopts a synchronous slotted protocol for
the AP, PS, and nodes. From the long-term perspective, we
consider that each node in the HZ harvests the same amount
of energy during the WET, denoted by Eu, which is viewed
as the energy unit [20]. Note that the considered energy har-
vesting model could become more realistic if the harvested
energy is further subdivided into smaller energy units based
on the distance between the node and PS. Let f0, Eu,⋯, μ
Eug be the set of energy states for all the nodes, where μEu
represents the battery capacity, and the node in state j has

available energy jEu. As illustrated in Figure 3, each slot,
with equal duration τ, consists of three phases: channel esti-
mation phase (CEP), node selection phase (NSP), and trans-
mission phase (TP).

During the CEP ½0, τc�, the PS keeps idle. We divide CEP
into durations with the same time span τs, and the nodes in
the TZ transmit ESI to the AP by the TDMA protocol. Since
the number of the durations in the CEP is limited, the AP
may not receive the ESI from all the nodes. Therefore, we
design an energy threshold approach to limit the number
of the nodes that could transmit ESI. Let ξ denote the energy
threshold with the unit of Eu, i.e., only the node with energy
no less than ξEu, referred to as the active node (AN), could
transmit ESI to the AP. Furthermore, the node with energy
less than ξEu, which is referred to as the inactive node
(IN), could not transmit ESI to the AP.

During the NSP ðτc, τc + τn�, the PS keeps idle. Accord-
ing to the received ESI, the AP has two kinds of actions. In
action 1, if the AP receives the ESI, we obtain HEC by the
improved k-means++ algorithm, which will be presented in
Section 4. We let the AP transmit feedback information to
the randomly selected node in the HEC, to inform it to be
ready for the WIT during the TP. In action 2, if the AP does
not receive the ESI, it keeps idle.

During the TP ðτc + τn, τ�, the nodes in the HZ, except
the selected node for the WIT, harvest energy from the RF
signal of the PS. Hence, in action 1, the WET occurs. If the
AP does not receive data in a short duration, it considers
that the node suddenly fails and it transmits feedback infor-
mation to another node randomly selected from the HEC for
the WIT. This process continues until the WIT occurs or the
AP transmits feedback information to all the nodes in the
HEC. If the AP transmits the feedback to all nodes in the
HEC and still does not receive the data, we consider that
the WIT failure occurs due to the sudden failure of the
nodes. In action 2, only the WET occurs.

During the TP, the selected node exhausts its energy for
the WIT with constant power. Based on Shannon’s channel
capacity, the throughput of the channel from node Sm to the
AP could be given as

Rm = τt
τ

log2 1 + Emhm,t
τtσ

2

� �
, ð4Þ

WIT
WET

Node in HZ only
Node in TZ only
Node in HZ and TZ
Node outside HZ and TZ

APPS

Sensor area

rire

D

Figure 1: System model.
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Figure 2: Topological diagram.
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where Em denotes the energy buffered in the battery of node
Sm, hm,t denotes the channel gain from node Sm to the AP at
slot t, τt denotes the duration of the TP, and σ2 denotes the
power of noise. In addition, we consider the case of saturated
traffic that the node has sufficient data to transmit and the
throughput in (4) could be regarded as the upper bound [21].

3. Energy State Analysis of the WPCN

In this section, we first analyze the energy states of nodes by
the Markov chain process, prove the existence of steady-
state probability distribution for the nodes in the WPCN,
and formulate the throughput of the WPCN.

3.1. Energy State. According to the transmission model in
Section 2.2, there are three cases of energy state transition
based on the actions of nodes. In case 1, if the node in the
HZ harvests energy from the RF signal of the PS or the bat-
tery of the node is not fully charged, the energy in the node
increases by Eu. In case 2, if the node is selected for the WIT,
the energy of the node is exhausted for the WIT. In case 3, if
the node does not transmit data or harvest energy or if the
battery of the node is not fully charged, the energy of the
node remains unchanged. Then, we model the probability
distribution of nodes’ energy states by the Markov chain

process, as illustrated in Figure 4. We define πx as the prob-
ability that the node is in state x, where x is a non-negative
integer. We also define qj,k as the transition probability of
the energy transition from state j at the current slot to state
k at the next slot. If j = k, qj,k is simplified as qj.

Theorem 1. There is at least one steady-state probability distri-
bution for the nodes in the WPCN.

Proof. We employ π = ½π0, π1,⋯, πξ,⋯, πμ�T to denote the

set of energy states, and ∑μ
x=0πx = 1 holds. Based on the Mar-

kov chain process in Figure 4, the matrix of energy state
transition probabilities is

A =

q0 q0,1

q1 q1,2

⋱ ⋱

qξ−1 qξ−1,ξ

qξ,0 qξ qξ,ξ+1

⋮ ⋱ ⋱

qμ−1,0 qμ−1 qμ−1,μ

qμ,0 qμ

2
666666666666666664

3
777777777777777775

,
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where the number of columns is equal to that of rows.
Therefore, based on the Markov property [22], the proof is
equivalent to proving that the following equation has at least
one nonzero solution:

Aπ = π: ð6Þ

Then, we obtain another form of (6) as

A − Eð Þπ = 0, ð7Þ

where E is a unit matrix with the same number of the rows
and columns in A.

CEP NSP TP

𝜏c 𝜏n 𝜏t
𝜏

Figure 3: Slot structure.
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Figure 4: A Markov chain process with energy state space f0, Eu,
⋯, μEug.
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Then, the proof is equivalent to proving that jA − Ej has
more rows than columns [23], where jA − Ej could be given

as (8), shown at the top of the next page.

By adding the values of each column to the first column,
(8) is rewritten as (9), shown at the top of the next page.

Based on the Markov property [22], we have the rela-
tionship among the energy state transition probabilities as

〠
μ

j=0
Aij = 1, i = 0, 1,⋯, μ: ð10Þ

Based on (10), we find that the values of the first col-
umn in the determinant of (9) are equal to zero. There-
fore, jA − Ej has one more column than row and we
complete the proof.

Based on the definition of the AN in Section 2.2, when
the probability distribution of nodes’ energy states becomes
steady, the probability that the node is AN could be given as

Pa = 〠
μ

x=ξ
πx: ð11Þ

Furthermore, the probability that there is no AN in the
TZ could be given as

Pt = 1 − Pað ÞNt = 〠
ξ−1

x=0
πx

 !Nt

: ð12Þ

According to the ANs in the TZ, we divide the transition
probability qj,j+1 into two situations. In situation 1, if there is
no AN in the TZ, the number of the nodes that harvest
energy equals Nh. In situation 2, if there is at least one AN
in the TZ, the analysis of the transition probability qj,j+1
could be divided into two cases according to the location
of the selected node for the WIT. In case 1, if the node
selected for the WIT is deployed in the TZ but outside the
HZ, the number of the nodes that harvest energy equals

Nh. In case 2, if the node selected for the WIT is deployed
in the overlapping area between the HZ and TZ, the number
of the nodes that harvest energy equals Nh − 1. Therefore, the
transition probability of energy transition from state j at the
current slot to state j + 1 at the next slot could be given as

qj,j+1 =
Pt

Nh

M
+ 1 − Ptð Þ Pet + Peoð Þ, if 0 ≤ j < μ,

0, if j ≥ μ,

8<
:

ð13Þ

where Pet =Nh/Mð1 − ðNo/NtÞÞ represents the probability
that the node harvests energy and it is deployed in the HZ;
Peo = ðNh − 1ÞNo/MNt represents the probability that the
node harvests energy and it is deployed in the overlapping area
between the HZ and TZ. Then, we define positive nodes (PNs)
as the nodes that could be randomly selected for theWIT. The
transition probability of energy transition from state j at the
current slot to state 0 at the next slot could be given as

qj,0 =
〠
Nt

y=1

1
y
Py, if ξ ≤ j < μ,

0, if others,

8>><
>>: ð14Þ

where Py = Cy
Nt
ð∑b

x=aπxÞ
yð∑a−1

x=0πxÞ
Nt−y represents the proba-

bility that there are y PNs in the WPCN, a denotes the lowest
energy state of the PNs, b denotes the highest energy state of
the PNs, and ξ ≤ a ≤ j ≤ b ≤ μ holds.

3.2. Expected Throughput Formulation. Since there is at least
one AN in the TZ when the WIT occurs, the long-term
expected throughput of the WPCN could be given as

R = 1 − Ptð ÞE a, bð Þ, ð15Þ

A − Ej j =

q0 − 1 + q0,1 q0,1

q1 − 1 + q1,2 q1 − 1 q1,2

⋮ ⋱ ⋱

qξ−1 − 1 + qξ−1,ξ qξ−1 − 1 qξ−1,ξ

qξ,0 + qξ − 1 + qξ,ξ+1 qξ − 1 qξ,ξ+1

⋮ ⋱ ⋱

qμ−1,0 + qμ − 1 + qμ−1,μ qμ−1 − 1 qμ−1,μ

qμ,0 + qξ − 1 + qξ,ξ+1 qμ − 1

�����������������������

�����������������������

: ð9Þ
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where Eða, bÞ represents the expected throughput during
one slot when the lowest energy state of the PNs equals a
and the highest energy state of the PNs equals b. Consider-
ing the probability distribution of nodes’ energy states, we
formulate Eða, bÞ in (15) as

E a, bð Þ = ∑b
q=aπqQ qð Þ
∑b

p=aπp

,

Q qð Þ = τt
τ

log2 1 + qEuht
τtσ

2

� �
,

ð16Þ

where QðqÞ represents the throughput achieved by the nodes
with energy qEu, ht denotes the channel gain from the node
to the AP at slot t, and the values of a and b vary from one
slot to another.

4. Problem Formulation and Solution

In this section, we first introduce the significance and defini-
tion of robustness and propose the improved k-means++
algorithms to select the node for the WIT.

In the energy threshold approach, we optimize the
energy threshold to obtain ANs and randomly select one of
the ANs to transmit data to the AP. Based on the transmis-
sion model in Section 2.2, we deduce that the probability
that the WIT successfully occurs during the TP increases
with the robustness of the WPCN, i.e., the number of the
PNs. Hence, the ANs are viewed as the PNs and we infer that
the robustness of the WPCN increases with the number of
ANs and decreases with the energy threshold. However,
under the energy threshold approach, there is a probability
that no PNs exist at some slots, indicating that the WIT does
not occur, and the WIT opportunities at some slots are
wasted.

To fully explore the WIT opportunities, we lower the
energy threshold to increase the number of PNs. However,
the decrease of the energy threshold results in the decrease
of the WIT rate and throughput. To be specific, with the
decrease of the energy threshold, some nodes with low
energy are allocated to the PNs, which decreases the average
energy of the PNs for WIT. To compensate the throughput
degradation which resulted from low energy threshold, we
integrate the clustering algorithm to cluster ANs and ran-
domly select the node from the HEC for the WIT and opti-
mize the tradeoff between the throughput and robustness.

Considering the speed and accuracy of the clustering
algorithms [24], we use Algorithm 1 to cluster the ANs. Con-
sider that there are n ANs for clustering, where n ∈ ½1,Nt�
holds. Then, the cluster of observations about the values of
nodes’ energy states is denoted byX = fx1, x2,⋯, xng. By Algo-
rithm 1, we partition X into k clusters, denoted by fCiji = 1,
⋯, kg, to minimize the distance between observations and cen-
ters in the clusters. Since the PNs transmit data to the AP by
consuming all the energy during the TP, the throughput
increases with the average energy of the PNs based on (4). If
the number of clusters is not limited, the nodes with the same
energy state may be divided into different clusters, which results

in the decrease of the number of the PNs in the HEC and the
decrease of the robustness. To alleviate the problem that the
nodes with the same energy state are divided into different
clusters, we improve the k-means++ algorithm in line 1.
To be specific, we let k =min fk,Nes,tg, where Nes,t denotes
the number of energy states at slot t. In lines 2–5, the cen-
ters of the clusters are randomly selected from the observa-
tions one by one, denoted by fKiji = 1,⋯, kg. The
probability that the observation x is selected increases with
the distance from the nearest known center to the observa-
tion. In lines 9–11, cluster Cj of observation x with state j is

Cj = argmin
Ci ,i∈ 1,⋯,kf g

j − Kij j: ð17Þ

In lines 12–14, based on (17), we update the center Ki of
the cluster Ci as

Ki =
Σx∈Ci

x

Cij j : ð18Þ

The clusters of the observations in (17) and the centers in
(18) are updated according to each other until the centers of
the clusters do not change.

The nodes in the HEC could be viewed as the PNs, and
the value of robustness equals the number of the nodes in
the HEC. Then, we calculate R in (4), where Em represents
the energy of the node randomly selected from the PNs.

5. Simulations

In this section, we provide simulations to show the impacts
of the improved k-means++ algorithm on the throughput
and robustness of the WPCN with 100 nodes. We set the
number of nodes in the TZ Nt = 36, the number of nodes
in the HZ Nh = 12, and the number of nodes in the overlap-
ping area between the TZ and HZ No = 6. For the slot struc-
ture, the duration of the TP τt = 9ms and the duration of the
slot τ = 10ms hold. The energy state of the nodes in the
WPCN belongs to the range ½0, 18�. In addition, we consider
that the average amount of the harvested energy during the
TP Eu = 10−5 Joules and the power of noise σ2 = −50dBm.
For the simplicity of analysis, we assume that the AP receives
all the ESI during the CEP and the channel gain from each
node to the AP at each slot hm,t = −60dB.

Figure 5 plots the slot efficiency of the WPCN versus the
energy threshold ξ, where the slot efficiency denotes the pos-
sibility that the WIT opportunity of the slot is not wasted.
We observe that the slot efficiency remains unchanged with
ξ when ξ ∈ ½1, 10Þ and decreases with ξ when ξ ∈ ½10, 18�.
The reason for the decrease of slot efficiency is that the high
value of ξ results in no ANs for the WIT and wastes the WIT
opportunities at some slots. Furthermore, we infer that the
highest energy state of the nodes is no less than 10 at each
slot in the WPCN; thus, ξ = 10 holds in Algorithm 1 in order
to exploit the transmission opportunities.

Figure 6 plots the throughput and robustness of the
WPCN versus the energy threshold ξ. We observe that the
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throughput increases with ξ when ξ ∈ ½1, 11Þ and the robust-
ness decreases with ξ when ξ ∈ ½1, 18� and these observations
are in correspondence with the theoretical results in Section
4. Furthermore, when ξ ∈ ½11, 18�, we observe the through-
put decreases with ξ, which is due to the reason that a high
value of ξ results in the decrease of the slot efficiency.

Figure 7 plots the throughput and robustness of the
WPCN under Algorithm 1 and k-means++ algorithm versus
the number of the clusters k, and ξ = 10 holds. When k ∈ ½1,
4Þ, we observe that the throughput increases with k and the
robustness decreases with k. These observations are explained
as follows. With the increase of k, some of the ANs with rela-
tively low energy would not be viewed as the PNs, which
increases the average energy of the PNs. Besides, the PNs
transmit data to the AP by consuming all the energy during
the TP; thus, the throughput increases with the average energy
of the PNs. When k ∈ ½4, 9�, under Algorithm 1, we observe
that the throughput and robustness remain almost unchanged
with k, which is due to the reason that the ANs are divided into
at most four clusters for a majority of slots based on the simu-
lation results. However, when k ∈ ½4, 9�, we observe that the
throughput remains almost unchanged with k and the robust-
ness decreases with k under the k-means++ algorithm. This
observation is due to the reason that when the number of clus-
ters exceeds the number of ANs’ energy states, the ANs with
the highest energy state could be distributed in different clus-
ters, which results in the decrease of the number of the PNs,
i.e., the robustness. Since the PNs transmit data to the AP by
consuming all the energy during the TP, the throughput
increases with the average energy of the PNs based on (4).
When the number of clusters exceeds the number of ANs’
energy states, the energy state of the PNs does not change with
k and the throughput remains almost unchanged with k.

Figure 8 plots the throughput and robustness of the
WPCN under Algorithm 1, improved k-medoids algorithm
[25], improved hierarchical algorithm [26], the energy

Input: The number of clusters k, the energy states of nodes X = fx1, x2,⋯, xng;
Output: HEC;
1: k =min fk,Nes,tg;
2: Randomly select an observation as the center from X;
3: while the number of the centers is less than kdo
4: Select an observation x as the center Ki from X with the probability that increases with the distance from the nearest known
center to the observation;
5: end while
6: l = 0, FLAGl = 0;
7: repeat
8: l + +, FLAGl = K ;
9: forj = ξ to μdo
10: According to the observation x with state j, select the cluster Cj by (14);
11: end for
12: fori = 1 to kdo
13: Calculate the center Ki of the cluster Ci in (18);
14: end for
15: untilFLAGl = FLAGl−1;
16: return HEC.

Algorithm 1: Improved k-means++ algorithm.
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Figure 5: The slot efficiency of the WPCN versus the energy
threshold ξ.
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Figure 6: The throughput and robustness of the WPCN versus the
energy threshold ξ, where the PN is selected from the ANs for the
WIT.
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threshold approach-1, the energy threshold approach-2, and
the energy threshold approach-3. To be specific, both
improved k-medoids algorithm and improved hierarchical
algorithm contain the same optimization process as Algo-
rithm 1, where ξ = 10. Under energy threshold approach-1,
one of the ANs is selected for the WIT, i.e., the number of
the PNs equals that of the ANs. Under energy threshold
approach-2, one of the one-half ANs with high energy states
according to the descending order of ANs’ energy states is
selected for the WIT, i.e., the number of the PNs equals one-

half of that of the ANs. Under energy threshold approach-3,
one of the one-third ANs with high energy states according
to the descending order of ANs’ energy states is selected for
the WIT, i.e., the number of the PNs equals one-third of that
of the ANs.

We observe that Algorithm 1 achieves similar throughput
and robustness performances as the improved k-medoids
algorithm and improved hierarchical algorithm. In the three
clustering algorithms, the throughput decreases with the
robustness. The reasons for these observations are similar as
those in Figures 6–7. We observe in Figure 8 that the through-
put of the WPCN first increases with the robustness and then
decreases with the robustness under the three energy thresh-
old approaches. The reasons for these observations are similar
as those in Figure 6. Under the same energy threshold, we
observe in Figure 8 that the robustness of the WPCN under
energy threshold approach-2 is smaller than that of energy
threshold approach-1 and larger than that of energy threshold
approach-3. The observations about the robustness are due to
the reason that the number of the PNs under energy threshold
approach-2 is smaller than that under energy threshold
approach-1 and larger than that of energy threshold
approach-3. Under the energy threshold smaller than 18, we
observe that the throughput of the WPCN under energy
threshold approach-2 is smaller than that under energy
threshold approach-3 and larger than that under energy
threshold approach-1. The observations about the throughput
are due to the reason that the ANs with low energy states that
could be selected as PNs under energy threshold approach-2
could not be selected as PNs under energy threshold-3, i.e.,
the average energy of the PNs under energy threshold
approach-2 is lower than that under energy threshold
approach-3. The relationship between energy threshold
approach-1 and energy threshold approach-2 is similar as that
between energy threshold approach-2 and energy threshold
approach-3. Besides, the PNs transmit data to the AP during
the TP by consuming all the energy; thus, the throughput of
theWPCN under energy threshold approach-2 is smaller than
energy threshold approach-3 and larger than that under
energy threshold approach-1. When the energy threshold
equals 18, the throughput of the WPCN under the three
energy threshold approaches is the same. The observation
about the throughput is due to the reason that the maximum
energy state of the ANs equals 18, and the energy states of
the PNs under the three energy threshold approaches are the
same. Specifically, with the same robustness, the throughput
of the WPCN under the three clustering algorithms is higher
than that under the three energy threshold approaches.

6. Conclusion

In this paper, we studied the robustness of the WPCN, where
the nodes transmit data to the AP by consuming the energy
harvested from the PS. According to the theoretical analysis
about the WIT, we find that the robustness has an impact on
the throughput. To optimize the tradeoff between the through-
put and robustness, we develop a transmission strategy with an
energy threshold approach to fully explore the WIT opportu-
nities and propose the improved k-means++ algorithm to
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Figure 7: The throughput and robustness of the WPCN versus the
number of the clusters k, where the PN is selected from the EHC for
the WIT.
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cluster the nodes with energy larger than the threshold to
increase the throughput. Besides, we analyze the probability
distribution of nodes’ energy states by the Markov chain pro-
cess and prove the existence of steady-state probability distri-
bution for the nodes in the WPCN.

According to the simulations, we have four findings listed
as follows: (1) with a low energy threshold, the WIT opportu-
nities are fully explored, the throughput increases with the
energy threshold, and the robustness decreases with the energy
threshold. (2) With high energy threshold, the WIT opportu-
nities are not fully explored and both the throughput and
robustness decrease with the energy threshold. (3) To fully
explore the WIT opportunities with low robustness, we lower
the energy threshold to increase the robustness and validate
that the improved k-means++ algorithm achieves higher
throughput than that obtained by only the energy threshold
approach. (4) The improved k-means++ algorithm, improved
k-medoids algorithm, and improved hierarchical algorithm
achieve similar throughput and robustness performances of
the WPCN, and the improved k-means++ algorithm has the
lowest computational complexity.
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