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ABSTRACT Wireless powered communication network (WPCN) is a novel structure of the network that
integrates wireless information communication (WIT) and wireless energy transfer(WET). The scheduling
design is a key factor for performance improvement for WPCN. As an effective scheduling design approach,
‘‘Harvest-then-Access’’ has been proposed. This approach requires optimizing control parameters in the
scheduling. Therefore, some approaches, such as machine learning or simulation, have been used. This paper
proposes a Markov-chain model-based analytical model of Harvest-then-Access scheduling for WPCN.
We propose a new Markov-chain model, which includes the essential operation in WPCN with Harvest-
then-Access. From the analytical model, we derive the optimal time interval of WET in the network with
Harvest-then-Access, which simultaneously provides throughput improvement and fairness among devices.
The validity of the proposed analytical model is demonstrated by comparing the analytical and simulation
result. Then, we evaluate the performance of Harvest-then-Access scheduling through comparison to the
other scheduling.

INDEX TERMS Wireless powered communication network (WPCN), wireless energy transfer (WET),
queuing theory, Markov-chain model, energy queuing model.

I. INTRODUCTION
Wireless energy transfer (WET) technology, in which wire-
less devices harvest power energy from radio frequency (RF)
signal, has attracted attention because this technique con-
tributes to prolonging network life time [1], [2]. The wireless
powered communication network(WPCN) is a novel network
structure where wireless information transmission (WIT) and
wireless energy transfer (WET) are integrated [3]. In WPCN,
a hybrid access point (HAP) supplies the energy to STAs
through WET, and STAs harvest this energy to transmit a
packet to the HAP. Achieving better performance in WPCN
requires the appropriate protocol design that considers WET
and WIT operations in the network. The resource allocation
for WET andWIT is one of the critical factors in the protocol
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design of WPCN. Considering WET and WIT operate under
a time division duplex (TDD) manner, the excess time allo-
cation to WET leads to throughput degradation due to the
lack of opportunities for WIT, and vice versa. From the above
explanation, this paper focuses on the scheduling methods in
WPCN.

The scheduling methods for WPCN are mainly classified
into centralized and decentralized approaches. In the cen-
tralized approach, the HAP manages all of the WET and
WIT opportunities in the network. This means that the HAP
controls time resources for not only energy-supplying oppor-
tunities but also information communication ones. Although
this approach provides better performance, significant com-
munication overhead between HAP and STAs is required,
especially for a network with massive STAs. In the distributed
approach, on the other hand, each STA achieves its WET
and WIT opportunities following a random access (RA)
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FIGURE 1. An example of a WPCN.

policy. Although this approach does not require communi-
cation overhead, it may cause ineffective energy-supplying
efficiency in the network [4]. Taking into account the above
characteristics in both approaches, a hybrid approach named
‘‘Harvest-then-Access’’ scheduling has been proposed in [5],
[6], and [7]. The Harvest-then-Access employs a frame struc-
ture in which a HAP supplies energy to STAs at the begging
of the frame, then STAs access the channel for WIT under
RA policy until the end of the frame. This means WET
in Harvest-then-Access is performed with a constant time
interval. An appropriate time interval of WET in Harvest-
then-Access provides effective WET opportunities, leading
the network-throughput improvement. Harvest-then-Access
is expected to provide high performance because this method
supports the demerits for each approach. However, it is chal-
lenging to derive the optimal time interval for WPCN with
Harvest-then-Access.

One of the solutions for the above problem is to establish
an analytical model for WPCN with Harvest-then-Access,
then derive the optimal parameter from the model. An effec-
tive analytical model of WPCN with distributed scheduling
has been proposed, named as ‘‘energy queuing model [8].’’
The model uses queuing theory to represent the recharg-
ing/consuming operation of the residual energy in STA’s bat-
tery. This enables us to mathematically consider the transition
of battery residual which is an essential behavior of WPCN.
However, the energy queuing model cannot be applied to the
performance analysis of WPCN with Harvest-then-Access.
Because the energy queuing model is based onM/M/1 queue-
ing model, the model cannot consider a HAP-initiated WET
in the frame structure of Harvest-then-Access, which does
not follow the Poisson-arrival process. For establishing the
analytical model, a novel energy-queueing model that con-
siders the characteristic operation in Harvest-then-Access is
required.

This paper proposes a Markov chain based analyti-
cal model of Harvest-then-Access scheduling for WPCN.
To consider transitions of STA-residual energy in the bat-
tery in Harvest-then-Access, we propose a new Markov-
chain model, which includes the energy queuing and the
HAP-initiated WET with a fixed time interval. We derive
the appropriate time interval for WET in the network with
Harvest-then-Access, which provides performance improve-
ment of the network. The validity of the proposed analytical
model is demonstrated through the comparison with the
simulation results. Then, we evaluate the performance of

Harvest-then-Access scheduling through the comparison to
distributed scheduling.

II. RELATED WORKS
A. WIRELESS POWERED COMMUNICATION NETWORKS
(WPCN)
Figure 1 shows a simple example of WPCN. As shown
in Figure 1, WPCN consists of a HAP and several STAs.
The HAP supplies the energy to the STAs through WET,
and the STAs harvest this energy to transmit information.
WET and WIT are desired to operate in the same fre-
quency band to achieve higher spectrum efficiency and
cost-effectiveness. Following this policy, the conventional
works regarding the protocol design in WPCN often assume
that HAP and STAs operate by switching the WET and WIT
under TDD manner [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14]. Therefore, the protocol for WPCN should
be designed under the consideration of both WIT and WET
operations.

As another essential concern on the design of WPCN,
we explain the ‘‘double-near-far problem’’ [7], [9], [10]. The
STAs far from the HAP can harvest less energy than the STAs
nearby the HAP due to distance-dependent signal attenuation
of RF signal. In addition, the STAs far from the HAP need
to consume more energy than the STAs nearby HAP in order
to transmit information with the same data rate as near-STAs.
Namely, the STAs far from HAP harvest poor energy from
HAP; nevertheless, they need more energy for information
transmission. This causes unfair throughput among STAs in
WPCN. A straightforward solution to this problem is fre-
quently supplying energywith high power to avoid the battery
depletion of the STAs far fromHAP. However, this may cause
excess WET, leading to degradation of WIT performance due
to the TDD manner in WPCN. In this sense, the scheduling
design, which affects not only throughput but also fairness
performance among network nodes, is a critical factor for
WPCN.

B. THE SCHEDULING FOR WPCNs
Various scheduling methods have been proposed [8], [9],
[10], [11], [12], [13], [14]. These are classified into two types:
centralized scheduling and distributed scheduling. In the
centralized approach, the HAP manages all of the WET
and WIT opportunities in the network. This means that the
HAP controls time resources for not only energy-supplying
opportunities but also information communication ones. Ref-
erence [9] has proposed ‘‘Harvest-then-transmit’’ scheduling
in which a round-robin-based frame structure consists of the
duration for WET prior to the duration for WIT. HAP allo-
catesWET andWIT for STAs to each time resource in a frame
by referencing channel state information(CSI) between HAP
and each STA. Moreover, [9] has proposed time allocation
methods to obtain maximum throughput while taking into
account the fairness among STAs. By extending the method
in [9], [11] has proposed the scheduling for WPCN with
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beamforming WET technology. Reference [12] has proposed
the scheduling for WPCN with harvesting from WET and
other ambient energy sources. As a common operation of
these methods, a round-robin-based frame structure is con-
sidered for centralized scheduling since the time allocation of
each STA contributes to throughput improvement. To achieve
high throughput based on such scheduling methods, it is
necessary for a HAP to control the time allocation optimally
according to STAs-communication requirements. For that,
the communication overhead to get CSI and time synchro-
nization between HAP and STAs is required. Considering
the network with massive STAs, such overheads may cause
system performance degradation.

On the other hand, [8], [14], [15], [16], [17], [18] have
proposed the scheduling methods based on the distributed
approach. In distributed scheduling, WIT and WET operate
following a RA policy such as CSMA and ALOHA. The
HAP performs WET by responding to a request from STAs
[8], [14], [15], [16]. In [15], the radio frequency medium
access control (RF-MAC) has been proposed as a distributed
scheduling for WPCN. This paper is the first one which
provides the distributed scheduling approach concept. As a
common operation of distributed scheduling, STAs send a
request signal or frame to trigger to serve the WET to HAP.
Reference [8] has proposed a distributed scheduling-based
protocol integrating WET and WIT following p-persistent
CSMA. In this scheduling, STAs whose battery becomes
empty send an energy request buzz (ERB) signal to recharge
the battery. The WET operation is performed in response to
the ERB signal. This means that the triggering of WET in the
network depends on the residual power energy of the STAs.
Reference [14] has proposed two distributed MAC access
protocols that are similar to [8]. The distributed schedul-
ing methods are robust to residual power depletion. On the
other hand, to achieve fair throughput performance among
network nodes, HAP attempts to supply enough energy to
the STAs far from the HAP. This causes excess WET in
networks because suchWET is unnecessary for the STAs near
the HAP.

Distribute scheduling without WET requests has been pro-
posed in [17], named the Harvest-or-Access protocol. This
method applies the slotted ALOHA access protocol for WIT.
TheHAP judges that the current RA slot is idle if no incoming
signal is detected for a predetermined time from the beginning
of each access slot. If the current access slot is recognized
as idle, the HAP immediately performs WET during the
remainder of the idle slot. Because all of the idle slots are
used for WET, it reduces time-resource waste. However,
this method may result in inefficient use of power in the
network.

From the above discussions, appropriate WET controlling
under distributed scheduling may improve system perfor-
mance. Thus, the system integrating centralized WET with
distributedWIT has been proposed [4], [5], [6], [7], which are
called as‘‘Harvest-then-Access.’’ Harvest-then-Access has a
frame structure consisting of WET prior to the RA of WIT.

FIGURE 2. The energy queuing model in [8].

The HAP controls the WET by adjusting frame size or
the ratio of WET duration in one frame. Reference [5] has
proposed the Harvest-then-Access scheduling in which a RA
duration with a fixed-size slot based on slotted ALOHA is
preceded by the WET duration. In [5], the appropriate frame
size is obtained from a machine-learning approach. Refer-
ence [4] applies the enhanced distributed coordination func-
tion (EDCF) MAC protocol to a Harvest-then-Access-based
protocol. Reference [6] has proposed controlling the ratio
of WET duration to fixed length frame and channel access
probability of each STA to obtain high fairness through-
put in the network with Harvest-then-Access. Reference [7]
has proposed controlling the number of packets transmitted
by STAs in one frame for achieving a higher throughput
in the entire network under Harvest-then-Access schedul-
ing. From the latest research on WPCN scheduling, the
Harvest-then-access-based approach is expected to improve
network performance effectively. However, the Harvest-
then-access-based approach requires the optimal control
of WET duration in a frame for achieving performance
improvement.

C. ANALYTICAL MODELS FOR WPCN: ENERGY QUEUING
MODEL
Several models for the performance analysis of WPCN
have been proposed [4], [17], [18], [19]. In [9], [11], and
[12], for centralized scheduling, the throughput of each
STAs is formulated as a function of time for WET and
WIT of each STA. The analytical expression derives opti-
mal parameter settings which provide maximum throughput
and fairness. References [9], [11], and [12] analyzes the
throughput by the ratio of time for WET and WIT of
each STA under the assumption that the energy supplied
by HAP is consumed certainly in allocated WIT time.
Because it is assumed that the STA exhausts the energy
harvested at the beginning of the frame within this frame,
this model cannot consider the detailed residual energy
states.

Considering surplus energy in the battery at each STA, [8]
has proposed the analytical model named ‘‘Energy queu-
ing model.’’ Figure 2 shows an example of an energy
queuing model. In the energy queuing model, the resid-
ual energy is considered discretely. In Figure 2, state
c represents the STA having c units of energy in its
battery. The leftward transition represents the energy con-
sumption due to WIT, and the rightward transition repre-
sents the energy recharging due to WET. In the case of
Figure 2, STAs recharge 2 units of energy in probability
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FIGURE 3. Frame structure of the Harvest-then-Access scheduling with
the channel access example.

Pe and STAs consume 1 unit of energy in probability Pt .
Because queueing model enables consideration of state tran-
sition due to consumption/recharging, the energy queuing
model effectively considers the essential behavior of STAs
in WPCN.

D. PERFORMANCE ANALYSIS FOR WPCN WITH
HARVEST-THEN-ACCESS
Several mathematical analysis methods for WPCN with
Harvest-then-Access have been proposed in [6] and [7].
Reference [6] derives the WET duration, which provides
enough WET and high throughput, under the assumption
that the battery capacity of STAs is infinite. On the other
hand, [7] assumes that the STAs store only energy for one
packet transmission. However, [6], [7] don’t consider the
recharging/consumption operation of residual energy due to
WET and WIT in distributed WIT as [8] and [20].

As mentioned above, the conventional works of per-
formance analysis for WPCN with Harvest-then-Access
cannot handle energy-state transition due to consump-
tion/recharging. For the detailed evaluation and optimization
of Harvest-then-Access, it is necessary to establish an
analytical model which enables handling the energy-state
transition due to consumption/recharging under the operation
of Harvest-then-Access in WPCN.

III. SYSTEM MODEL AND ASSUMPTIONS
A. NETWORK MODEL
As Figure 1, this paper considers a single-cell WPCN
consisting of 1 HAP and N STAs.

B. FRAME STRUCTURE AND CHANNEL ACCESS MODEL:
HARVEST-THEN-ACCESS
WET and WIT are performed over the same frequency
band, so STAs perform energy harvesting and information
communication in a TDD manner.

Figure 3 shows the frame structure of the Harvest-then-
Access scheduling considered in this paper. In Fig. 3, the
frame structure consists of L slots. We define the 1st slot
in each frame as ‘‘WET duration’’ and from the 2nd slot
to L-th slot in each frame as ‘‘WIT duration.’’ At the 1st
slot, HAP supplies energy to all STAs during TE sec. In the
remaining L−1 slots, the STAs access the channel to transmit

a data packet following slotted ALOHA. Therefore, the HAP
performsWET every constant time interval of TE + (L−1)σ ,
where σ is a duration of a system slot.

C. TRAFFIC MODEL
The STAs generate packets following a Poisson arrival
process with the packet-arrival probability of an arbitrary
slot, which is denoted as λ. Only uplink traffic flows are
considered; thus the destination of the generated packets is
the HAP. The transmission duration for sending a packet is
the same as the duration of a slot.

FIGURE 4. Two-dimensional discrete Markov-chain model for
Harvet-then-Access.

D. BATTERY MODEL
Similar to [8], each STA has its own battery in which its
battery residual is expressed as a discrete number. It is defined
that the battery capacity is the natural number C , and 1 unit
of energy is 1/C of the battery capacity.

E. CHANNEL MODEL
Channel condition is ideal for evaluating MAC-layer perfor-
mance for the proposed scheduling. Therefore, transmission
failure due to PHY-layer is not considered. That is, only
transmission failures due to signal collision occur.

IV. MARKOV-CHAIN BASED PERFORMANCE ANALYSIS
FOR HARVEST-THEN-ACCESS
This section proposes a mathematical analysis model for
WPCN with Harvest-then-Access scheduling. As shown in
Figure 3, the HAP supplies energy at every constant time
interval. This means the battery recovery operation for each
STA definitely occurs every constant time interval. In WIT
duration, on the other hand, each STA transmits a packet
probabilistically at each slot. Because the HAP does not
supply energy in WIT duration, each node never recov-
ers energy. This means each STA consumes its energy
following the Poisson process in the WIT duration. Consid-
ering the above characteristics of the Harvest-then-Access
protocol, this paper proposes the two-dimensional discrete
Markov-chain model with energy queueing.
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A. MARKOV-CHAIN MODEL WITH ENERGY QUEUEING IN
THE HARVEST-THEN-ACCESS
Figure 4 shows the Markov-chain model with energy queue-
ing in the Harvest-then-Access. In the following explanation,
time t is defined as the beginning of the t-th slot, including
WET duration as Figure 3. t = sL + 1, (s ≥ 0, s ∈ Z)
means the begging of the WET slot, and t = sL + 2 means
the begging of the first WIT slot for each frame. Each state
in Figure 4 is defined as (c, l), where c ∈ {0, · · · ,C} is a
stochastic process which represents c units of energy stored
STA’s battery, and l ∈ {1, · · · ,L} is a stochastic process
which represents that l slots have passed from the begging of a
frame. As shown in Figure 4, state (c, 1) for 0 ≤ c ≤ C means
the state where the HAP supplies energy at the WET slot.
In addition, state (c, l) for 0 ≤ c ≤ C and 2 ≤ l ≤ L means
the state where arbitrary slots of WIT slots in a frame. In the
Markov-chain model, the one-step transition probability is
denoted as p(i1,j1),(i0,j0) = Pr{(c(t + 1) = i1, l(t + 1) =

j1) | (c(t) = i0, l(t) = j0)}. The transition matrix in the
Markov-chain model is characterized as (C+1)L× (C+1)L
sized matrix as follows:

P =


p(0,0),(0,0) · · · p(0,0),(C,L)
p(1,0),(0,0) · · · p(1,0),(C,L)

...
. . .

...

p(C,L),(0,0) · · · p(C,L),(C,L)

 . (1)

When l = 1, HAP supplies α units of energy to the STAs.
Therefore, the one-step transition probability regardingWET
operation is defined as

p(c,1),(c+α,2) = Pr{(c+ α, 2) | (c, 1)} = 1,

for 0 ≤ c < C − α,

p(c,1),(C,2) = Pr{(C, 2) | (c, 1)} = 1,

for C − α ≤ c ≤ C . (2)

When the STA has more than β units of energy in its battery
during the WIT slots in 2 ≤ l ≤ L − 1, the STA transmits a
packet with the probability λ. After the packet transmission,
the STA consumes β units of energy.When the battery energy
is less than β units, the STAs unable to transmit a packet.
About the l, a STA transits from l to l + 1. Therefore, the
one-step transition probability regarding WIT operation in
2 ≤ l(t) ≤ L − 1 is defined as

p(c,l),(c−β,l+1) = Pr{(c− β, l + 1) | (c, l)} = λ,

for β ≤ c ≤ C, 2 ≤ l ≤ L − 1

for p(c,l),(c,l+1) = Pr{(c, l + 1) | (c, l)} = 1 − λ,

for β ≤ c ≤ C, 2 ≤ l ≤ L − 1

p(c,l),(c,l+1) = Pr{(c, l + 1) | (c, l)} = 1,

for 0 ≤ c < β, 2 ≤ l ≤ L − 1. (3)

After the end of all WIT slots, which means state (c,L), the
state returns to WET slots. Therefore, the one-step transition
probability from the end of the WIT slot to WET is defined

as

P(c,L),(c−β,1) = Pr{(c− β, 1) | (c,L)} = λ,

for β ≤ c ≤ C,

P(c,L),(c,1) = Pr{(c, 1) | (c,L)} = 1 − λ,

for β ≤ c ≤ C,

P(c,L),(c,1) = Pr{(c, 1) | (c,L)} = 1,

for 0 ≤ c < β. (4)

The value of other transition probabilities from the above is
zero.

Here, we denote the steady-state probability of state (c, l)
as π(c,l). Then, we denote the vector whose components
are the steady-state probabilities in the Markov-chain model
as π = [π(0,1), · · · , π(C,L)]⊤, where [∗]⊤ is transposi-
tion symbol. To obtain the values for all the steady-state
probabilities, we calculate the eigenvector for the matrix
P corresponding to eigenvalue 1. Namely, we calculate
π = Pπ .

B. DERIVATIONS OF TRANSMISSION PROBABILITY
When a STA has more than β units of energy at each WIT
slot in the frame, the STA transmits a packet in probability λ.
Therefore, STA-transmission probability at the l-th WIT slot
in the frame is expressed as follows:

τ (l) = λ

C∑
c=β

π(c,l)

C∑
c=0

π(c,l)

, for 2 ≤ l ≤ L. (5)

In the following discussion, we apply the superscript STA n
for transmission probability to consider the energy consump-
tion with respect to each STA in the network. Namely, τ

(l)
n

means transmission probability for STA n at the l-th slots in
the frame.

C. SYSTEM THROUGHPUT
The success probability of information transmission at l-th
slot in the frame can be represented as

s(l) =

N∑
n=1

τ (l)n

N∏
m=1,m̸=n

(
1 − τ (l)m

)
, for 2 ≤ l ≤ L. (6)

By calculating all of the throughputs for WIT slots in a frame
for the duration of one frame in the steady state, the system
throughput is obtained as follows:

S =

L∑
l=2

s(l)

TE
σ

+ L
. (7)
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TABLE 1. Units for magnetic properties.

D. ENERGY SHORTAGE PROBABILITY
This paper defines the probability that STA cannot transmit
a packet due to the shortage of residual energy as ‘‘energy
shortage probability.’’ When the residual energy is less than
β units of energy in its battery, STA cannot transmit any
packets. Therefore, the energy shortage probability in WIT
duration is expressed as

Ψ =

L∑
l=2

β−1∑
c=0

π(c,l)

L − 1
. (8)

V. SIMULATION VERIFICATION AND PERFORMANCE
EVALUATION
This section verifies the proposed analytical model through
the comparison with simulation results. Then, we evaluate the
performance of Harvest-then-Access scheduling through the
analytical results. We develop the original network simulator,
including Harvest-then-Access, in C language.

In the evaluation scenario, considering the double-near-far
problem in WPCN, STA n ∈ {1, 2, · · · , ⌊N/3⌋} is deployed
near the HAP, and we denote the set of those STAs as ‘‘near-
STAs.’’ Similarly, STA n ∈ {⌊N/3⌋ + 1, ⌊N/3⌋ + 2, · · · ,N }

is deployed far from the HAP, and we denote the set of those
as ‘‘far-STAs.’’ In addition, the amount of recharging energy
in a WET duration for near-STAs (far-STAs) is denoted as
αnear (αfar ). Similarly, the amount of consuming energy in
a packet transmission for near-STAs (far-STAs) is denoted
as βnear (βfar ). The detail of simulation parameters is shown
in Table 1.

A. THE VALIDITY OF THE ANALYTICAL MODEL
Figure 5 shows the system throughput for N = 30 as
a function of L for fixed packet arrival rate λ. In Fig. 5,
λ = 1/20, 1/30, and 1/40 are considered. In the figure,
the lines and the plots show analytical results and simu-
lation ones, respectively. It is seen from Fig. 5 that the
analytical results agree with the simulation results quan-
titatively for each packet arrival rate. This result shows
the validity of the analytical model proposed in this
paper.

In the case of λ = 1/20, it is confirmed that the maximal
throughput is obtained when L = 37. For L ≤ 37, the
energy-supplying interval is so short that the HAP performs
WET more than necessary for the network, providing few
opportunities for information transmission of STAs in the

FIGURE 5. The system throughput for N = 30 as a function of the number
of slots in WIT duration L.

FIGURE 6. The average throughput of far-STAs and near-STAs as a
function of the number of slots in a frame L.

entire network. As a result, the throughput degrades for
L ≤ 37. For L ≥ 37, on the other hand, the energy-supplying
interval is so long that the HAP cannot perform the WET
operation for the demands of STAs in the network. As a
result, this energy-supplying interval causes frequent battery
depletions at STAs in the network, leading to performance
degradation. The above mentions correspond to the essential
characteristic ofWPCN. Additionally, it is confirmed that our
proposed analytical model presents the above characteristic in
Harvest-then-Access scheduling completely.

From the results of our proposed analytical model, the
optimal value of L, which provides the maximal throughput,
can be derived quickly. In the following discussion, we denote
the optimal value of L as L∗.

Next, we show the performance difference between
near-STAs and far-STAs. Figures 6 and 7 show the throughput
of near-STAs and that of far-STAs as a function of L, and
N = 30 and λ = 1/30. In L > 3, it is seen from Figs. 6 and 7
that near-STAs obtain obviously the higher throughput than
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FIGURE 7. The battery shortage probability of far-STAs and near-STAs as a
function of the number of slots in a frame L.

far-STAs. In addition, the battery of far-STAs becomes empty
with a higher probability than near-STAs. This result shows
the STAs communicate with the HAP under unfair communi-
cation, especially for L > 3. On the other hand, in L < 3, it is
shown from Figs. 6 and 7 that the throughput of near-STAs
is the same as that of far-STAs, and no depletion occurs in
the network. These results show that the excess WET in the
network degrades the throughput to achieve fair communica-
tion between near-STAs and far-STAs. It is confirmed from
the results that the proposed analytical expressions support
such a trade-off relationship between throughput and fairness
in the WPCN.

B. PERFORMANCE COMPARISON WITH DISTRIBUTED
SCHEDULING
In this section, we compare the performance of the Harvest-
then-Access protocol and the distributed scheduling from [8].
For a fair comparison, we apply some simplifications to the
operation in the method of [8]. In [8], STAs perform channel
access following slotted p-persisted CSMA, and saturated
traffic condition is considered. Each slot prepares a special
duration for transmitting the ERB signal, which is used to
request the HAP to supply the WET. As the assumptions
related to the operations in [8], we assume that STAs in the
network perform channel access following slotted ALOHA
with packet arrival probability λ. This is the same meaning
as p-persisted CSMA in which the value of p is replaced
as λ. Furthermore, the special duration for transmitting the
ERB signal is also idealized as 0 [sec]. About the WET,
when the STAs exhaust power energy in their battery in each
slot, HAP supplies power energy to all STAs by consum-
ing TE [sec] at the next slot. The packet arrival rate λ is
assumed as 1/N , which provides the maximal throughput in
the network with the slotted ALOHA. We also implemented
distributed scheduling with the above simplification into our
network simulator. We have confirmed that the network sim-
ulator’s results completely agree with the analytical model
of [8].

FIGURE 8. The comparison of throughput S as a function of the number
of STAs N .

In distributed scheduling, HAP supplies energy depend-
ing on the request from STAs. Therefore, because
far-STAs also harvest energy as soon as their battery
is depleted, the unfairness communication appears. Thus,
we compare the performance between the distributed
scheduling and Harvest-then-Access under the condition
that fair communication for each scheduling method is
obtained.

Specifically, we define 0 as the ratio of the throughput of
near-STAs to the difference in the mean value of near-STAs
throughput and far-STAs one as the index for the evaluation
of fairness as follows:

0 =

∣∣∣∣ SnearNnear
−
Sfar
Nfar

∣∣∣∣
Snear
Nnear

, (9)

where Snear (Sfar ) is near-STAs(far-STAs) throughput,
and Nnear (Nfar ) is the number of near-STAs(far-STAs).
We assume that fairness communication is performed in
0 ≤ 0.01, and in Harvest-then-Access scheduling, that L is
set so as to obtain maximum throughput under the 0 ≤ 0.01
for the fair comparison with the distributed scheduling.

Figure 8 shows the network throughput S as a function of
STAs N . Figure 9 shows the WET duration ratio, which is
the time ratio of all the WET duration to simulation time,
as a function of the number of STAs N . We obtain the
WET duration ratio from the simulations. When N ≥ 63,
it is seen from Fig. 8 that the throughput of Harvest-then-
Access is higher than in the distributed scheduling. On the
other hand, it is seen from Fig. 9 that the WET duration ratio
of Harvest-then-Access is lower than in distributed schedul-
ing. These results show Harvest-then-Access scheduling can
obtain higher throughput than distributed scheduling by
reducing time resource for WET. In distributed schedul-
ing, due to frequent battery depletion, far-STAs frequently
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FIGURE 9. The comparison of WET duration ratio as a function of the
number of STAs N .

request WET. Demanding all the requests leads to the
degradation of throughput. As a result, the throughput of
distributed scheduling decreases as increasing the number
of far-STAs. On the other hand, it is seen from Fig. 8
that the throughput in Harvest-then-Access is lower than
in distributed scheduling when N ≤ 63. It is seen from
Fig. 9 that the WET duration ratio in Harvest-then-Access
is higher than in distributed scheduling. This is because that
Harvest-then-Access requires the HAP to supply energy fre-
quently in order to maintain fairness in the network with
the small number of STAs. In a network with a small
number of STAs, battery depletion of a STA significantly
affects the entire network’s fairness. Therefore, in Harvest-
then-Access, the HAP needs to frequently supply energy
not to deplete the battery of all STAs. Therefore, dis-
tributed scheduling provides higher throughput than Harvest-
then-Access when the number of STAs in the network
is small.

VI. CONCLUSION
This paper proposed a Markov-chain model-based analyt-
ical model of Harvest-then-Access scheduling for WPCN.
We derived the appropriate time interval for WET in the
network with Harvest-then-Access, which simultaneously
provides throughput improvement and fairness among STAs.
The validity of the proposed analytical model was demon-
strated through the comparison with the simulation results.
Then, we evaluated the performance of Harvest-then-Access
scheduling through the comparison to distributed schedul-
ing. The effectiveness of Harvest-then-access scheduling was
confirmed mathematically, especially in the network with
a large number of STAs. We believe this novel knowledge
is expected to contribute to the design of the protocol for
WPCN.
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