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Extending Coverage and Capacity from High
Altitude Platforms With A Two-tier Cellular

Architecture

Steve Chukwuebuka Arum, David Grace, and Paul Daniel Mitchell

Abstract—Conventional coverage and capacity from a high altitude platform (HAP) over an extended coverage area

suffer significantly from inter-cell interference (ICI), antenna beam broadening, and uneven cell loading, which results in

poor edge performance. In this paper, we show how a single antenna array on a HAP can be used to mitigate against

these and achieve ubiquitous coverage by forming two tiers of a homogeneous contiguous cellular structure. We

propose separate algorithms that implement the two-tier architecture with many antenna beams, which are used to form

cells, and associate users with an appropriate cell and tier. A user associates with the cell and tier, which offer the best

carrier power-to-noise ratio (CNR) and carrier power-to-interference-plus-noise ratio (CINR) respectively. The

performance of the architecture, which is evaluated using simulation, is compared with a typical one-tier architecture.

The results show that the two-tier architecture achieves over 30% higher user throughput and enhances throughput

fairness and edge-of-cell connectivity by centralising as many users as possible within cells compared to the typical

one-tier architecture. These benefits are better exploited by ensuring spectrum orthogonality between the two tiers.

Index Terms—High Altitude Platform, Coverage, Capacity, Cellular Architecture, Tier, Beam Pointing.

✦

1 INTRODUCTION AND MOTIVATION

W ITH the need for ubiquitous wireless cover-
age and enhanced capacity, interest in using

high altitude platforms (HAPs) for wireless com-
munications is increasing considerably. This is due
to reasons such as their better propagation char-
acteristics, lower costs, and higher flexibility com-
pared to terrestrial and satellite systems [1], [2]. A
HAP, which is an aeronautic platform operating at
altitudes typically between 17–22 km, can provide
contiguous coverage over an extended area at a
significantly lower cost than terrestrial and satellite
systems. This is desirable given the vision of next
generation networks to cost-effectively connect the
unconnected/under-connected [3], [4]. Thus, HAPs
are ideal for providing coverage in remote or ru-
ral areas with characteristically low user densities,
which otherwise cannot be served cost-effectively.

A HAP communication system, like terrestrial
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and satellite systems, forms beams on the ground at
given elevation angles to provide both coverage and
capacity to the users [5]. These beams formed simul-
taneously from multi-beam phased array antennas
as in [6], which are used to create cells isolated by
the HAP antenna radiation pattern [7], are limited
by the beamforming techniques implemented. Ide-
ally, each beam with a steep roll-off illuminates its
corresponding cell, ensuring that no power is de-
livered outside the cell boundaries. Unfortunately,
due to the imperfect roll-off of practical antenna
beams, inter-cell interference (ICI) is introduced,
and is worsened by the limitations of the array
beamforming technique [8]. Furthermore, as the
elevation angle of beams referenced at boresight
[9] reduces, the resulting cell footprints broaden,
thereby increasing both cell overlap [10] and ICI.
These affect the achievable coverage and capacity,
especially at the edge of the HAP extended coverage
area. In order to avoid this, most studies on HAP
cellular coverage, as highlighted in Section 2, limit
the coverage area to within a 30 km radius with neg-
ligible beam broadening. In our previous work [10],
we proposed a framework for delivering contigu-
ous coverage and capacity from a HAP over an area
of over 60 km radius by exploiting a phased array
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antenna beam-pointing algorithm, which explicitly
considers beam broadening to minimise overlap.

Why Two-tier HAP Architecture. The one-tier HAP
extended coverage and capacity architecture in [10],
which motivates this work, has a few challenges.
Firstly, with the worsening antenna efficiency, gain,
and sidelobe level especially at low elevation angle
[11], poor coverage and capacity performance is
experienced at the edge of coverage. Secondly, with
the effect of beam broadening, edge cells are several
times bigger than cells closer to the sub-platform
point (SPP), which is at the nadir of the HAP.
This results in uneven cell loading, with potentially
more users sharing the limited spectrum resources
in edge cells compared to cells closer to the SPP
despite the reducing signal strength, with increas-
ing distance from the SPP. These affect the system
performance and make guaranteeing a minimum
quality of service (QoS) within the extended area
challenging. Thus, a cellular architecture that miti-
gates these effects and enhances the QoS is required.

This paper investigates some tier-based schemes
and approaches to improve coverage and capacity
by mitigating the effects of ICI and uneven cell
loading due to the disproportionality of the cell
sizes across the coverage area. As a continuation
of the work in [10], we propose a two-tier HAP
cellular architecture, which forms two tiers of cells
over an extended area with users associating with
the best cell and tier. While tiered architectures
have been studied in the past, those typically focus
mainly on cell overlay and underlay [12]. Unlike
in traditional tier-based architectures, a tier here
is defined as a collection of many cells forming
a contiguous cellular structure as in [10], which
provides coverage and capacity over the entire HAP
extended service area. The proposed two tiers are
characteristically homogeneous in terms of transmit
power per cell, coverage, etc., and are both formed
from the same service link antenna infrastructure
hosted in the HAP. These introduce unique dif-
ficulties in resource and interference management
as well as feeder link dimensioning for practical
deployment. The proposed architecture enhances
edge-of-cell connectivity, uneven cell loading, and
coverage holes by considerably enhancing CINR for
some user. It significantly outperforms the typical
one-tier architecture presented in [10]. Specifically,
the contributions of this paper are:

• We propose a two-tier HAP cellular archi-
tecture formed using a single antenna array
infrastructure, which gives users the flexibil-

ity of connecting to the best cell and tier.
The architecture comprising two indepen-
dent tiers of contiguous cells significantly
improves coverage by enhancing edge user
signal quality to achieve ubiquitous cover-
age, mitigates against uneven cell loading,
enhances cell edge connectivity and the total
system capacity.

• We develop an algorithm that implements
the two-tier architecture and propose a low
complexity user-association where UEs ex-
ploit the co-location benefits of a quasi-
stationary HAP to attach to a cell and tier
that maximises both coverage and capacity.

• We investigate different resource and in-
terference management schemes, showing
how full spectrum reuse, spectrum partition-
ing, and inter-cell interference coordination
(ICIC) perform with one-tier and the pro-
posed two-tier architectures.

The rest of the paper is organised as follows. Sec-
tion 2 presents some related work in the literature.
Section 3 provides a background to the tier-based
HAP cellular architecture, with an overview of the
proposed two-tier architecture and an intuitive dis-
cussion about its practicality. The system model of
the two-tier architecture is presented in section 4.
Section 5 presents the performance of the proposed
architecture, highlighting its benefits over a one-tier
architecture. The paper is concluded in section 6.

2 RELATED WORK

The deployment of multiple HAP beams for cellular
communication, which has been investigated by
some prior studies [1], [13], [14], [15], is funda-
mental for enhanced coverage and capacity. The
pioneering work in [1] proposed the use of scan-
ning beams to regularly visit an arrangement of
cells on the ground and activate each visited cells.
With many cells potentially over a wide area in
a tiered architecture, system complexity increases
as scan time per cell reduces, thereby, requiring
user devices to buffer traffic while waiting for the
next cell activation. Studies in [13] proposed an
algorithm that creates a layout of cells in a single tier
to minimise coverage gaps. The layout is based on
a uniform hexagonal grid over a very limited area
of less than 15 km radius. Some other strategies of
forming cells across the HAP coverage area such as
deploying beams randomly, in a regular pattern, or
over optimised k-means clusters of users were in-
vestigated in [14]. While the resulting cellular foot-
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print provided coverage over an area of about 30 km
radius, there were considerable coverage gaps in-
troduced to ensure HAP coexistence with terres-
trial systems. Similarly, considering a 30 km radius
area, a beamforming technique that uses particle
swarm optimisation to find the optimum weights
for antenna elements in an array was proposed in
[15]. Clearly, these studies are unsuitable for an
extended coverage area of over 30 km radius due
to their inconsideration of beam broadening and the
resulting challenges. Therefore, in [10], we proposed
a beam-pointing algorithm that qaudriples the area
of coverage with over 60 km radius. To solve the
resulting poor cell edge performance and uneven
loading of such extended coverage, a tier-based
HAP cellular architecture is proposed in this paper.

Generally, tiered networks can improve spectral
efficiency, coverage and capacity, minimise han-
dover and ensure service continuity subject to effec-
tive interference and resource management [16]. A
two-tier cellular architecture comprising a HAP cell
overlaying multiple low altitude platform (LAP)
cells was proposed in [12]. The study developed
algorithms to manage inter-tier interference (ITI)
based on transmit power optimisation for spectrum
overlay and underlay access techniques. The fea-
sibility and challenges of such architecture includ-
ing the platform size, weight and power (SWaP)
constraints were highlighted in [17], [18]. Extended
multi-tier architectures with a larger HAP cell over-
laying both LAP and terrestrial cells were presented
in [19], [20]. While [19] also proposed dynamic cell
placement and sizing algorithms for load balancing
and better QoS as well as frameworks for coverage
and capacity analysis, [20] highlights the potential
of tiered architecture in 5G and beyond. The use of
machine learning to solve the problem of user as-
sociation typically between a number of low-power
small cells within a larger high-power macro cell
was proposed in [21], [22]. Studies in [23] discussed
the exploitation of ICIC techniques such as frac-
tional frequency reuse to manage interference be-
tween the macro and small cells. Interestingly, these
studies are all based on similar architectures where
a larger cell completely overlays smaller cells with
each tier delivered from different infrastructures,
which has significant cost implications. Conversely,
this paper presents a two-tier architecture formed
using many independently steerable beams from
the same antenna array infrastructure with the two
tiers equally comprising many disproportionately
sized cells tessellated over an extended service area.
In practice, this will require a massive phased an-

tenna array that can be supported by a HAP, given
its SWaP constraints, such as the state-of-the-art
2048 dual-polarised element array in [24].

3 TIER-BASED HAP SYSTEM BACKGROUND

3.1 Overview

A fundamental challenge with the typical one-tier
HAP cellular architecture for extended coverage
and capacity proposed in [10] is the poor cell edge
performance and uneven cell loading, which wors-
ens with increasing distance away from the SPP.
Consequently, a two-tier architecture is proposed
where edge users in one tier potentially become
centre users in the other tier. It is comprised of
alternative contiguous structures of cells of similar
coverage, radio and antenna beam characteristics.
Users have the flexibility of associating with a tier
based on given conditions such as satisfying a min-
imum QoS or cell loading requirement. The avail-
ability of alternative cells and tiers with orthogonal
channel conditions that users can be associated with
enhances their robustness and cell edge connectivity
by significantly enhancing received signal quality,
thereby mitigating coverage holes.

Fig. 1a illustrates the proposed architecture us-
ing two tiers of three contiguous cells with simi-
lar antenna beam characteristics. A one-tier archi-
tecture would typically be made up of only the
footprint of one of the tiers, however, significantly
better overall performance can be achieved by using
the proposed two-tier architecture. Fig. 1b further
highlights the potential benefits of the proposed ar-
chitecture in terms of the robustness and flexibility
of the system. Imagine the second tier as an offset
in angle of the first tier, if the beam boresight (i.e.
axis of maximum radiated power and gain) of the
beamforming antenna is at the centre of the cells, the
gain at the edge of the cells is expectedly less than at
the boresight depending on the size of the beam and
the number of the beamforming antenna elements.
Hence, it is expected that the signal quality of users
at the edge of a cell is significantly less compared
with those at the centre. Therefore, the proposed
two-tier architecture seeks to jointly enhance the
CNR and CINR of some users by providing alterna-
tive options for edge users to enhance their received
signal quality, as depicted by user equipment (UE)
1 and 2 in Fig. 1b moving from the edge of cells
in Tier 1 (T1) to the centre of a cell in Tier 2 (T2).
Some users such as UE 3, which ordinarily would
have no coverage in a single tier network based on
T1, are provided coverage by T2. In summary, the
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Fig. 1: The tier-based HAP cellular architecture. (a)
highlights the architecture using two tiers of three
contiguous cells. (b) shows the robustness, and flex-
ibility of the architecture where users can associate
with any cell and tier that maximises experience.

two-tier architecture improves CINR by exploiting
the antenna beam pointing more effectively without
increasing transmit power.

3.2 Delivering a Tier-based Architecture

This section presents an intuitive discussion and
practical considerations on how a tier-based HAP
architecture can be delivered by exploiting multiple
simultaneous beams from an array antenna aper-
ture and the effect of platform instability.

Irrespective of how multiple beams are deliv-
ered, proper isolation between beams and tiers
is needed for orthogonality to minimise interfer-
ence. This is achieved by ensuring a low beam
crossover level in the multi-beam antennas (MBA).
Passive MBA requires multiple beamforming net-
works (BFN) such as Butler or Blass matrices to
deliver the beams required for HAP coverage over
an extended service area. This results in a com-
plicated antenna system layout with increased in-
sertion loss, which can be mitigated by increasing

the aperture but within the HAP constraints. Two
separate apertures can be used to form the two-tier
architecture, with each delivering the beams needed
for one tier, and beams from both apertures could
further be isolated with different polarizations [25].
Such solution will result in an antenna system with
reduced complexity, beam crossover level, and low
power budget inherent in BFN. The demerit is the
resultant large form factor and lack of flexibility of
BFNs as the number of beams and their pointing
direction must be predefined prior to manufacture
[26]. On the other hand, multi-beam phased antenna
array (MBPAA) and digital MBA (DMBA) are more
flexible as they are electronically scanned and have
smaller form factor, but they are more complicated
with higher power requirement compared with
PMBA. In both MBPAA and DMBA, for the two-
tier architecture, the number of beams and their
directions could be provided as inputs. Delivering
the two-tier architecture is practicable with some of
these antennas, however, given the limitations of
HAPs, SWaP constraints must be considered among
other factors such as platform instability [18].

The HAP antenna array orientation and atti-
tude can be affected by the platform’s instability
or displacement due to pitch, roll or yaw. This can
offset the cellular footprints from the antenna beams
resulting in the change of the coverage of individual
cells, multiple forced handovers, and poor perfor-
mance [27]. However, these can be mitigated by
controlling the platform thrusting [28] or actively
compensating for the HAP displacement with the
antenna to keep the beams fixed on the ground
irrespective of the platform motion [24], [29].

4 TWO-TIER HAP ARCHITECTURE MODEL

This section presents the proposed two-tier architec-
ture system model and describes the techniques for
beam deployment, tier formation, user association,
resource allocation, and performance evaluation.

4.1 System Model and Performance Metrics

4.1.1 Beam Deployment

Consider a quasi-stationary HAP at an altitude hp
and at the centre of a service area of radius R. The
HAP flying horizontally supports a uniform planar
phased antenna array of M×N elements with the
array facing downward and parallel to the ground
surface. Multiple beams are formed from the array
and pointed such that the footprints of the resulting
cells provide coverage to a set of users I within
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Fig. 2: HAP antenna array beamforming for cellular
coverage.

the service area as shown in Fig. 2. These beams
are pointed at a set of coordinates C, which are
generated such that the resulting footprints of the
beams produce a regular tessellated structure of
contiguous cells c∈C over an extended area. Each
user associates with a cell that maximises its signal
quality. The HAP transmit antenna gain profile Gi

for signal quality evaluation, as observed by user
i∈I, is given by [30] as follows,

Gi=geAFx,iAFy,i, (1)

where AFx,i and AFy,i are expressed respectively as

AFx,i=

N
∑

n=1

Ine
j(n−1)(kdx sin θi cosϕi+βx,i), (2)

AFy,i=

M
∑

m=1

Imej(m−1)(kdy sin θi sinϕi+βy,i), (3)

where the angular wave number k=2π/λ, λ is
the wavelength, dx and dy are the inter-element
spacings in the x- and y- axes of the antenna ar-
ray with array factors AFx,i and AFy,i respectively
at user i. In and Im represent the excitation am-
plitudes of the antenna elements, θi and ϕi de-
fine elevation and azimuth angles evaluated with
the user coordinates. βx=−kdx sin(θ

0
i ) cos(ϕ

0
i ) and

βy=−kdy sin(θ
0
i ) sin(ϕ

0
i ) are phase shifts with θ0i and

ϕ0
i being the boresight elevation and azimuth angles

respectively. Isotropic antenna elements with the
gain of a single element ge=1 are assumed.

The coordinates of multiple beam boresight
points on the ground are obtained as a set of cell
coordinates C from the proposed algorithm in [10]
and converted into their corresponding elevation
and azimuth angles relative to the HAP. These are
supplied to the beamformer with (1) to obtain the
distribution of HAP antenna transmit gain on the
ground. The beams formed are then used to create
HAP cells. To define a cell, let Ãb be the footprint of
beam b on the ground, p be any interior point in Ãb

and Γp be the CNR at point p. The cell c is a bounded
region around the beam boresight with boundary
∂c:=p∈Ãb :∀p,Γp>9 dB. The 9 dB CNR threshold
is based on specification 3GPP TS 05.05 [31], which
specifies a minimum mobile station receiver refer-
ence sensitivity of -102 dBm that ensures a bit error
rate of 6 10-4 [32]. Γi for user i is evaluated as

Γi=
PiGiGi

NiLi,h

, (4)

where Pi is the HAP transmit power, Gi and Ni are
the user receive antenna gain and noise power re-
spectively. Considering the high HAP line-of-sight
(LoS) probability even at low elevation angles in
rural and sub-urban areas [33], the channel between
user i and the HAP h is modelled as a large scale
fading channel with loss Li,h dominated by free-
space path loss and log-normally distributed fad-
ing due to shadowing [34]. This follows the non-
terrestrial network (NTN) channel model reported
in 3GPP TR 38.811 [35], which allows for a realistic
large-scale representation of the HAP propagation
channel. Small-scale fading is not considered in
this dominant LoS scenario since the focus is on
cellular structure in general and the long term mu-
tual interference effects of the cells on each other.
Furthermore, considering the fixed users and a
quasi-stationary HAP, small-scale fading occurs but
with limited impact as validated by results from
a practical HAP flight trial reported in [36]. With
both user and platform mobility, a different channel
model such as in [37] becomes more appropriate but
beyond the scope of this work. Li,h is expressed as

Li,h=

(

4πdi,hf

v

)2

Xσ, (5)

where di,h is the slant distance between user i and
the HAP h in km, f is the carrier frequency in
GHz, v is the speed of light in m/s and Xσ is
a log-normally distributed random variable with
0 dB mean and standard deviation σx of 4 dB,
representing fading due to shadowing [38].



IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. XX, NO. X, XXX 2021 6

4.1.2 User Distribution

Considering a user density of λ users/km2, a set
of users with 2D coordinates I are randomly dis-
tributed over the HAP service area of A km2. The
number of users |I|, where |.| denotes cardinality, is
independently and identically distributed over the
space, denoting the HAP service area, according to
a Poisson distributed random variable with mean
λA. This follows a bivariate Poisson point process
(PPP) Φp∈R

2. The PPP model is used to illustrate the
performance improvement, through the reduction
of edge of cell effects and load balancing, by the
schemes proposed in the paper. More complex user
and HAP mobility models are possible for further
performance evaluation but not covered here.

4.1.3 Performance Metrics

In order to evaluate the performance of the pro-
posed two-tier architecture, some metrics are used
in addition to CNR and CINR. While CNR for user
i is defined in (4), CINR is defined as

γi=
Pi

J
∑

j=1
Pj,i+Ni

, (6)

where Pi, which is the received power of user i from
its associated cell, is expressed as

Pi=
PiGiGi

Li,h

, (7)

and Pj,i is the total interference power experienced
at user i, which is summed over all active downlink
transmissions in J other interfering cells with index
j=1, 2, 3 · · · , J |Pj,i 6=Pi [14].

Additionally, system throughput, user allocation
probability, and Jain’s fairness index are also used.
Throughputs Ti are evaluated using the Truncated
Shannon Bound equation [39] expressed as

Ti=αbi











0, γi<γmin

log2(1+γi), γmin6γi6γmax ,

log2(1+γmax), γi>γmax,

(8)

where α=0.65 is the implementation loss, bi is the
bandwidth allocated to user i, γmin=1.8 dB is the
minimum allowed CINR for resource block (RB)
allocation and γmax=22 dB is the CINR resulting in
the maximum achievable throughput, γi is user i’s
CINR [39]. The total system throughput is evaluated
as the sum of the overall throughputs of all users.

The user allocation probability iRB

|I| is the ratio of
the number of users allocated at least one RB iRB

to the total number of users in the system |I|. Jain’s
throughput fairness index Jn is given in [40] as

Jn(T̃1, T̃2, · · · , T̃I)=

(

I
∑

i=1
T̃i

)2

I
I
∑

i=1
T̃i

2
, (9)

where T̃i is the mean throughput of user i. Jn is
maximised if all users have equal throughput.

4.2 Tier Formation

The formation of the proposed two-tier HAP cellu-
lar architecture for the extended coverage shown in
Fig. 3 requires the contiguous cell centre coordinates
obtained from running the cell-pointing algorithm
we originally proposed in [10]. The algorithm gen-
erates a set of coordinates used by the HAP antenna
system for beam-pointing, to create a single tier of
contiguous HAP cell structure across an extended
service area.

In order to then form the two-tier cellular archi-
tecture, the set of coordinates used in forming the
single-tier architecture for tier 1 (T1) is rotated by an
offset angle ξ to obtain another set of coordinates for
beam-pointing that creates a different contiguous
HAP cell structure for tier 2 (T2) using

c′=

[

cos ξ sin ξ
− sin ξ cos ξ

]

c, (10)

where c′⊆C2 and c⊆C1 are column vectors denoting
the rotated x- and y- axes coordinates for beamform-
ing to form T1 and T2 respectively. The offset angle
ξ can be defined based on network requirements.
The objective here is to improve coverage and ca-
pacity by heuristically enhancing both user CNR
and CINR, in addition to loading balancing between
the tiers. The resulting two sets of coordinates, each
forming one tier, are used for cell formation. In
Fig. 3, notice that the cells in one tier result from
the rotation of the other tier’s cells such that the
edges of cells in one tier corresponds to the centre
of a similar cells in the other tier. This is achieved
by setting ξ=ρ for fair coverage and capacity en-
hancements, where ρ is the angle subtended at the
HAP by the centre and edge of the broadside cell,
which is equal for all cells. However, depending on
the required QoS, or coverage pattern for instance, a
different offset angle may be more appropriate. The
detailed tier formation algorithm is presented in Al-
gorithm 1 with complexity analysis in Section 4.2.1.
The two-tier cell centre coordinates obtained from
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Fig. 3: The two-tier architecture cellular footprint.

Algorithm 1 are used by the antenna systems, which
forms and points beams at these coordinates to
produce the cellular architecture shown in Fig. 3.

Algorithm 1 Tier Formation Algorithm

1: Run the cell-pointing algorithm in appendix to
obtain a set of tier 1 (T1) cell coordinates C1.

2: Obtain the broadside cell subtended angle ρ.
3: Set ofset angle ξ=ρ: Valid range is ξ |0◦<ξ<2ρ.
4: Initialise the set of new cell coordinates C2=∅ for

tier 2 (T2).
5: for each c⊆C1 |c∈R2, c 6=∅ do
6: Evaluate cn :=c rotated by angle ξ using (10).
7: Update C2 :=C2∪cn.
8: end for
9: Obtain set of all cell coordinates T 1,2 :=C1 ·∪C2.

10: Collect T 1,2, C1, C2: Coordinates used by the
antenna for beam pointing to form T1 and T2.

4.2.1 Complexity of Tier Formation Algorithm

Interestingly, Algorithm 1, which can be run offline
with the obtained beam boresight point coordinates
stored in a look-up table, has the same asymptotic
time complexity as the cell-pointing algorithm pro-
posed in [10] and reproduced in the appendix. The
complexity is O(c), where c denotes the numbers of
cells within the service area. Thus, the greater the
number of cells or the wider the service area, the
higher the complexity.

4.3 User Association

Each user in the network associates with a cell
and a corresponding tier that maximises its CNR

and CINR respectively. Typically, user i’s Γi and
γi, evaluated using (4) and (6), greedily determine
which cell and tier respectively the user associates
with. User i associates with a cell ⇐⇒ Γi>Γthr,
where Γthr is the minimum CNR threshold required
for user-cell association. In the association process,
user i’s Γi in all the covering cells in both tiers are
initially obtained. User i then temporarily associates
with the two cells, one in each tier, providing the
highest Γi. Then, the user’s γi in both cells are eval-
uated with the user permanently associating with
the tier and and its corresponding cell providing
the highest γi. If user i is located within a region
where two or more cells in the same tier overlap, it
associates with the cell that maximises its received
power P r

i . Invariably, users in an overlap region
can detect all of the overlapping cells. Algorithm 2,
which is implementable in a HAP central controller,
either in a regenerative or bent-pipe architecure,
performs the user association. The controller can
then forward association messages containing the
cell and tier information to users for connecting
to the network. The complexity of Algorithm 2 is
analysed in Section 4.3.1.

Algorithm 2 User Association Algorithm

1: Declare T 1,2, I, T : Tier information, associating
user information, and number of tiers.

2: Set Γthr: Minimum CNR threshold.
3: Initialise the association information matrix

Bi,t,c.
4: for each user i∈I do
5: for each tier t∈T do
6: for each cell c∈Ct |Ct⊆T 1,2 do
7: Compute Γi using (4).
8: if Γi>Γthr then
9: Record Γi and the corresponding cell c,

i.e. Ai(c):=Γi.
10: end if
11: end for
12: Obtain the cell ci that maximises Γi from

Line 9, i.e. ci=argmaxcAi(c).
13: Compute the γi in cell ci using (6).
14: Record the user’s ci and γi in tier t, i.e.

Si(t)=[ci, γi].
15: end for
16: Obtain the tier t and the corresponding cell ci

that maximises the user’s γi from Si(t).
17: Update Bi,t,c with user i’s t, ci, and γi.
18: end for
19: Collect Bi,t,c: User association information ma-

trix used for user association.
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4.3.1 Complexity of User Association Algorithm

The complexity of Algorithm 2 is O(itc), where i,
t, c are the total number of users, tiers and cells
respectively. To reduce the complexity of Algorithm
2 in practical HAP deployments, instead of evaluat-
ing the perceived Γi from all the cells for user i, the
evaluation will be carried out for only the |C| cells
providing signals with the highest quality for the
UE based on an appropriate metric such as reference
signal received power (RSRP). Consequently, Line 6
can be for each c∈C|C⊆Ct, where |C| is controlled
by setting the minimum RSRP threshold based on
network operator’s requirement or standard for
the specific technology such as long-term evolution
(LTE), 5G, or 6G. For instance, LTE requires RSRP
>-140 dBm [41], which limits |C| to just a few cells.
Therefore, the reduced complexity becomes O(itcs),
where cs≪c is the number of cells in the subset of
the total number of cells in the service area covering
user i. In practical implementation, this algorithm
will run online to carry out user association as users
enter and leave the network.

4.4 Resource Allocation

In a HAP system based on the proposed two-tier
architecture, three key resource allocation decisions
must be made, starting with the decision on how the
system resources are shared between the tiers and
then the cells. In LTE and beyond systems, imple-
menting the proposed architecture would involve
the sharing of RBs between the tiers. Subsequently,
each tier then decides how to allocate resources
between its cells, and eventually each cell in a tier
assigns its allocated resources to users accordingly.

Full spectrum reuse (FR) and partial spectrum
reuse (PR) schemes are considered for the sharing
of RBs at each level of abstraction in the two-
tier architecture. The FR scheme allows each cell
in each tier to fully reuse all available RBs with
a cell allocating RBs to its associated users based
only on the local RB usage in the cell. Conversely,
the system RBs in the PR scheme are partitioned
between the two tiers, with each cell fully reusing
only its tier’s allocated RBs. Defining mathemati-
cally, let Rb={1, 2, 3, · · · , NRb

} denote the whole set
of system RBs, where NRb

is the maximum number
of RBs available. In the FR scheme, each cell in each
tier t is assigned a set R̃t

b=Rb. In the PR scheme,

R̃1
b and R̃2

b are the sets of RBs assigned to each cell

in tiers 1 and 2 respectively such that R̃1
b∪R̃

2
b=Rb

and R̃1
b∩R̃

2
b=∅. The system RBs are shared between

the tiers such that each tier is assigned
⌊

it
I
NRb

⌉

RBs,

where it is the number of users associated with the
tier, I is total number of users in the network, and
⌊.⌉ represents rounding to the nearest integer.

Irrespective of the allocation scheme, the HAP
system expectedly will suffer from intra-tier ICI.
Additionally, the FR scheme also suffers from con-
siderable inter-tier interference (ITI) due to the sig-
nificant overlap of the main lobes of the beams that
form the two tiers. Therefore, the ITI, which sig-
nificantly degrades the system performance, should
be mitigated to enhance performance [42] and fully
exploit the benefits of the two-tier architecture. The
PR scheme eliminates ITI by ensuring orthogonality
between the tiers, however, it still suffers from intra-
tier ICI. An appropriate scheme should mitigate
both ICI and ITI to enhance system performance.
Here, the possibility of using ICIC [43] for inter-
ference mitigation in the HAP two-tier network
is investigated. For ICIC, irrespective of the reuse
scheme, a cell is partitioned into centre and edge
regions based on a region partitioning CINR thresh-
old γ

rp
thr, which can be varied as appropriate. A user

i is classed as being in the edge region and thus an
edge user if γi6γ

rp
thr, otherwise, it is in the centre

region and classed as a centre user. Considering the
steep power roll-off from the centre to edge of a
HAP cell, neighbouring cells can reuse RBs only
in the centre regions without coordination while
coordination is required for allocations in the edge
regions. The coordination required can be imple-
mented in the network controller at the HAP with
a global view of all the cells. There is a possibility
of greater gains being achievable by using further
enhanced ICIC (FeICIC) introduced in the 3GPP
Release 11, which includes interference cancellation.

5 PERFORMANCE EVALUATION

To evaluate the performance of the two-tier architec-
ture with different reuse schemes and ICIC, consid-
ering only downlink scenario, we set up a snapshot-
based simulation with the default parameters given
in Table 1. The chosen radio parameters are within
standard ranges as per 3GPP specifications like TS
05.05 and TR 38.811. Each result presented is evalu-
ated from the cumulative outcomes of 50 indepen-
dent snapshots, which keeps errors to statistically
within only 1% of the average values.

Following cell and tier creation, each cell accom-
modates a maximum of 25 simultaneously active
users and frequency spectrum resources are shared
between users in a cell at RB level. Users request-
ing resources are assumed to be scheduled by the
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TABLE 1: Key simulation parameters.

Key parameters Simulation Values

HAP height hp 20 km

HAP transmit power Pi 33 dBm

Receive antenna gain Gi 1.5 dBi

Cell association CNR threshold Γthr 9 dB

Noise floor -95 dBm

Frequency f 2.1 GHz

User density λ 2 users/km2

Tier offset angle ξ 3.5◦

System bandwidth 20 MHz

Maximum active users per cell 25

Number of resource blocks 100

Number of antenna elements M×N 1600

centralised network controller, which is located at
the HAP, parsing through requests and scheduling
one user at a time. The best available RB, based on
CINR, is then allocated to each associated user by its
home cell. The schedule is parsed multiple times by
the controller to enable home cells to allocate extra
RBs if available to active users, but with priority on
the users not allocated a RB in the previous parse.
For user i to be allocated an RB, it must satisfy the
minimum γi > 1.8 dB requirement [39], otherwise,
the user is blocked.

5.1 System Performance

5.1.1 Comparing one-tier and two-tier architecture

In this subsection, the coverage, throughput, and
fairness performances of the one-tier and two-tier
architectures are presented. Following user associa-
tions and RB allocations, γi and Ti are evaluated for
each user using (6) and (8) respectively.

1) Coverage and CINR Distribution. Fig. 4 shows
the surface plots of γi in the one-tier and proposed
two-tier PR architectures. Cells in the one-tier archi-
tecture fully reuse the available spectrum while the
spectrum is partitioned for orthogonality between
tiers in the two-tier architecture, with cells fully
reusing the spectrum allocated to their associated
tier. Both architectures have the same coverage area
as indicated by the solid line circle. In the two-
tier architecture, γi is evaluated for partial reuse
without considering ITI due to the orthogonality
of the tiers. Fig. 4a shows that considerable areas
within the one-tier HAP extended service area have
poor signal quality with the existence of significant
coverage holes resulting from the effects of ICI
and signal quality degradation especially at cell

(a) One-tier architecture.

(b) Two-tier architecture.

Fig. 4: Surface plots of user CINR γi with one-tier
(a) and two-tier with partial reuse (b) architectures.

edges. On the other hand, the two-tier architecture
provides near-ubiquitous coverage with enhanced
edge-of-cell connectivity as shown in Fig. 4b and
confirmed in Fig. 5, which shows the proportion of
edge users to the total number of users in the one-
tier and two-tier architectures for different region
partitioning thresholds. Notice in Fig. 4b that with
two tiers, sufficient signal quality is received even
at extended distances from the SPP, and identifying
the edges of cells is not as straightforward as in
the one-tier scenario. Clearly, the received signal
quality increases, resulting in minimised cell edge
connectivity and improved fairness.

2) Achievable User Throughput. The achievable
user throughput of the one-tier and proposed two-
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tier architectures with the FR and PR allocation
schemes is shown in Fig. 6. For the bottom 10%
of the users within the zoomed-in segment, which
is mainly made up of users further away from the
centre of cells, the two-tier FR experiences up to 27%
higher user throughput compared with the other
schemes for the same probability. The percentage
improvement, calculated using the points between
the bidirectional arrow in the inset, is as a result
of both the higher multiplexing gain resulting from
each cell’s ability to choose and allocate a RB for a
user from twice the full set of system RBs, in addi-
tion to the received signal strength improvements
with the two-tier architecture. Unfortunately, this
comes at the expense of most of the users suffering
from considerable ITI, which degrades their signal

quality resulting in throughput reduction. On the
other hand, the two-tier PR completely outperforms
the one-tier FR scheme and performs significantly
better than the two-tier FR scheme for the most part.
Beyond the slightly poorer performance of the two-
tier PR for the bottom 10% of the users within the
inset, which is as a result of lower multiplexing, it
notably outperforms the two-tier FR for the remain-
ing 90% of the users many of which were edge users
in the one-tier scenario.

Fig. 7(a) and 7(b) show the 5th and 95th percentile
user throughput with varying user densities across
the extended service area. In Fig. 7a, the two-tier
FR provides over 30% higher throughput at given
user densities compared with one-tier FR for the 5th

percentile users that are closer to the edge-of-cell,
due to the higher multiplexing gain and improved
received signal strength. For the edge users, ICI
minimises the number of usable RBs, therefore,
having a bigger set of RBs gives these users more
options and higher multiplexing gain, which results
in better performance. For the 95th percentile users
that are closer to the centres of the cells, two-tier
PR offers up to 25% higher throughput compared
with two-tier FR and one-tier FR as shown in Fig.
7(b). In the two-tier architecture, users at the centre
of cells are minimally affected by ICI due to the
steep roll-off of the HAP antenna radiation pattern,
however, the resulting ITI degrades their through-
put. The two-tier PR performs better because it
orthogonally splits the available RBs between the
two tiers, thereby effectively eliminating ITI. As
shown in Fig. 7(b), one-tier FR slightly outperforms
two-tier FR by about 7% again due to the consid-
erable ITI. However, this should be offset against
the over 30% improvement of the 5th percentile user
throughput as shown in Fig. 7(a). In both figures,
user throughput drops with increasing user density,
which happens as more users share the available
RBs leading to a drop in throughput.

3) Achievable User Throughput. Fig. 8 shows Jain’s
user throughput fairness index for varying user
densities. At low user densities, with the number of
RBs considerably greater than the users in a cell, the
two-tier PR results in a higher throughput fairness
index because users potentially have a sufficient
number of RBs without ITI, due to the high prob-
ability of neighbouring cells allocating orthogonal
RBs to their attached users. However, with increas-
ing user density, the increased probability that RBs
are shared less evenly between the two tiers results
in a lower throughput fairness index compared with
two-tier FR. This is worsened by the increasing
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Fig. 7: The 5th and 95th percentile user throughputs.

number of edge users having fewer options of RBs
with low interference to choose from. The similarity
in user throughput fairness between the two-tier PR
and one-tier FR at high user densities is due to the
trade-off between interference and available RBs.
Users in the two-tier PR experience lower interfer-
ence but also have limited options of RB availability,
however, those in one-tier FR experience higher
interference that is counterbalanced by the potential
availability of full system RBs. On the other hand,
with two-tier FR, all users have an opportunity of
being allocated RBs from the whole available set in
addition to their enhanced received signal quality
due to interference minimisation by the two-tier
architecture, which results in a fairer network in
comparison with the other two schemes.
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Fig. 8: Fairness index of user throughputs.

5.1.2 The effect of ICIC

Having shown in Section 5.1.1 that the proposed
two-tier architecture with either FR or PR scheme
performs considerably better than a typical one-tier
architecture, the effect of ICIC with the proposed
architecture is therefore investigated in this section.

1) Total System Throughput. The total system
throughput of the one-tier and two-tier architec-
tures using FR, PR, and ICIC with varying γ

rp
thr is

shown in Fig. 9. At low γ
rp
thr, ICIC and FR have

similar performance as the majority of the users
are classified as centre region users, which implies
that cells reuse the available RBs irrespective of the
usages in other neighbouring cells of the other tier.
For the two-tier FR with ICIC, the total through-
put increases with increasing γ

rp
thr as more edge

region users emerge. Consequently, the number of
users in the centre region where RBs can be reused
are reduced. Thus, adjacent cells between the tiers
avoid reusing RBs in the edge region with coor-
dination. Similarly, for one-tier FR with ICIC, the
total throughput increases with increasing γ

rp
thr up

to a point beyond which a further increase in γ
rp
thr

decreases the total throughput. This is the ideal
centre-edge partitioning boundary. Clearly, the ideal
boundary threshold for the one-tier architecture is
smaller at about 10 dB than the 25 dB boundary
for the two-tier architecture. This is because there
are considerably more edge users in the one-tier
architecture for the same threshold, which results
in the one-tier architecture peaking earlier. Despite
the improvement with ICIC compared with FR, the
two-tier PR still outperforms all the other schemes
due to the elimination of ITI, which degrades the
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signal quality of users in the ICIC and FR schemes.
The ITI is worsened by the contiguous nature of the
architecture, which results in considerable overlap
between cells. Since the total system throughput is
dominated by the throughput of the centre users,
the two-tier FR architecture is further affected by ITI
and performs marginally poorer than the one-tier
FR for this metric. Note that the constant through-
put with FR and PR results ftom the fixed reuse
pattern, which is unaffected by γ

rp
thr.

2) Region-based Throughput. Figs. 10, 11, and 12
show the effect of ICIC on the centre and edge
user performance. Fig. 10 shows that the edge user
throughput performance is similar for PR and ICIC
with FR marginally better due to higher multiplex-
ing gain, until the breakaway point of PR at about

(a) 10 dB region partitioning boundary.

(b) 20 dB region partitioning boundary.

Fig. 11: The 5th percentile user throughputs with
10 dB and 20 dB region partitioning boundaries γ

rp
thr.

γ
rp
thr=10 dB and ICIC at γ

rp
thr=20 dB. Considering the

steep roll-off of power in a HAP cell, edge user
performance increases with the elimination of as
many interferers as possible. Since the ICIC scheme
as implemented only avoids the highest interferer,
edge users still experience significant interference
from other cells both within and outside it’s tier,
which limits their performance. These edge region
users at low γ

rp
thr mainly benefit from having a wide

range of RBs available as offered by FR. Moving
towards the centre of cells with increasing γ

rp
thr, user

performance is improved considerably by eliminat-
ing the highest interferer. Fig. 11 and 12 show that
as γ

rp
thr increases, the now fewer users in the centre

region experience throughputs that are significantly
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(a) 10 dB region partitioning boundary.

(b) 20 dB region partitioning boundary.

Fig. 12: The 95th percentile user throughputs with
10 dB and 20 dB region partitioning boundaries γ

rp
thr.

higher than the edge region users because of the
difference in their received signal quality and the
minimal ICI. However, the combined throughput
drops because more users are classed as edge users
and forced to share RBs. Some of these users that
could ordinarily reuse RBs even with ICI due to
the steep-roll off of HAP received power are forced
to share RBs with other poorer edge users. It is
therefore important to appropriately set γ

rp
thr to bet-

ter dimension the centre and edge boundary to
mitigate against the performance drop. Irrespective
of the region, the two-tier PR results in superior 95th

percentile user throughput as indicated in Fig. 12.

Although using ICIC with the proposed two-tier
cellular architecture and FR performs better than

just the two-tier FR as shown in Fig. 9–12, it is still
limited by considerable inter-tier interference due to
the overlap between cells of the two tiers.

6 CONCLUSION

This paper has proposed a new two-tier cellular
architecture over a HAP extended service area. The
architecture overcomes the edge-of-cell problems
associated with conventional cellular architectures,
which have up until now significantly limited the
system capacity. It is made up of two tiers with
similar cellular structures and characteristics but
with an offset in angle between the centres of the
cells in the two tiers. We proposed two algorithms
with one implementing the two-tier architecture
and the other performing user association and re-
source allocation. The resulting performance of the
two-tier architecture with full spectrum reuse (FR)
and schemes implementing spectrum partitioning
resource allocation (PR) were compared with a typ-
ical one-tier architecture.

Simulation results show that the proposed HAP
two-tier architecture significantly outperforms a
typical one-tier architecture irrespective of the re-
source allocation scheme used. It also considerably
mitigates the impact of ICI and beam broadening on
the performance of the HAP extended coverage sys-
tem. Considering the two-tier architecture, for the
bottom 5–10% of users that are mostly at the edge-
of-cells, the full reuse resource allocation scheme
performs better than spectrum partitioning in terms
of throughput due to the higher multiplexing gain.
However, spectrum partitioning outperforms full
reuse for the remaining 90–95% of users because
of the orthogonality between the tiers, which elimi-
nates inter-tier interference (ITI). On the other hand,
both schemes suffer from inter-cell interference be-
tween the cells in a tier, however, whereas inter-
cell interference coordination improves the perfor-
mance of the full reuse scheme by about 10% with
a region partitioning CINR threshold of 20 dB, it
is still outperformed by spectrum partitioning by
over 12% due to ITI. Thus, ITI is the main constraint
of the proposed two-tier architecture. Further ben-
efits of the proposed architecture include enhanced
edge-of-cell connectivity and enhanced throughput
fairness, which is evaluated using Jain’s fairness
index.
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