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ABSTRACT High-altitude platform stations (HAPSs) are expected to provide ultrawide-coverage areas

and disaster-resilient networks from the stratosphere at around 20 km by installing wireless equipment on

HAPS. Because their altitude is much lower than that of communications satellites, HAPSs can provide

mobile communications services directly to smartphones, which are commonly used in terrestrial networks,

such as fourth generation Long Term Evolution. Considering the widespread nature of mobile broadband

communications and the importance as a backup line in case of disaster, HAPSs are expected to provide a

large capacity in the future. A cellular system with single-cell frequency reuse using multiple cells similar

to terrestrial mobile communications should be introduced to achieve such a capacity. The number of cells

that a HAPS can accommodate ranges from 1 to more than 100, depending on unmanned aerial vehicle

(UAV) ability. By contrast, the optimal cell configuration, which depends on the number of available cells,

has not been clarified in previous research. In this paper, we propose an optimization method for the cell

configuration for HAPS mobile communications using a genetic algorithm, which can be generally applied

regardless of the number of cells and can clarify the optimal cell configuration. Although many cells

are required to achieve gigabit-class HAPS mobile communications, the heightened power consumption

due to the large number of cells is a critical problem for UAVs. Thus, we also investigate the reduction

of the total transmission power and demonstrate the feasibility of energy-efficient gigabit HAPS mobile

communications with wide coverage.

INDEX TERMS Cell configuration, energy efficiency, genetic algorithms, HAPS, optimization.

I. INTRODUCTION

For the realization of ultra-wide coverage and disaster-

resilient networks, a high-altitude platform station (HAPS)

offers great potential for innovation in the field of mobile

communications [1]. HAPS mobile communications use

unmanned aerial vehicles (UAVs), such as balloons, airships,

and other aircraft, that fly in the stratosphere at an altitude

of 20 km, where low wind speeds are expected. Although

HAPSs are mainly expected to provide fixed communications

infrastructure for Internet backhaul, they also have poten-

tial for mobile communications that use the same systems

as those of terrestrial networks, such as fourth generation

Long Term Evolution (4G LTE) and fifth generation New

Radio (5G NR) [2]–[5]. Because the altitude of HAPSs is

significantly lower than that of communications satellites,

e.g., 36,000 km for stationary satellites, a HAPS can provide
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mobile communications services directly to smartphones,

which are commonly used in terrestrial mobile communica-

tions networks with 4G LTE and, eventually 5G NR. HAPSs

can provide disaster-resilient mobile communications ser-

vices; users can communicate immediately during a disas-

ter without reliance on special equipment, such as satellite

communications terminals.

Although HAPS mobile communications has been studied

since the 1990s [2], it is still not at the commercial-

ization stage. However, the technology has been gaining

considerable attention recently due to significant improve-

ments in UAV technology. For example, Airbus succeeded

in an almost-one-month flight with its solar-powered UAV,

the Zephyr S, in 2018 [6], and Alphabet’s Loon com-

pleted a 100-day flight with its balloon-type UAV and

launched a commercial service in 2020 [7], [8]. Furthermore,

HAPSMobile Inc. is attempting to provide mobile communi-

cations services from the sky and developing a solar-powered

UAV named Sunglider [9].
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HAPS mobile communications are expected to cover very

wide areas, including those that are currently out of ser-

vice under terrestrial mobile communications. They are also

expected to cover aerial areas in a three-dimensional fash-

ion to give drones and other flying vehicles stable control

and data communications links in the future. Considering

the widespread nature of mobile broadband communications

and the particularly rapid increase in traffic during disas-

ters, HAPSs require a very large capacity, which necessi-

tates a multi-cell configuration with single-cell frequency

reuse (much like terrestrial mobile communications); this

configuration is also essential for realizing wide coverage

areas. By dividing a coverage area into multiple cells, each

cell can have a narrow beamwidth, which improves the

antenna gain and link budget, thereby widening the coverage

area. Additionally, with single-cell frequency reuse, the total

capacity of HAPSs improves with the number of cells, as is

observed in terrestrial mobile communications.

Various studies related to HAPS mobile communications

have been conducted [10]–[14]. For example, some studies

focused on antenna optimization for specific cell config-

urations [10], [11], whereas others evaluated communica-

tions quality with cellular systems such as 4G LTE and

WiMAX [12]–[14]. However, detailed studies on various cell

configuration types depending on the number of available

cells, such as those aiming to optimize the antenna patterns

and tilt angles by considering the required communications

quality, have not been conducted in conventional research.

In this paper, we propose a cell configuration optimiza-

tion method with an arbitrary number of cells for HAPS

mobile communications [5]. We first define an antenna pat-

tern model and cell configurations for optimization. The

number of parameters required to form a cell configuration

increases as a cell configuration becomes complex. Given

the large combination of multiple parameters, finding optimal

parameters with exhaustive search is difficult. Thus, we use

a genetic algorithm (GA) to identify the optimal combina-

tion in a practical time. Cell configuration optimization with

GA is effective because the number of cells a HAPS can

accommodate ranges from 1 to more than 100, depending

on UAV ability. We then clarify which cell configuration is

optimal in terms of spectral efficiency under the constraints

of communications quality. Finally, we identify the cell con-

figuration that is suitable for achieving gigabit-class HAPS

mobile communications.

Although capacity can be enhanced by increasing the

number of cells, the installation of many cells on a UAV

is normally restricted by the acceptable payload mass and

power consumption [15]. For example, airships and solar

airplanes have maximum weights of 1000–2000 kg and

5–300 kg, respectively. Similarly, the maximum supported

power consumptions of airships and solar airplanes are 10 kW

and 100–3000 W, respectively [1], [8]. Therefore, energy

efficiency, including transmission power reduction, should

be considered to decrease power consumption. This would

lead to fewer batteries and solar panels, thereby improving

FIGURE 1. HAPS system configuration.

UAV performance. In this paper, we also investigate reducing

the transmission power to reduce the overall power consump-

tion of HAPSs, and we clarify the relationship among power

consumption, coverage, and throughput performance.

The rest of this paper is organized as follows. Section II

describes the concept of HAPS mobile communications. The

problem formulation and system design, including the defi-

nition of cell configurations, antenna pattern, and application

of the GA are presented in Section III. Evaluation results are

presented in Section IV, and the concluding remarks are given

in Section V.

II. BASIC CONCEPT OF HAPS SYSTEM

Fig. 1 illustrates an example of a HAPS mobile communica-

tions system configuration. HAPSs provide mobile commu-

nication services through two schemes: one has base stations

on HAPSs and the other relays signals from a base station on

the ground; in this paper, we define them as BS and repeater

types, respectively.

For the repeater type, base stations (evolved node B [eNB])

are connected to an Evolved Packet Core (EPC) and placed

at a gateway (GW) station. The signals from the base station

are transmitted from the GW station through a feeder link and

relayed at the repeater on the HAPS in a non-regenerative

fashion. This relayed signal is then directly transmitted to

mobile terminals, such as smartphones, through a service

link. By contrast, the BS type places base stations on the

HAPS, and they are connected to an EPC by Fixed Wireless

Access (FWA) as a backhaul between the GW station and the

HAPS. The signals from the base station are transmitted to

mobile terminals directly.

HAPS communications use high frequencies, such as

6.5 GHz, 28 GHz, and 47 GHz for feeder links; it uses 2 GHz

for service links, which is the same frequency used for ter-

restrial mobile communications services [16]. Thus, ordinary

smartphones can be used with HAPSmobile communications

without modification. Extending frequency bands was dis-

cussed in the World Radiocommunication Conference 2019

(WRC-19) [17], and new bands, such as 24.25-27.5GHz,

37-43.5GHz, and 66-71GHz were identified as new global

bands.

Fig. 1 demonstrates a case of seven cells in a service link

with single-cell frequency reuse. For example, 10 MHz LTE

communications require 10MHz for each downlink (DL) and

uplink (UL) in the service link for both BS and repeater types
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TABLE 1. Parameters for cell configurations.

because single-cell frequency reuse is applied. The feeder

link requires 70 MHz for each DL and UL because seven

10 MHz spectrum cells must be aggregated for the repeater-

type. The bandwidth of the feeder link for the BS type can be

reduced depending on the efficiency of the FWA.

Cell movement and deformation, which are caused by

changes in antenna direction as a result of UAV movement

and vibration during flight, must be considered in HAPS

communications. Variations in movement can lead to many

handovers, which increase unnecessary control signals and

degrade communications quality. A beamforming technique

and a necessary antenna configuration that fixes cell locations

regardless of UAVmovement were studied to avoid this issue

[4]. Such research showed that beamforming can control

beam direction to offset UAV movement; thus, cell location

remains the same regardless of the UAV’s position. In this

paper, we assume that cell locations remain the same regard-

less of UAV movement owing to the use of this beamforming

technique.

III. SYSTEM DESIGN

In this section, we describe the system design of HAPS

mobile communications. First, the cell configurations to be

optimized are defined, and an antenna pattern is modeled.

Then, coverage constraints are explained. Finally, we present

a cell configuration optimization method that uses a GA. This

method can be applied regardless of the number of cells. Cell

configurations are optimized to maximize throughput under

the coverage constraints. Finding an optimal result through

an exhaustive search is difficult because the cell configuration

becomes complex as the number of cells increases. Therefore,

GA can be an optimization solution because it provides a

good solution in a practical time.

A. CELL CONFIGURATION

For a given number of cells, there could be several possible

cell configurations. For example, Fig. 2 shows cell configu-

rations when the number of cells, N , is 9. Thus, we define

cell configurations to be optimized to clarify optimal cell

configurations.

FIGURE 2. Example of cell configuration (N = 9).

FIGURE 3. Example of three-layer cell configuration.

Because signals are emitted from the HAPS radially,

circular layered cell configurations are desirable. First,

one and two-layer configurations are defined in Fig. 2.

Fig. 2(a) depicts a one-layer configuration that is the same

as that of a multi-sector base station for terrestrial networks;

this is defined as the (0, N ) configuration. Figs. 2(b) and 2(c)

are two-layer configurations; their first layers have one and

three cells, respectively. They are defined as the (M , N −M )

configuration, where M is either 1 or 3. The three-layer

configuration in Fig. 3 is defined for large numbers of cells,

e.g., 19 and 21 cells. Figs. 3(a) and 3(b) are defined as the

(1, M , N − M − 1) and (3, M , N − M − 3) configurations,

respectively. Fig. 3 shows a case when M is 6. As this is a

three-layer configuration, we consider cases when M is 5, 6,

and 7 in this paper.

As can be seen in Table 1, the parameters required to form a

cell are as follows: vertical half-power beamwidth, θ3dB; hor-

izontal half-power beamwidth, φ3dB; antenna tilt angle, θtilt;

and layer rotation,ω, as shown in Fig. 2 (b). The layer rotation

is the horizontal-pointing direction of a layer, and ω = 0

is defined as a case when a surrounding cell is immediately
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to the right of the center point. The layer rotation, ω, should

be optimized because throughput is affected by interference

from other HAPSs or other layers, depending on its rotation.

The (0, N ) configuration requires these four parameters.

In addition to these parameters, the half-power beamwidth

for the central cell, θ3dB,ctr, is required for the (1, N − 1) and

(1,M , N −M − 1) configurations because there is a cell just

beneath the HAPS. The (M , N − M ) configuration, where

M 6= 1, and the (3, M , N − M − 3) configuration can

be regarded as a combination of (0, N ) configurations for

each layer. Thus, the (M , N − M ) configuration requires

eight parameters, which is double that of the (0, N ) con-

figuration; the (3, M , N − M − 3) configuration requires

12 parameters, which is triple that of the (0, N ) configura-

tion. The combination of parameters becomes large as the

cell configuration becomes complex, making optimization

difficult.

B. ANTENNA PATTERN

In this paper, we define an antenna pattern to approximate

a planar patch array antenna, which is modified from Inter-

national Telecommunication Union Radiocommunication

Sector (ITU-R) recommendations [16]. Although the antenna

pattern in [16] assumes parabolic antennas, where the vertical

and horizontal beamwidths are the same, we need to calculate

the antenna gains for the vertical and horizontal planes sepa-

rately because we assume using a planar patch antenna. Thus,

the antenna gains are calculated for the vertical and horizontal

planes separately, and they are then combined. The antenna

gains for the angle 9 can be written as:

G (9) =



















−3 (9/9b)
2 ; 0 ≤ 9 ≤ 91

LN ; 91 < 9 ≤ 92

X − Alog10(9); 92 < 9 ≤ 93

LF ; 93 < 9

(1)

where 9b is the half-power beamwidth, 91 = 9b

√
−LN /3,

92 = 3.7459b, X = LN + Alog10 (92), and 93 =
10(X−LF )/10. On the basis of a real antenna pattern that can

be realized for a planar patch array antenna, we modified the

near-in-side-lobe level, LN ; far side-lobe level, LF ; and A to

−20 dB,−30 dB, and 20, respectively. Thus, the antenna gain

can be expressed as

G = max (Gv + Gh,LF ) + Gp (2)

whereGv andGh are the vertical and horizontal antenna gains,

respectively, as calculated in Eqn. 1. Then the maximum

antenna gain Gp is expressed as

Gp = 10log10

(

802

θ3dBφ3dB

)

+ 6, (3)

which is based on an antenna with a 6 dBi gain and a

beamwidth of 80◦ for both the vertical and horizontal planes.
Fig. 4 shows an example of an antenna pattern.

FIGURE 4. Example of antenna pattern for V or H polarization.

C. COVERAGE CONDITIONS

Cell configurations are optimized while maximizing

throughput under coverage conditions. In this paper, coverage

conditions are defined by the signal-to-noise ratio (SNR) for

both DL and UL and by the signal-to-noise-plus-interference

ratio (SINR) for DL. Specifically, 99% of all users should

satisfy the following constraints:

• DL SNR above 8 dB,

• UL SNR above 11 dB, and

• DLSINR above−7 dBwhen all HAPSs transmit signals

at maximum power (full buffer).

These SNR constraints are defined based on the required

SNR, which is based on our measurement, for which we

assume 2 × 2 multiple-input, multiple-output (MIMO) for

DL and 1 × 2 single-input, multiple-output (SIMO) for UL.

For the DL SNR, the constraint is defined based on a

minimum SNR of −7 dB, which can achieve a Block Error

Rate (BLER) of less than 10% with minimum Modulation

and Coding Scheme (MCS). The MCS is a combination of

the modulation scheme and coding rate. The higher the MCS,

the more bits can be transmitted per time unit. We assume a

15 dB link margin to −7 dB SNR to consider loss factors,

such as body loss and indoor penetration loss, although our

simulation assumes free-space path loss.

For UL, −4 dB is the minimum SNR to be connected

under the condition that realizes transport block size required

to transmit at least radio resource control messages; that is,

the number of resource blocks (RBs) is two, and that of MCS

is three. As with the DL SNR, we assume a 15 dB link margin

to the minimum UL SNR.

The DL SINR constraint is also based on our measurement.

We focus only on the DL SINR rather than the UL SINR

because we assume DL traffic is dominant compared to UL

traffic in this paper.

Coordinated multi-point (CoMP) reception, which is used

in mobile wireless communications systems such as 4G LTE,

can be a good solution for extending the coverage area for

the UL [19]. The UL CoMP allows us to obtain the diversity
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TABLE 2. System parameters.

gain by receiving signals from user equipment (UE) in sev-

eral neighboring cells, making it possible to improve the

UL SNR, especially at cell borders, and extend the cover-

age area. Furthermore, CoMP can narrow the beamwidth to

meet the UL SNR constraint, assuming the same coverage

area. At the same time, a narrower beam can reduce DL

interference with other cells, thus improving the DL SINR

and throughput. In this study, we clarify the effectiveness of

UL CoMP. We perform UL CoMP between two cells where

the UE-received power at the base stations is the highest.

Although the receiver diversity is expected to be with four

antennas of two cells, we assume polarization diversity. Thus,

receiver diversity will effectively be with two antennas (one

antenna for each cell). Assuming maximum ratio combining

with two receiver antennas, we calculate the UL SNR. CoMP

is performed for cells belonging to the same HAPS; CoMP

between cells from different HAPS systems is not assumed.

Table 2 lists major system parameters. We use a 2 GHz

frequency, which is a HAPS mobile communications ser-

vice band in ITU-R [16]. The DL antenna configuration is

2 × 2 MIMO. We set the bandwidth to 18 MHz, which is the

largest LTE system bandwidth. The antenna gain, which is

defined in Eqn. 3, is optimized based on the evaluation param-

eters. Note that the antenna gain can be improved by increas-

ing the number of cells, thus narrowing the beamwidth,

and creating room to reduce the DL transmission power.

The propagation model assumes free space loss due to the

good line-of-sight environment. The UE antenna gain, GUE ,

is assumed to be −3 dBi, in accordance with [18]. The noise

figure is assumed to be 5 dB for UE and 3 dB for the

base station, which correspond to typical commercial device

and base station implementations. For the UL, we assume

receiver diversity with a one-transmission-antenna and

two-reception-antenna configuration (polarization diversity).

The UL bandwidth is 360 kHz, which corresponds to

2 RBs and is required to achieve UL connection. The UE

transmission power is 23 dBm, which is typical for LTE UE.

Based on the above explanation, we describe SINR and

SNR calculation. DL received signal level for u-th UE from

c-th cell of h-th HAPS in dB is calculated as

Ru,c,h = Pt + Gu,c,h − Lu,h + GUE (4)

where Pt is a BS transmission power,Gu,c,h is the BS antenna

gain of c-th cell in h-th HAPS for u-th UE which is based on

Eqn. 2 and Lu,h is the free-space path loss between u-th UE

and h-th HAPS, which is calculated by

Lu,h = 20log10

(

4πru,h

λ

)

(5)

where ru,h is the distance between u-th UE and h-th HAPS

and λ is the wavelength. For the u-th UE, NHAPS × N values

are calculated, where NHAPS is the number of HAPSs and N

is the number of cells in a HAPS. The cell, to which u-th UE

connects is defined as a cell with the highest received level

among NHAPS ×N cells. Let cu and hu a cell and HAPS index

to which u-th UE connects. Total interference power of u-th

UE which is connected to cu-th cell of hu-th HAPS in dB is

calculated by

Iu = 10log10



β







N
∑

j=1,j 6=cu

10

(

Ru,j,hu
10

)

+
NHAPS
∑

i=1,i 6=hu

N
∑

j=1

10

(

Ru,j,i
10

)









 (6)

where β ∈ [0, 1] is an activation factor representing how

much RBs are used in adjacent cells. Note that i = 1

represents the central HAPS.

The DL SNR and DL SINR of u-th UE which is connected

to cu-th cell of hu-th HAPS in dB is then represented as

γSNR,u = 10log10





10
Ru,cu,hu

10

σ 2



 (7)

and

γSINR,u = 10log10





10
Ru,cu,hu

10

σ 2 + 10
Iu
10



 (8)

where σ 2 is the noise power. The noise power in dB is

calculated as

σ 2
dBm = −174 + 10log (BW ) + NF (9)

where BW is the bandwidth and NF is noise figure. Because

we focus on the central HAPS, we consider DL SNR and

DL SNR when hu = 1 in the evaluation. Similarly, the UL

received signal level of u-th UE in c-th cell of h-th HAPS is

calculated as

R′
u,c,h = P′

t + GUE − Lu,h + Gu,c,h (10)
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TABLE 3. Parameter range for optimization.

whereP′
t is theUE transmission power. The cell andHAPS to

which a UE connects is determined by the DL received level,

that is, the cell with maximum DL received power, which is

denoted as cu and hu. When the second strongest signal power

from u-th UE in the hu-th HAPS is denoted as R′
u,cu ′,hu where

c′u 6= cu, UL SNR is calculated assuming UL CoMP as

γ ′
SNR,u = 10log10





10
R′
u,cu,hu
10 + 10

R′
u,cu ′,hu
10

σ 2



 (11)

Similar to DL, UL SNR for the central HAPS is considered

in the evaluation.

D. OPTIMIZATION OF CELL CONFIGURATION AND

PROBLEM FORMULATION

As stated in Section III-A, the combination of multiple

antenna parameters enlarges as the cell configuration

becomes complex. Thus, we optimize the combination using

a GA, an optimization algorithm that is inspired by natural

selection and provides high-quality solutions in a practical

time. In GA, a population of candidate solution called indi-

viduals goes through operations inspired by processes, such

as crossover and mutation toward better solutions.

First, individuals are defined as a combination of parameter

index for each parameter to be optimized. A vector for an

individual is represented as p = [p1, p2, · · · , pK ], where K

is the number of parameters and different according to the

cell configuration, as explained in Section III-A. For example,

K is 4 for the (0, N ) configuration, 5 for the (1, N − 1)

configuration and 8 for the (M , N −M ) configuration where

M 6= 1. The k-th parameter index pk , 1 ≤ k ≤ K takes

a positive integer value where the maximum value is the

number of candidates for each parameter. The search range

for the parameters during the optimization process is defined

in Table 3 and takes a value every 2◦. The lower limit of the

antenna tilt angle, θtilt, is set to orient the antenna direction

toward the inside of the HAPS coverage area. For example,

the range for vertical beamwidth is 0
◦

< θ3dB ≤ 90
◦
accord-

ing to Table 3, Thus, pk for vertical beamwidth takes the value

between 1 and 45 when the step size is 2◦, which corresponds
to 2◦ to 90◦. When the total number of combinations is

represented as J , the pool of possible parameters available

is denoted as P :
{

p1, p2, · · · , pJ
}

, where pj, 1 ≤ j ≤ J , is

j-th individual.

Next, an initial population, which is a group of individuals

is created randomly where the population size (popsize) is

50 for K ≤ 5 and 200 for otherwise. Then fitness value is

calculated for every individual in the population based on the

DL spectral efficiency. The u-th UE’s DL spectral efficiency,

which is based on the Shannon capacity, can be expressed

as

Cu = Mα
Navg

Ncu
log2

(

1 + γSINR,u

)

(12)

In the above equation, M , α, Navg, Ncu , and γSINR,u stand for

the number of antennas, transmission efficiency, the number

of average users among the cells in the HAPS, the number

of users in the cu-th cell, and SINR of the u-th user in the

cu-th cell of the central HAPS which is based on Eqn. 8,

respectively. Note that the index for HAPS is omitted because

we focus only on the central HAPS. In this case, M has a

value of 2 because we assume 2 × 2 MIMO antennas and α

is set to 0.5, which is the typical LTE implementation value

for reflecting overhead, such as cyclic prefix, guard intervals

and control channels.

We define a set of the DL spectral efficiency, Cu, for all

UEs in the central HAPS as C. The goal is to maximize the

50th percentile value (median value) of the spectral efficiency

of users connected to the central HAPSC, which can formally

be written as

max
P

median(C)

s.t. P ∈ P

DLSNR1% > 8 dB

ULSNR1% > 11 dB

DLSINR1% > −7 dB (13)

where DLSNR1%, ULSNR1% and DLSINR1% are the 1st per-

centile values of the DL SNR, UL SNR, and DL SINR of the

connected users to the central HAPS. Note that DLSINR1% is

calculated assuming full buffer, that is, β = 1 in Eqn. 6.

Eqn. 12 is deemed to have weighted capacity because of

the factor Navg/Ncu . Depending on the antenna design, the

cell size varies even within a given HAPS area. The effective

throughput will decrease in this case because users in smaller

areas have a higher probability of obtaining radio resource

allocation, whereas users in larger areas have a lower proba-

bility. The termNavg/Ncu is effective for avoiding the through-

put decrease that results from disparities in the number of

users for each cell. For example, if Navg/Ncu becomes less

than 1, the capacity of users in the cu-th cell will decrease

uniformly because the limited resource is then shared with

more users. Therefore, Eqn. 12 is effective in terms of the total

HAPS capacity because some users are offloaded to other

cells to maximize the total capacity of the HAPS.

After calculating fitness value based on Eqn. 12 for all

individuals in the population, the best 5% of the population
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is preserved as elite offspring for the next generation. The

80% of the new population of the next generation is produced

by uniform crossover where each element in an individual

is randomly copied from the first or from the second parent.

The parents are randomly selected based on roulette wheel

selection (RWS), which is commonly used for GAs and the

fitness value is modified in a way to consider violation of

constraint functions based on [20]: If the individual is feasi-

ble, the calculated fitness value is used and if the individual

is infeasible, the fitness value is changed to the maximum fit-

ness value among feasible individuals of the population, plus

a sum of the constraint violations of the (infeasible) point.

Furthermore, the fitness value is scaled so that it is suitable

for selection of RWS removing the effect of the spread of

the raw fitness value. The raw fitness value is scaled based

on the rank of each individual instead of its score, which

means the assigned values depends only on an individual’s

rank. The rank of an individual is its position in the sorted

scores: the rank of the most fit individual is 1, the next most

fit is 2, and so on. The scaled fitness value with rank n is

proportional to 1/
√
n. The probability of an individual to be

chosen as a parent is proportional to its scaled fitness value.

The remaining 15% of a generation comes from random

mutation which consists of two steps: First the algorithm

selects individuals for mutation randomly. In the second step,

each element in an individual is replaced by random value

with the probability of 0.01. This process of producing new

generation continues to make better solutions and termination

occurs when stopping criteria is satisfied, that is, the best

median value of objective function results remains unchanged

for 50 generations.

IV. EVALUATION

A. EVALUATION CONDITIONS

In this paper, we evaluate HAPS mobile communications

with 7, 9, 12, 19, and 21 cells. We assume a continuous

coverage area covered by deploying multiple HAPSs on a

hexagonal grid, as displayed in Fig. 2. The number of HAPSs

is 7, and 7N cells (7 HAPSs×N cells) in total are considered

in our evaluation to consider interference. When the radius of

the HAPS coverage area is denoted as R km, as in Fig. 2, each

HAPS is located R
√
3 km apart on the hexagonal grid. In the

evaluation, we focus only on the users connected to the central

HAPS. The users are dropped uniformly in a circle with a 2R

km radius surrounding the central HAPS area, and they are

connected to the cell with the maximum received power. The

number of users connected to the central HAPS is at least

20,000.

The major parameters of the evaluation are summarized

in Table 2, and explained in Section III-C. The DL trans-

mission power is a design parameter and is fixed in value

for all cells. The DL transmission power is 43 dBm/cell in

IV-B to IV-E. The DL transmission power can be reduced to

decrease the power consumption as long as the DL SNR con-

straints are satisfied. In the DL SINR calculation, we assume

an activation factor β of 0.5 in Eqn. 6, which means that

FIGURE 5. HAPS and cell geometry for hexagonal cell layout. (7 cells).

50% of the RBs are utilized in the neighbor cells for the

interference calculation. Only in Section IV-D do the param-

eters take value every 1◦ to examine the beamwidth in

detail.

B. PERFORMANCE EVALUATION

First, we show the performance gain of our proposed method.

For comparison, we consider the geometrical approach pre-

sented in [10], where the antenna parameters were defined

as the region bounded by the antenna half-power beamwidth

contour. Fig. 5 shows a hexagonal cell layout, where

each HAPS consists of 7 cells, to explain the following

antenna beamwidth calculation. The vertical and horizon-

tal beamwidths subtended by the circle of radius r are

given by

θ3dB = arctan

(

g+ r

h

)

− arctan

(

g− r

h

)

(14)

and

φ3dB = 2arctan

(

r
√

g2 + h2

)

(15)

where g and h are the distance between the center of the

HAPS and the center of each cell, and the height of the HAPS.

The antenna tilt angle is given by

θtilt = arctan
h

g
(16)

Note that this geometrical approach can be defined for cell

configurations with a single cell in the first layer, such as

(1, N − 1) and (1,M , N −M − 1) configurations.

Fig. 6 compares the spectral efficiency at the median value

between the proposed method and the geometrical approach

for 7 cells with a (1,6) configuration and 19 cells with a

(1, 6, 12) configuration. Fig. 7 compares the 1st-percentile

values of the UL SNR under the same condition as that

in Fig. 6.
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FIGURE 6. Comparison of spectral efficiency between proposed method
and geometrical approach.

FIGURE 7. Comparison of 1st percentile uplink SNR between proposed
method and geometrical approach.

In Fig. 6, the spectral efficiency of the proposed method

is larger than that of the geometrical approach. By contrast,

the UL SNR of the geometrical approach is larger than that

of the proposed method for 50 km to 70 km with 7 cells, and

for 50 km to 100 km with 19 cells. The beamwidth of the

geometrical approach becomes wider than it needs to be in

terms of constraints. On the contrary, the proposed method

can narrow the beamwidth considering the constraints. For

example, the vertical beamwidths of the (1,6) configuration in

the second layer for the proposed method and the geometrical

approach are 17◦ and 34◦, respectively.
As for coverage condition, for 7 cells with the geometrical

approach, the UL SNR is below the constraint level of 11 dB

at 80 km, which means the geometrical approach cannot meet

the coverage condition at this point. Furthermore, the spec-

tral efficiency of the geometrical approach is almost the

same for all distance ranges while the UL SNR enlarges as

the HAPS radius decreases. In this sense, the geometrical

approach is not suitable for enhancing the throughput perfor-

mance because it does not take capacity into consideration for

parameter calculation.

FIGURE 8. Number of parameters versus number of computations (50km).

C. COMPUTATIONAL COMPLEXITY AND OPTIMALITY OF

RESULT

In this sub-section, we show the effectiveness of using the GA

in terms of computational complexity. The number of com-

putations grows greatly as the number of parameters, such

as beamwidth and antenna tilt angle (Table 1), increases for

exhaustive search. In Fig. 8, the total number of computations

is shown for different numbers of parameters for both exhaus-

tive search andGA. For example, we consider (0,7), (1,6), and

(3,4) configurations for 7 cells; (1, 6, 12) configuration for

19 cells, and (3,6,12) configuration for 21 cells; the number of

parameters is based on Table 1. The number of computations

for the exhaustive search is derived from Table 3 for step sizes

of 1◦ and 2◦, where we assume a HAPS radius of 50 km as an

example. The number of computations for GA is based on our

evaluation, and it is the total number of generationsmultiplied

by the population size. Thus, it may slightly differ depending

on the randomness of the GA for different trials. Furthermore,

the number of generations for convergence will generally

increase as the population size decreases despite a reduction

in the number of computations per generation. Reducing the

population size will also increase the probability of falling

into a local optimal solution.

The number of computations with 12 parameters exceeds

1018 for the step size of 2◦ and 1022 for the step size of 1◦;
therefore, it is virtually impossible to find an optimal com-

bination by the exhaustive search. Nevertheless, the number

of computations is largely reduced with the GA. The number

of combinations for 12 parameters with the GA is reduced to

below 105 despite the large number of parameters.

Secondly, we investigate the optimality of the GA result.

We compare the results of the exhaustive search and the

GA. We only investigate a case with 7 cells and a (1,6)

configuration because exhaustive search is impossible for

larger numbers of cells. The optimality is evaluated by how

close the result of the GA is, compared with the optimal result

of the exhaustive search; that is, the optimality is calculated

by dividing the median spectral efficiency of the GA by

that of the exhaustive search. Fig. 9 represents the spectral
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FIGURE 9. Optimality of the result of GA for the (1,6) configuration.

FIGURE 10. DL spectral efficiency for 7 cells configuration.

efficiency of GA and the exhaustive search along with the

optimality of results of the GA with the (1,6) configuration

for different HAPS radii, which show that the result of GA

is very close to that of the exhaustive search. The optimality

for 30km and 80 km is 1.0000, which means the result of the

GA exactly coincides with that of the exhaustive search. For

50 km and 70 km, the optimality is 0.9990 and 0.9977, which

is also close to the result of the exhaustive search. Although

GA is a meta-heuristic algorithm used to find sub-optimal

results, the obtained results for the (1,6) configuration by the

GA are very close to the optimal results of the exhaustive

search, which can be concluded that the GA can be a good

solution for finding good combinations while reducing the

computational complexity.

D. EFFECT OF UL CoMP

Asmentioned in Section III-C, UL CoMP can be a good solu-

tion for improving the UL SNR and extending the coverage

area. First, we analyze the effectiveness of using UL CoMP.

Fig. 10 compares the 50% median value of the DL spectral

efficiency in a HAPS area with/without UL CoMP. We use a

(1,6) configuration as an example. The DL spectral efficiency

FIGURE 11. Vertical and horizontal beamwidth for 7 cells.

FIGURE 12. Maximum antenna gains for 7 cells.

with/without UL CoMP is almost the same at 30 km to

40 km, and the difference gradually grows as the HAPS radius

increases. The maximum HAPS radii are 80 km (with UL

CoMP) and 65 km (without UL CoMP), which shows the

effectiveness of UL CoMP for coverage extension.

Next, we examine why UL CoMP is effective for

coverage extension. Fig. 11 shows the vertical and horizon-

tal beamwidths with/without UL CoMP, and Fig. 12 shows

the maximum antenna gains with/without UL CoMP.

Fig. 11 indicates that the horizontal beamwidth without UL

CoMP, φ3dB, is slightly larger than that with UL CoMP, and

the vertical beamwidth without UL CoMP, θ3dB, becomes

clearly larger than that with UL CoMP at more than 50 km.

Correspondingly, the difference in antenna gain between

with/without UL CoMP grows as the HAPS radius increases,

as shown in Fig. 12. For smaller coverage, UL CoMP is not

effective because enough antenna gain is sustained without

UL CoMP. For larger coverage, UL CoMP effectively sup-

presses any increase in beamwidth while keeping the antenna

gain as high as possible. There is no room for extending the

beamwidth at more than 65 km without UL CoMP because

the UL SNR constraint will not be satisfied.
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FIGURE 13. Desired signal power and interference for 7 cells.

FIGURE 14. DL spectral efficiency of different cell configuration (7 cells).

Even if a wide area is covered by a HAPS, degrada-

tion in spectral efficiency is unavoidable. Covering a wider

area requires a broader beamwidth as shown in Fig. 11.

With a broader beamwidth, the antenna gain (or desired

signal power) will decrease, and interference will increase.

Fig. 13 shows the desired signal power and interference

power with/without UL CoMP when we assume a full buffer.

The figure indicates that the desired signal power decreases as

the HAPS radius increases. Although interference decreases

up to 50 km without UL CoMP and up to 60 km with UL

CoMP, interference increases after these. Therefore, both the

decrease in desired signal power and increase in interference

power are attributed to the degradation of the DL SINR,

namely, spectral efficiency. Furthermore, the interference

without UL CoMP is much larger than that with UL CoMP

at 65 km, which shows the effectiveness of UL CoMP in

reducing interference by keeping the beamwidth narrow.

E. OPTIMAL CELL CONFIGURATIONS

Next, we clarify the optimal cell configuration according to

the number of cells. Figs. 14–18 show the 50% median value

of the DL spectral efficiency of different cell configurations

FIGURE 15. DL spectral efficiency of different cell configuration (9 cells).

FIGURE 16. DL spectral efficiency of different cell configuration (12 cells).

for 7, 9, 12, 19, and 21 cells. We compare the (0, N ) and

(M ,N−M ) configurations for 7–12 cells, whereM is 1, 2, and

3 for the 7 cells;M is 1, 2, 3, and 4 for 9 and 12 cells. For the

19 cells, M is 5, 6, and 7 for the (M , N − M ) configuration.

For the 21 cells, M is 6, 7, and 8 for the (M , N − M ) con-

figuration. In addition, as this is a three-layer configuration,

we assume a (1,M , N−M−1) configuration for 19 cells and

(3,M , N −M − 1) for 21 cells, whereM is 5, 6, and 7.

According to Figs. 14–18, the optimal cell configuration

is (M , N − M ), where M = 1, for the 7 cells; (M , N − M ),

whereM = 3, for the 9 and 12 cells; (1,M ,N−M−1) where

M = 6, for the 19 cells; and (3,M ,N−M−1), whereM = 6,

for the 21 cells. Thus, the optimal cell configuration depends

on the number of cells. Moreover, the (0, N ) configuration

has limited coverage compared with the other configurations

for the 7 to 12 cells; this finding highlights the importance of

placing a cell in the central area when the number of cells is

limited.

For example, a vertical beamwidth, θ3dB, of the (0,7) con-

figuration at 60 km is 46◦, and that of the (1,6) configuration
is 16◦; these are because a single layer must cover from the
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FIGURE 17. DL spectral efficiency of different cell configuration (19 cells).

FIGURE 18. DL Spectral efficiency of different cell configuration (21 cells).

center to the cell edge with a wide beamwidth. The (1,6)

configuration can narrow the vertical beamwidth because the

central area is covered by the central cell, thereby effectively

keeping antenna gain of the second layer high due to the

narrow beamwidth.

Fig. 19 compares the optimal cell configurations of the dif-

ferent numbers of cells. The best cell configuration in terms of

the 50% median value of spectral efficiency is (3,6) between

50 km and 70 km, (3,9) at 80 km, and (1,6,12) from 90 km.

One reason why the cell configuration of the 12, 19, and

21 cells has a lower spectral efficiency than that for the 7 and

9 cells at 50 km is the amount of interference from other cells

and HAPSs. With the same number of HAPSs, interference

increases with the number of cells. The interference power for

the 50% median user at 50 km is −84.71 dBm, −85.79 dBm,

−80.03 dBm,−79.32 dBm, and−69.46 dBm for the 7, 9, 12,

19, and 21 cells, respectively, showing that the interference

of 7 and 9 cells is smaller than those of the others. Although

the desired signal power also increases as a result of the higher

antenna gain for a large number of cells, interference occurs

because many cells squeeze into a smaller area, resulting in

low spectral efficiency.

FIGURE 19. Comparison of DL spectral efficiency of optimal cell
configurations.

FIGURE 20. DL Spectral efficiency versus DL transmission power per cell
(80 km).

F. ANALYSIS OF ENERGY EFFICIENCY

We have discussed the type of cell configuration that is the

best according to the number of cells. It is important to

investigate power consumption reduction from the viewpoint

of practical implementation because the acceptable power

consumption on HAPSs is usually limited.

In this sub-section, we assume the cell configurations that

are proved to be optimal in the previous sub-section, that is,

(1,6) for 7 cells, (3,6) for 9 cells, (3,9) for 12 cells, (1,6,12)

for 19 cells, and (3,6,12) for 21 cells.

Fig. 20 shows the 50% median value of spectral efficiency

for different transmission power per cell when the HAPS

radius is 80 km. The DL transmission power is reduced,

and the DL SNR constraint is eventually not satisfied. With

focus on the 7 cells, the spectral efficiency is apparently

lower than that of the other numbers of cells. This result

is consistent with the fact that covering a wide area with

a small number of cells decreases the antenna gain with

a broader beamwidth. Moreover, the spectral efficiency is

stable from 46 dBm/cell to around 42 dBm/cell, but it drops
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FIGURE 21. DL throughput versus total transmission power (80 km).

rapidly afterward. This trend occurs because the beamwidth

enlarges to meet the DL SNR constraint and thus compensate

for the decrease in DL transmission power. The optimal

parameters are completely the same between 46.32 dBm/cell

and 41.55 dBm/cell, and the beamwidth increases to satisfy

the SNR constraints until the constraints are not satisfied

below 41.55 dBm/cell. This tendency can also be seen in

the other cell configurations. The minimum transmission

power per cell becomes small as the number of cells becomes

large. When we assume the same HAPS radius, the area

covered by a cell can be reduced by increasing the num-

ber of cells, which leads to a higher antenna gain, effec-

tively reducing the DL transmission power. For example,

the spectral efficiency of the 21 cells with 43 dBm/cell is

2.57 bps/Hz. If a 10% decrease in spectral efficiency is

permitted, then the transmission power can be reduced by

6.22 dBm/cell to 36.78 dBm/cell. Furthermore, the spectral

efficiency of the 12 cells at 43 dBm/cell is 2.7 bps/Hz.

Similarly, the DL transmission power can be reduced by

3.5 dBm/cell to around 39.5 dBm/cell. Therefore, increas-

ing the number of cells effectively realizes energy-efficient

HAPS mobile communications.

Fig. 21 represents the throughput for different total trans-

mission power given aHAPS radius of 80 km. Please note that

the throughput is calculated based on the Shannon capacity

with the activation factor of 0.5 assuming RBs are equally

allocated to all UEs. With a certain total transmission power

constraint, increasing the cells can enhance the throughput

without increasing the total transmission power for the same

coverage area. Notably, 21 and 19 cells can achieve gigabit

throughput. Thus, amulti-layer cell configurationwith a large

number of cells is crucial for achieving high capacity mobile

communications.

The throughput of the 7 cells with 300 W is 277 Mbps,

and that of the 21 cells with 300 W is about 1.1 Gbps, which

means three-fold the number of cells can achieve more than a

three-fold throughput.Moreover, the 21 cells can keep 1Gbps

reducing the total transmission power to 90 W per HAPS.

Thus, it is important to implement as many cells as a UAV

can accommodate to be energy-efficient.

V. CONCLUSION

In this paper, we propose an optimization method for

cell configurations in HAPS mobile communications. The

number of cells a HAPS can accommodate varies depending

on UAV ability. By contrast, optimal cell configurations for

arbitrary numbers of cells had not been investigated. Our pro-

posed method employs a GA to optimize multiple parameters

required to form a cell configuration in a practical time, given

that the combination of multiple parameters enlarges as the

cell configuration become increasingly complex. We clarify

optimal cell configurations for different numbers of cells and

show that the optimal configuration depends on the number

of cells. We also show that our proposed method outperforms

simple geometrical approach in terms of spectral efficiency.

Considering the spread of mobile broadband communica-

tions in recent years, researchers expect to improve capac-

ity through HAPSs. Although multi-cell configurations are

essential for realizing gigabit HAPSmobile communications,

increasing the number of cells is a critical problem due to the

limitation of power consumption. Thus, we also investigate

energy efficiency. We demonstrate that multi-layer cell con-

figurations with large numbers of cells are desirable for real-

izing gigabit HAPSmobile communications, and installing as

many cells as possible is effective in terms of both capacity

and energy efficiency.
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