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Abstract: Wireless-powered communication networks (WPCNs) consist of wireless devices (WDs)
that transmit information to the hybrid access point (HAP). In this situation, there is interference
among WDs that is considered to be noise and causes information loss because of adjacent signals.
Moreover, power is limited and can be lost if transmission distance is long. This paper studies
sum-throughput maximization with sectored cells for WPCN. We designed a downlink (DL) energy
beamforming by sector based on the hybrid space division multiple access (SDMA) and nonorthogo-
nal multiple access (NOMA) approach to maximize the sum throughput. First, a cell is divided into
several sectors, and signals from each sector are transmitted to each antenna of the HAP, so that the
signals are not adjacent. Further, the HAP decodes the overlapping information of each sector. Next,
power allocation is optimized by sector. To optimize power allocation, a constrained optimization
problem is formulated and then converted into a nonconstraint optimization problem using the
interior penalty method. The optimal solution derives the maximal value to the problem. Power
for each sector is optimally allocated according to this optimal solution. Under this consideration,
sum-throughput maximization is performed by optimally allocating DL energy beamforming by
sector. We analyzed sum throughput and fairness, and then compared them according to the number
of sectors. Performance results show that the proposed optimal power allocation by sector using
hybrid SDMA/NOMA outperforms the existing equal power allocation by sector in terms of the sum
throughput while fairness is also maintained. Moreover, the performance difference between the
hybrid approach and SDMA, which optimally allocates power by sector, was about 1.4 times that of
sum throughput on average, and the hybrid approach was dominant. There was also no difference in
fairness performance.

Keywords: WPCN; sector; power; optimization; hybrid SDMA/NOMA; beamforming

1. Introduction

Traditional cellular base stations radiate power in all directions because they have no
information about where the mobile device is located; however, a multiantenna technique
improves spectral efficiency, range, and bandwidth for mobile wireless devices. Global
mobile interoperability for microwave access and long-term evolution networks is expected
to use spatial division multiple access (SDMA) technologies, which are extensively used in
private wireless broadband systems. In this system, a base station’s radiation pattern may
be changed to maximize both transmission and reception for each user device by utilizing
smart antenna technology to track the spatial position of mobile devices. Moreover, the base
station can efficiently direct a beam or a spot of radio frequency (RF) power to or from each
user by quickly changing the phase of signals from multiple antennas. Unlike multiple-
input multiple-output (MIMO), just one antenna at the client device is required, possibly
lowering customer premise equipment (CPE) costs. The device’s lifetime is restricted
in traditional wireless sensor networks (WSNs) since it is powered by a fixed-energy
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battery [1]. In order to extend the network lifetime, energy recovery or battery replacement
is periodically required. However, in WSNs, this is difficult [2]. Wireless sensing devices
are the core components of Internet of Things (IoT) systems, which have been quickly
deployed in both consumer and industrial applications to provide a variety of sensing and
control services in recent years. The majority of those sensing devices, on the other hand,
are battery-powered, necessitating significant financial and human resources to replace
or charge the batteries on a regular basis in order to keep them properly functioning. To
address this problem, an increasing number of IoT devices are now fuelled by harvesting
energy sources that are often unreliable and difficult to govern. Emerging radio-frequency-
based energy harvesting technologies, on the other hand, offer significant advantages in
terms of being wireless and controllable in order to provide a reliable source of energy.
Because IoT systems rely on radio-frequency-based energy harvesting technologies, the
WPCN overcomes such obstacles, and the optimization outcomes are more significant in
real-time applications such as IoT systems. Recently, wireless power transfer (WPT) has
emerged as a promising technology that can extend a device’s lifetime. Wireless powered
communication networks (WPCNs) can be built using this WPT. WPCNs consist of the
hybrid access point (HAP) and wireless devices (WDs) where the WDs recharge power
from HAP [3], and the HAP continuously transmits power to WDs. Through the harvested
energy, WDs transmit information to the HAP [4]. If the power of the device is continuously
recharged through this WPCN, the lifetime can be expanded. However, a device outside
the transmission range may not be able to stably power recharge. Power recharging WD is
important because wireless information transfer (WIT) cannot be performed if the power
of WD is insufficient. Therefore, beamforming may be used to increase the transmission
range [5]. Beamforming or spatial filtering is a signal processing technique used in sensor
arrays for directional signal transmission or reception. This is achieved by combining
elements in an antenna array in such a way that signals at particular angles experience
constructive interference, while others experience destructive interference. Beamforming
can be used at both the transmitting and receiving ends in order to achieve spatial selectivity
(https://en.wikipedia.org/wiki/Beamforming, accessed on 18 January 2021). In wireless
communication, beamforming can be divided into three categories: analog, digital, and
hybrid beamforming.

1.1. Analog Beamforming

In analog beamforming (ABF), the traditional way to form beams is to use attenuators
and phase shifters as part of the analog RF circuitry where a single data stream is divided
into separate paths. Only one beam is created for the entire frequency band, which is
sufficient for line-of-sight (LoS) beamforming [6]. The advantage of this method is that only
one RF chain is required. The disadvantage is the loss from the cascaded phase shifters at
high power.

1.2. Digital Beamforming

Digital beamforming (DBF) assumes that there is a separate RF chain for each antenna
element. The beam is formed by matrix-based operations in the baseband where digital-
amplitude and phase weighting is performed. In digital beamforming, amplitude/phase
variation is applied to the digital signal before the digital-to-analog converter (DAC) at
the transmitting end. The reverse process is conducted after analog-to-digital converter
(ADC) and digital down converter (DDC) operations are performed. DBF designs different
signals for each antenna in the digital baseband; in other words, different signals are
designed for each antenna in the digital domain. This allows for greater flexibility since
one can assign different powers and phases to different antennas and different parts of
the frequency bands. This means that digital beamforming is particularly desirable for
spatial multiplexing where we want to transmit a superposition of signals, each with
separate directivity.

https://en.wikipedia.org/wiki/Beamforming
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Digital Beamforming Challenges

The design of broadband microwave-phased array digital beamformers for SKA-
Phase 1 presents several technological problems [7] such as bandwidth, radio-frequency
interference (RFI), cooling, coherency, and complexity, in addition to financial and timing
constraints. (1) Amount of generated data: the data rate out of the ADC affects the digital
interface and processing power requirements, and the question becomes how to handle
the data when electronic systems need increased resolution and a higher sampling rate for
increased bandwidth. (2) Power consumption: Processors require much power. Because
of the limitation in data bandwidth, there is a practical limit on the number of elements
in the array which requires waveform generators at each element. (3) Loss: losses that
high-frequency mmWave transmission incurs include high free space path loss, absorption
from atmospheric gases and rainfall, and non-line-of-sight propagation. (4) Expense:
the overall expense of implementing digital beamforming systems includes the physical
size of the electronics and the high cost of a large number of ADCs operating at high
sampling frequencies.

1.3. Hybrid Beamforming

Hybrid beamforming (HBF): HBF combines DBF with ABF in order to allow for the
flexibility of MIMO plus beamforming while reducing the cost and losses of the beam-
forming unit (BFU). Each data stream has its own analog BFU with a set of M antennas.
If there are N data streams, then there are N ×M antennas. The analog BFU loss due to
phase shifters can be mitigated by replacing the adaptive phase shifters with a selective
beamformer such as a butler matrix.

1.4. Difference between Analog and Digital Beamforming

Due to substantial channel losses and high energy consumption by ADC, which
increases with bandwidth [8], energy is a precious resource in mobile millimeter wave
(mmWave) systems. In the ABF type, amplitude/phase variation is applied to an analog
signal at the transmitter end. At the receiver end, signals from different antennas are
summed up before ADC conversion. ABF uses phase shifters to send the same signal
from multiple antennas but different phases; in other words, the same signal is fed to each
antenna, and analog phase shifters are then used to steer the signal emitted by the array.

The module configuration of digital/hybrid beamforming is complicated, and power
consumption increases due to complex processing. Power management is important
because WPCN is a resource constraint. Therefore, we used analog beamforming, which
consumes less power because of its relatively simple module configuration and simple
processing. In addition, the power transmission range is expanded by beamforming to
ensure the power recharge of the device far from the HAP. Under these considerations,
DL energy beamforming by sector is optimized for sum-throughput maximization. In
addition, hybrid SDMA and NOMA approaches are proposed to reduce interference
between multiple WDs that reduce sum throughput. Our contributions can be summarized
as follows: (1) we propose optimal power allocation by sector using analog beamforming
based on the hybrid SDMA and NOMA approach that mixes SDMA and NOMA for sum-
throughput maximization; (2) we transmitted more power to sectors containing many
WDs with a short distance to HAP in order to optimize power allocation by sector. This
is because minimizing power loss due to long distances can increase the total amount
of power transmitted with a sectored cell and improve sum throughput; (3) we perform
information reception by sector from each antenna of the HAP to reduce interference
between multiple WDs, and we use NOMA to superimpose signals from multiple WDs.
This is because sum throughput can be improved by dividing cells and by separating
overlapping signals according to signal strength differences to reduce information loss due
to interference between multiple WDs; (4) in performance evaluation, we demonstrated the
effectiveness of optimal power allocation, and the hybrid SDMA and NOMA approach.
This shows that, in terms of the sum throughput, the proposed optimal power allocation
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by sector based on the hybrid SDMA and NOMA approach outperforms existing equal
power allocation by sector while fairness is maintained.

The rest of this paper is organized as follows: Section 2 presents the related work.
Section 3 introduces the hybrid SDMA and NOMA approach and the optimal power
allocation. Section 4 analyzes various cases of the hybrid SDMA and NOMA approach, and
the optimal power allocation in terms of sum throughput and fairness. Lastly, Section 5
concludes the paper.

2. Related Work

Recently, interest in WPCNs driven by energy obtained by RF signals has increased [9].
For instance, in [10] the authors integrated wireless power transfer and wireless information
transfer in a WPCN in which an unmanned aerial vehicle (UAV) with a continuous power
supply coordinated the WPT in the downlink and WIT in the uplink. In addition, the use of
UAV as an energy transmitter and data collector in WSNs was studied in [11]. Energy har-
vesting (EH) to obtain energy from RF signals was proposed as a technology capable of ex-
panding the battery lifetime of devices [12]. The feasibility of the optimization issue and the
presence of a simple solution were examined in [13], two-user multiple-input single-output
(MISO) for wireless powered communication networks where user devices are equipped
with nonlinear EH circuits. As a result, the problem was double and had a nontrivial
solution, and they demonstrated that three beamforming vectors were enough for optimal
downlink transmission. Therefore, in WPCN, the device could improve battery constraints
while continuously supplementing energy through EH. Regarding improving the battery
lifetime of the device, various studies were conducted for sum-throughput maximization
in WPCN. In [14], the author proposed a mesh-topology-based wireless-powered commu-
nication network (MT-WPCN) for sum-throughput maximization. In the MT-WPCN, each
user controls the transmission power and schedules energy for receiving information. In
addition, the author studied half harvest-then-transceive and full harvest-then-transceive.
NOMA is one of the most promising radio access techniques in next-generation wire-
less communications (https://www.springeropen.com/collections/noma, accessed on 14
October 2021). When compared to the current de facto standard orthogonal multiple access
(OMA) technology, orthogonal frequency division multiple access (OFDMA), NOMA has
a number of appealing potential advantages, including increased spectral efficiency, low
latency with high dependability, and enormous connection. NOMA’s fundamental con-
cept is to service numerous consumers at the same time, frequency, and location. Recent
studies [15–21] demonstrated that NOMA could be applied in various fifth-generation (5G)
communication scenarios, including machine-to-machine (M2M) communications and the
Internet of Things (IoT). The performance of two-tier NOMA-based wireless powered com-
munication networks was investigated [22], and the distant user suffered from the doubly
near–far effect. To address this problem, an adaptive energy-transfer time method was
devised by optimizing the far user’s data rate and determining the best solution. NOMA-
based WPCN using cluster-specific beamforming was considered in [23]. NOMA-based
WPCN groups users into multiple clusters according to cluster-specific beamforming. Time
and energy resources were optimized for beamforming determined by signal alignment.
The NOMA decoding technique was studied in [24], and for sum-throughput maximiza-
tion, two decoding techniques were proposed depending on whether the receiver side had
successive interference cancellation (SIC). In addition, time and power allocation were opti-
mized. Optimal resource allocation in a WPCN combining time reverse (TR) was studied
in [25], and sum throughput was improved by optimizing the time allocation of HAP for
DL WET, DL TR, and UL WIT in TR-WPCN. When compared to time division multiple
access (TDMA), SDMA for multiantenna broadcast channels offers much potential in terms
of increasing system capacity. In [26], the authors developed a novel codebook-based
SDMA system with a configurable number of active beams, and they proved that, in sparse
networks, the suggested SDMA scheme outperforms several existing SDMA schemes in
terms of sum throughput while having comparable feedback cost. SDMA techniques were

https://www.springeropen.com/collections/noma
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studied in [27–32], and SDMA increases the available spectral efficiency, range, and band-
width to moving wireless devices. In [33], the author proposed a hybrid approach based
on multiuser multi-input single-output (MU-MISO) to improve the existing SDMA. As the
interference between multiple WDs is reduced through spatial multiplexing and NOMA,
sum throughput is improved. However, WPCN is suitable for low-power applications such
as WSN, constrained resource management is very important. Therefore, optimal resource
allocation from HAP for sum-throughput maximization is required.

This paper proposes optimal power allocation combining hybrid SDMA and NOMA
approach by sector using model-based analog beamforming. We initially investigate
minimizing interference between multiple WDs in order to maximize the sum throughput
of information received in the WPCN. As a result, a cell is divided into many sectors, and
the HAP obtain superposed information from several WDs in each sector for each antenna
using the hybrid SDMA and NOMA approach.

3. System Model
3.1. Proposed System Model

In this paper, we assumed that, as shown in Figure 1, the system model was com-
posed of one HAP at the center and many WDs within a cell, where WDi, ∀i ∈ 1, 2, . . . , W
represents the wireless device. The cell was also divided into multiple sectors of the same
size. The HAP was equipped with multiple antennas for allocating power per sector by DL
energy beamforming and for receiving overlapping information from each sector. All WDs
were equipped with one antenna for harvesting the energy transmitted by the HAP and for
transferring information wirelessly to the HAP. In this case, the HAP and all WDs used
a directional antenna. The HAP and all WDs use the same frequency band. As shown in
Figure 1, the wireless energy transfer (WET) between HAP and all WDs and the channel
gain for WIT was the same and is expressed as Hi, ∀i ∈ 1, 2, . . . , W. The channel used a
quasistatic flat-fading model and is constant for each block transmission time indicated by
T. HAP was fully aware of channel state information (CSI). The power transmitted from
the HAP to each sector by DL energy beamforming is represented by Hp. In addition,
noise affects the transmitted power and is represented by Ni, ∀i ∈ 1, 2, . . . , W. The distance
between HAP and WDi in each sector is expressed as Di, ∀i ∈ 1, 2, . . . , W. Path loss only
takes into account the loss caused by the distance between the two antennas on the LoS.
The sum of the energy harvested by WDi, ∀i ∈ 1, 2, . . . , W in each sector is as follows:

Sp =
n

∑
i=1

Hp ∗ Hi

Ni ∗ Di
, (1)

where, Sp represents the sum of SINR for one sector, and n is the total number of WDs. In
one cell, the sum of Sp, ∀p ∈ 1, 2, . . . , S, is as follows:

Cp =
n

∑
i=1

Spi , (2)

where Cp represents the sum of SINRs in one cell.
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Figure 1. System model: hybrid SDMA and NOMA approach and optimal power allocation.

As shown in Figure 1, one cell was divided into sectors with same size Si,
∀i ∈ 1, 2, . . . , S, where Si represents each sector. Moreover, Sθi represents an angle of
each sector as described in Figure 2a. As shown in Figure 2b, WDi, ∀i ∈ 1, 2, . . . , W was
distributed in the cell according to Wθi and Di, ∀i ∈ 1, 2, . . . , W, where Wθi represents an
angle of WDi.

(a) (b)
Figure 2. (a) Sector division. (b) Distance and angle of WD from HAP.

As shown in Figure 3, the network applies harvest-then-transmit protocol [4] and
half-duplex. During each block transmission time, the HAP sequentially transmits power
to each sector by analog beamforming at the same strength. HAP is stably supplied with
energy, and all WDs harvest energy in each sector. Then, all WDs in the cell simultaneously
transfer information to the HAP while consuming all of the harvested energy. The HAP
receives information of each sector with each antenna. The TDMA structure is used for
HAP to sequentially perform WET with each sector by analog beamforming. In each time
slot, all WDs for each sector perform energy harvesting. Here, τi, ∀i ∈ 1, 2, . . . , S represents
the time of DL energy beamforming allocated to each sector, and the sum of time for one
cell is expressed as follows:

T =
S

∑
i=1

τi, with T <= 1, (3)

where, S represents the total number of sectors in which one cell is divided. According to
optimization, τi for each sector is allocated differently, and optimization occurs periodically.
After that, during the allocated time, all WDs in each sector transfer information, and
the HAP receives information in the maximal time, which is max(τi), ∀i ∈ 1, 2, . . . , S.
Since HAP receives information for each sector at the same time; therefore, it receives
information during max(τi) allocation to the sector that wirelessly transfers information for
the longest time.
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Figure 3. Harvest-then-transceive protocol in hybrid SDMA and NOMA approach and optimal
power allocation.

3.2. Hybrid SDMA/NOMA Approach

In this section, we refer to the proposed hybrid approach that combines SDMA and
NOMA. As shown in Figure 4, the overlapping information of each sector Si, ∀i ∈ 1, 2, . . . , S
is transmitted to each antenna Ai, ∀i ∈ 1, 2, . . . , A, of the HAP. SDMA is used to receive
information for each sector from each antenna of the HAP while NOMA is applied for
multiple WDs to simultaneously transmit information to HAP in the same spectrum [34].
During max(τi), ∀i ∈ 1, 2, . . . , S, taking into account the attenuation effect over distance,
WD close to HAP wirelessly transfers information with weak signal strength while the WD
far from HAP transfers information wirelessly with strong signal strength. Figure 5 shows
how the HAP decodes the overlapping information Yi, ∀i ∈ 1, 2, . . . , W received by the HAP
from each sector, and the overlapping information is expressed as follows:

Yi = hixi + Ni, ∀i ∈ 1, 2, . . . , W, (4)

where, hi, ∀i ∈ 1, 2, . . . , W represents the channel gain, and xi, ∀i ∈ 1, 2, . . . , W is the in-
formation transmitted by each WD. Ni, ∀i ∈ 1, 2, . . . , W is the additive white Gaussian
noise (AWGN).

Figure 4. System model: NOMA.

SIC is applied to separate the overlapping information of each sector received by the
HAP according to the difference in signal strength. As shown in Figure 5, after decoding
the strong signal of Y1, weak signal x1 is first extracted and removed; after that, the weak
signal from x2 to xi is sequentially extracted and removed by the same procedure.

Figure 5. System model: SIC.
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The hybrid SDMA and NOMA approaches reduce interference between each signal
transmitted to the HAP, which means all WDs simultaneously wirelessly transfer informa-
tion to the HAP. As shown in Algorithm 1, we divided one cell into several sectors, placed
multiple WDs in each sector, and expressed the procedure for setting the initial SINR for
each WD.

Algorithm 1: Wireless device distribution and set.
Input: S ≥ 1, n, SINR threshold, Hp, Hi, Ni
Initialization:Sθ , Wθ , D, j, k, a
Sθ [0]← 0 // Angle of each sector
Wθ [0]← 0 // Angle of wireless device
D[0]← 0 // Distance between HAP and WD
j← 0 // Number of sectors
k← 1 // Number of WD
a← 0 // Angle of one sector
a← 2π

S
for i = 1 to S do

Sθ [i]← a ∗ i
end
for i = 1 to n do

Wθ [i]←Wθ [i− 1] + 2π
0.5∗n

D[i]← D[i− 1] + 1
end
for i = 1 to n do

N[i]← Np ∗ Random numbers
H[i]← 1

D[i]2∗103

SINR[i]← Hp∗H[i]
N[i]

end
for i = 1 to n do

if Sθ [j] < Wθ [i] AND Wθ [i] < Sθ [j + 1] then
Sector[j][k]← SINR[i]
k← k + 1

end
else

Sector[j][k]← SINR[i]
j← j + 1
k = 1

end
end

As shown in Algorithm 2, the procedure for optimizing power allocation by sector,
and calculating sum throughput and fairness is expressed.
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Algorithm 2: Optimal power allocation.
Read: S ≥ 1, n, SINR threshold
Output: Rsum, Fairness
secThr ← 0 // Sector-throughput
Compute Psum ← (Equation(7)) // Power for one cell
for each Sector do

if SINR[i] > SINRthreshold then
secThr ← secThr + log2(1 + SINR[i])

end
end
Compute Rsum ← (Equation(5)) // Sum-throughput
Compute Fairness← (Equation(13)) // Fairness

3.3. Optimal Power Allocation

We study sum-throughput maximization in the hybrid SDMA and NOMA approach.
Sum throughput measured by HAP is expressed as follows:

Rsum =
S

∑
i=1

Si, (5)

Ssum =
n

∑
i=1

log2(1 + SINRi), (6)

where Rsum is the sum throughput, S is the total number of sectors, and Ssum is the
sector throughput, and n is the total number of WDs. Here, the channel capacity is
used to calculate the throughput of each WD, and the SINR which is represented by
SINRi, ∀i ∈ 1, 2, . . . , W, for WIT of each WD is affected by WET of HAP. That means if the
WET is large then the throughput is increased due to the increased SINR. Therefore, the
power allocation for each sector is optimized for sum-throughput maximization, which is
expressed as follows:

maxτ Psum =
S

∑
i=1

τiSi, (7)

maxτ Psum =
S

∑
i=1

τi

n

∑
j=1

Hp ∗ Hj

Nj ∗ Dj
, (8)

s.t. 0 ≤ τi ≤ 1, ∀i ∈ 1, 2, . . . , S,
s.t. ∑n

i=1 τi ≤ 1,

where Psum represents the sum of power for one cell, and τi, ∀i ∈ 1, 2, . . . , S is the time of
DL energy beamforming for each sector. The interior penalty method is used to optimize
power allocation by sector [35]; therefore, our constrained optimization problem is first
converted into an unconstrained optimization problem, and it is expressed as follows:

φ(X, rk) = f (X) + rk

n

∑
i=1

1
gi(X)

, (9)

where, f (X) represents Psum, which is an objective function, and rk ∑n
i=1

1
gi(X)

represents
a penalty term. In order to find optimal solution (X) for deriving maximal value rk∀k ∈
1, 2, . . . , K is sequentially reduced. The penalty term prevents the maximal value from
crossing the boundaries of constraints, and gi(X) is converted according to constraints in
Equation (8) as follows:

gi(X) = x1 + x2 + . . . + xi − 1 ≤ 0, (10)
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B(X) = − 1
gi(X)

=
−1

x1 + x2 + . . . + xi − 1
, (11)

Optimal solution X satisfies all constraints. Next, the transformed unconstrained optimiza-
tion problem is expressed as follows:

T(X, rk) =

[
S

∑
i=1

τi

n

∑
j=1

Hp ∗ Hj

Nj ∗ Dj

]
+ rk(

1
x1
− . . . +

1
xi

− 1
x1 − 1

− . . . − 1
xi − 1

− −1
x1 + x2 + . . . + xi − 1

).

(12)

Lastly, the power for each sector is optimally allocated according to optimal solution
(X) that derives the maximal value.

4. Performance Evaluation

In this section, we show the results of analyzing the optimal power allocation for each
sector on the basis of the proposed hybrid SDMA and NOMA approach. The values used
in the experiment are the same as in Table 1 where Si, WDi, SINRth, and Hp are for the
whole system, Hi and Ni are for each sector. Performance evaluation results represent the
average value of the results of 100 experiments in a graph.

Table 1. Simulation parameter values.

Symbol Value

Si Variable
WDi 100

SINRth Variable
Hp 30 dBm
Hi 10−3 × D−2

i
Ni −30 dBm × Random numbers

Sum throughput is calculated according to Equations (5) and (6), described above.
This sum throughput represents the sum of sector throughput, and Jain’s fairness is used
to calculate the fairness [36]. Fairness evaluates how fair throughput per sector is. In
other words, the more throughput per sector is equal, the closer the fairness is equal to 1;
however, the larger is the difference, the closer the fairness is equal to 0. The fairness is
expressed as follows:

Fairness =
(∑s

i=1 Sth[i])
2

S(∑s
i=1 S2

th[i])
, (13)

where S represents the total number of sectors in which a cell is divided, and Sth[i], ∀i ∈
1, 2, . . . , S is the sum of each WD throughput for each sector. Performance evaluations
show that optimal power allocation for each sector based on the sector model and reduc-
tion of interference through the hybrid approach can maximize sum throughput while
maintaining fairness

4.1. Performance Comparison

Figures 6 and 7 are the results of comparing the performance of the hybrid approach
and SDMA depending on whether or not the optimization.
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Figure 6. Sum throughput: comparison between optimization and original approaches.

Figure 6 shows the results of sum throughput according to the number of sectors.
Optimal power allocation by sector and hybrid approach improve sum throughput. Because
equal power allocation by sector increases losses by equally transmitting power to sectors
with many WDs with long distances between HAP and WD. In addition, SDMA does not
relatively reduce interference between WDs; however, the optimal power allocation for
each sector can transmit more power to a sector with many WDs with a short distance
between HAP and WD. Since this minimizes the loss of power according to the distance,
it increases the total amount of power transmitted to one cell. In addition, the hybrid
approach divides the area and simultaneously reduces interference between WDs using
NOMA. This reduces information loss due to interference between multiple WDs by
performing information reception by sector with each antenna of the HAP and separating
the overlapping information according to the difference in signal strength. As a result, sum
throughput is improved, and the proposed hybrid approach outperformed the existing
SDMA. As shown in Figure 6, the difference of performance between the H hybrid approach
and SDMA for optimal power allocation was about 1.4 times on average, and the hybrid
approach substantially improved sum throughput compared to SDMA. Since the factor
that most influences sum throughput is the distance between HAP and WD, the trend
of changes in sum throughput according to the number of sectors may not be constant.
The hybrid approach is more energy efficient compared to SDMA. NOMA of the hybrid
approach multiplexes the signals of multiple WDs per sector in the power domain. As a
result, the interference between signals is reduced and the transmission rate is improved. In
addition, the energy consumption of each WD can be reduced because retransmissions are
reduced. Figure 7 shows the results of fairness according to the number of sectors. Optimal
power allocation by sector and hybrid approach maintain fairness while the performance
of the hybrid approach and SDMA is similar. As shown in Figure 7, there was no difference
in performance between the hybrid approach and SDMA, which optimally allocated power
for each sector.

As the number of sectors increased, performance decreased because, as shown in
Equation (13), the total number of sectors was inversely proportional to the size of fairness.
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Figure 7. Fairness: comparison between optimization and original approaches.

4.2. Performance Analysis of Hybrid SDMA/NOMA by SINR Threshold

Figures 8 and 9 are the results of comparing the performance of the hybrid approach
by SINR threshold depending on whether or not the optimization.

Figure 8. Sum throughput: comparison between optimization and original approaches by
SINR threshold.

Figure 8 shows the results of sum throughput according to the number of sectors.
The optimal power allocation by sector improves sum throughput and maintains the
performance of hybrid approach by SINR threshold. This is because the influence of the
SINR threshold decreased, optimally allocating power for each sector according to the
distance difference between HAP and WD.

Figure 9 shows the results of fairness according to the number of sectors. Both the
optimal power allocation by sector and the hybrid approach by SINR threshold maintained
fairness because the influence of the SINR threshold decreased due to the optimal power
allocation for each sector.
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Figure 9. Fairness: comparison between optimization and original approaches by SINR threshold.

4.3. Tradeoff Analysis of Hybrid SDMA/NOMA

Figure 10 is the result of analyzing tradeoff that considers sum throughput and fairness
for each sector of the hybrid approach depending on whether or not the optimization. Here,
only SINR 0dB is considered. The optimal number of sectors of the hybrid approach
through optimal power allocation by sector is about 3.

Figure 10. Trade-off: comparison between optimization and original approaches.

4.4. Computational Cost Analysis

The computational cost of the proposal for calculating sum throughput can be repre-
sented by Big-O notation. Input values that affect the computational cost are the number
of WDs (N) and the number of sectors (M). In addition, the optimal power allocation
by sector and the transmission rate of each WD are constants. Fairness is a calculated
value at maximal sum throughput and is a constant. Sum throughput is calculated by
the sum of the transmission rate of each WD and the optimal power allocation by sector
affected by the input values N and M. Since N is quite large, M is negligible compared to
N. Thus, according to Big-O notation, the computational cost of sum throughput can be
approximated to O (N).

4.5. Study Limitations

Several limitations of this study should be mentioned. First, it is necessary to apply
the proposed method to the WSN and prove its effectiveness because WPCN is suitable
for various low-power applications such as WSNs [3]. In particular, various applications
may be implemented by improving the efficiency of interaction between different regions
through data collection in WSN. However, various applications may not be implemented
as the operation of the WSN becomes unstable due to the battery constraints of the battery-
driven device. Therefore, the proposed method proves the improvement of the limitations
according to the device’s battery constraints, thereby contributing to the improvement
of WSN utilization. To this end, the proposed optimal power allocation by sector and
hybrid approach in the IEEE 802.15 protocol-based development kit are implemented, and



Electronics 2022, 11, 844 14 of 17

performance can be evaluated by randomly deploying the devices in each sector. Because of
the optimal power allocation by sector, more power is transmitted to a specific sector, and as
the number of sectors increases, fairness between sectors becomes unfair. This is a trade-off
that occurs because improving sum throughput is the top priority, but unfairness between
sectors needs to be improved. This is because collected data from all devices in the WSN
are equally important [37], and the sensing range of each device deployed according to
application requirements is different [38–40]. In order to improve fairness between sectors
according to the throughput for each sector, joint optimization that maximizes fairness and
sum throughput can be implemented.

5. Conclusions

This paper proposed optimal power allocation combining hybrid SDMA and NOMA
by sector using model-based analog beamforming in WPCN. The HAP performs DL en-
ergy beamforming for each sector, and each WD transmits information to the HAP after
harvesting energy. We designed optimal power allocation using hybrid SDMA and NOMA.
In WPCN, we considered optimal power allocation by sector and interference reduction
between multiple WDs that simultaneously transmit information to the HAP. First, sectors
were divided in order to reduce interference, and superimposed information for each
sector was transmitted to each antenna of the HAP through a hybrid SDMA and NOMA.
Furthermore, the HAP decodes the overlapping information of each sector. Next, an opti-
mization problem was designed for optimal power allocation, and an optimal solution to
the optimization problem was derived using the interior penalty method. According to
the optimal solution, DL energy beamforming of HAP was optimally allocated by sector.
Under such consideration, we maximized the sum throughput and maintained fairness in
WPCN. Performance results showed that the proposed optimal power allocation for each
sector using hybrid SDMA and NOMA in WPCN in terms of the sum throughput outper-
formed the existing equal power allocation for each sector while fairness was maintained.
In summary, performance difference was about 1.4 times for sum throughput on average in
the case of optimal power allocation by sector. Therefore, the hybrid approach achieved
better performance.
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Abbreviations
The following abbreviations are used in this manuscript:

ABF Analog beamforming
ADC Analog-to-digital converter
AWGN Additive white gaussian noise
BFU Beamforming unit
CPE Customer premises equipment
CSI Channel state information
DAC Digital-to-analog converter
DBF Digital beamforming
DDC Digital down converter
EH Energy harvesting
HAP Hybrid access point
DL Down link
HBF Hybrid beamforming
IoT Internet-of-Things
LoS Line-of-sight
M2M Machine-to-machine
MIMO Multiple-input multiple-output
MISO Multiple-input single-output
MU-MISO multiuser multi input single output
mmWave Mobile millimeter wave
NOMA Nonorthogonal Multiple Access
OFDMA Orthogonal frequency division multiple access
OMA Orthogonal multiple access
RF Radio frequency
RFI Radio-frequency interference
SDMA Space division multiple access
SIC Successive interference cancellation
TDMA Time division multiple access
UAV Unmanned aerial vehicle
WD Wireless devices
WET Wireless energy transfer
WIT Wireless information transfer
WPCN Wireless powered communication networks
WPT Wireless power transfer
WSN Wireless sensor networks
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