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Abstract—High altitude platform station (HAPS) communi-
cations have made a tremendous impact on recent research
into sixth-generation (6G) and beyond wireless networks. The
large coverage area and significant computational capability
of HAPS systems enable many areas of utilization in 6G and
beyond applications, including Internet of Things (IoT) services,
augmented reality, and connected autonomous vehicles. In addi-
tion, non-orthogonal multiple access (NOMA) is a cutting-edge
technology that can be utilized to enhance spectral efficiency in
HAPS systems. In this paper, we exploit NOMA-based HAPS
communications and multiple antennas to meet the connectivity,
reliability, and high-data-rate requirements of 6G and beyond
applications. We propose a user selection and correlation-based
user pairing algorithm for a NOMA-based multi-user HAPS
system. Moreover, we investigate the codebook design for HAPS
communication and adapt the polar-cap codebook (PCC) to
the HAPS channel which shows Rician fading propagation
characteristics dominated by the line-of-sight (LOS) component.
Performance evaluations show that the proposed user selection
algorithm is perfectly suited to the HAPS channel and that the
PCC provides a remarkable spectral efficiency.

Index Terms—High altitude platform station (HAPS), non-
orthogonal multiple access (NOMA), user selection, codebook
design, sixth-generation (6G) communications.

I. INTRODUCTION

With the ever-increasing data requirements of sixth-
generation (6G) and beyond wireless communications, high
altitude platform station (HAPS) systems have emerged as
effective complementary solutions to satellite and terrestrial
communications. A HAPS can be defined as an aerial vehicle
that flies about 20 km above ground level. The altitude of a
HAPS provides a comparatively large coverage area as well
as lower transmission delays. In addition, the wind speed in
that altitude is relatively low providing moderate turbulence
[1]. HAPS communications systems can provide a superior
performance when compared to satellite communications hav-
ing higher energy efficiency, lower propagation loss and delay,
and lower deployment costs [2].
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HAPS systems emerge as an essential enabler for integrated
communications, computing, sensing, navigation, and posi-
tioning. The authors of [3] have envisioned several use-cases
for a HAPS-mounted super macro base station, such as deliv-
ering Internet of Things (IoT) services, covering temporary
and unexpected events, supporting intelligent transportation
systems, managing aerial networks, and filling coverage gaps
resulting from physical obstacles. Since HAPS systems can
provide greater coverage and significant computational capa-
bility, they can offload data with low communication delays for
IoT devices, augmented reality (AR) applications or connected
autonomous vehicles.

HAPS systems can also be utilized as a complementary
solution for terrestrial networks in areas without coverage (e.g.
forests, oceans, etc.) [3]. In the literature, HAPS systems have
been integrated with many existing technologies to meet the
requirements of 6G systems. The authors of [4] considered
the cooperation of low earth orbit (LEO) satellites and HAPS
systems for a massive number of mobile and IoT devices with
the aim of providing ubiquitous access for 6G applications,
and [5] utilized HAPS in a space-air-ground integrated net-
work (SAGIN), which is also in cooperation with satellites,
to support ground-to-space link transmission. Also, [6] and
[7] exploited a HAPS system as a relay between a ground
station and a satellite in a SAGIN. The use of HAPSs as
relays improves the reliability of the link between the ground
station and the satellite, and reliability is vital for mission-
critical applications. Thus, we utilize a HAPS-based com-
munication system employing both non-orthogonal multiple
access (NOMA) and multiple antennas to meet connectivity,
reliability, and high data rate requirements of 6G and beyond
applications.

NOMA is a promising technology capable of supply-
ing higher spectral efficiency compared to orthogonal mul-
tiple access schemes, such as time-division multiple access
(TDMA), frequency-division multiple access (FDMA), and
code-division multiple access (CDMA) [8]. Conventional or-
thogonal multiple access schemes allocate different users to
orthogonal resources in time, frequency, or code. However, in
NOMA, multiple users can share time and frequency resources
in the same spatial layer via power-domain or code-domain
multiplexing [9]. In other words, NOMA can serve more users
through non-orthogonal resource allocation. In power-domain
multiplexing, which is also considered in this work, different
power levels are assigned to users based on their channel
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conditions. In this method, the aim is to maximize the spectral
efficiency by using superposition coding in combination with
successive interference cancellation (SIC) to eliminate multi-
user interference. Thus, NOMA is a promising candidate for
enhancing the spectral efficiency in HAPS systems [10].

User selection in HAPS systems is another important issue
that needs to be addressed. A single HAPS can cover hundreds
of square kilometers [11], and in this coverage area, a signifi-
cant number of users may require high data rates. However, not
all users can be served simultaneously by a limited number of
antennas. Therefore, user selection in HAPS systems is crucial
in terms of overall system performance. On the side of NOMA,
in addition to serving multiple users by each beam, the
selection of users and the determination of NOMA user pairs
also play critical roles in increasing the spectral efficiency.
In the literature, user grouping and clustering methods in
HAPS systems were examined in [12]–[14]. The authors of
[12] used the average chordal distance between the statistical
eigenmodes for user grouping. In [13], a user clustering was
presented on the basis of the line-of-sight (LOS) component
of a user channel when a uniform linear array was utilized
with a HAPS. Moreover, [14] presented a user grouping and
beamforming scheme for beamspace HAPS-NOMA. However,
it did not consider user selection and limited feedback issues
for HAPS-NOMA systems. The authors of [15] investigated
a millimeter-wave HAPS-NOMA system from the point of
power allocation having only two users, which is very low
for a HAPS system. User pairing/clustering for traditional
NOMA-based multiple-input single-output (MISO) systems
has also been examined in the literature. The sorting algorithm
was presented in [16]; an improved user clustering algorithm
(IUCA) considering both channel correlation and channel gain
difference was presented in [17]; spatial correlation-based
clustering that selects clusters on the basis of user spatial
channel properties relative to generated orthogonal directions
was provided in [18]; and the semi-orthogonal user selection
(SUS) with a user-matching algorithm was presented in [19].
Nevertheless, the user selection issue in NOMA-based HAPS
systems has not yet been discussed in the literature to the best
of our knowledge.

In this work, we propose a channel correlation-based user
pairing method for a NOMA-based HAPS system. The prop-
agation characteristics of the HAPS channel show that if two
users are located in proximity to each other, their channels
are highly correlated. This is because the LOS component
predominates the propagation in the HAPS channel. Therefore,
pairing the highly correlated users in the concept of NOMA
can improve the spectral efficiency.

Furthermore, transmit beamforming is a useful technique
to exploit the multiplexing gain in multiple-input multiple-
output (MIMO) systems. Yet, the channel state information
(CSI) is required at the transmitter to apply beamforming
for frequency-division duplex (FDD) systems in which the
downlink and uplink channels are not reciprocal, and acquiring
the perfect CSI is impossible in practice [20]. To address
this problem, the transmitter and receiver use a common
set of codewords; the receiver then sends the best codeword
index to the transmitter by means of a limited-rate feedback

channel [21]. The best codeword refers to the best-fitted
codeword to the channel estimated by the receiver; it is also
termed as the transmit beamforming vector. In this way, the
transmitted signal is adapted to the channel. This is also
the main idea behind the feedback system. In the literature,
the codebook design for Rayleigh fading channels has been
widely discussed [22], including Grassmannian beamforming
[23], random vector quantization (RVQ) [24], and polar-cap
codebook (PCC) [25]. However, the HAPS channel shows
Rician fading propagation characteristics. The authors of [26]
presented a PCC design for MISO Rician fading channels.
Therefore, we adapt the PCC in [26] to the HAPS channel.

The contributions of this paper can be summarized as
follows:
C1 The user selection issue is discussed in NOMA-based

HAPS communications to meet high data rate require-
ments of 6G and beyond applications. To the best of our
knowledge, this is the first work of its kind in the area of
NOMA-based HAPS communication with user selection
and limited feedback link.

C2 A joint algorithm of user selection and correlation-based
user pairing is proposed for the NOMA-based multi-user
HAPS communications by considering the maximization
of the beamforming gain while having reduced computa-
tional complexity.

C3 Codebook design is studied for a limited-feedback HAPS
system. From this point of view, the polar-cap codebook
is adapted to the HAPS channel by utilizing the LOS
component. Extensive numerical results are provided to
demonstrate the performance of the proposed approaches.

The rest of this paper is organized as follows. In Section II,
the system model is described in detail. The channel model for
a multi-user HAPS is also provided and approximation of the
correlation matrix for non-line-of-sight (NLOS) component is
presented. In Section III, the proposed user selection algorithm
is explained thoroughly. Moreover, the precoding schemes for
the NOMA user pairs and the complexity analysis are given.
Section IV describes the PCC design for a HAPS system with
a limited feedback channel. Section V provides the simulation
results of the proposed user selection algorithm and polar-cap
codebook design. Finally, conclusions are provided in Section
VI.

Notation. Matrices and vectors are denoted by upper-case
and lower-case boldface letters, respectively. Inversion, trans-
pose, conjugate transpose, vector norm, trace, and expectation
operations are represented by (.)−1, (.)T , (.)H , ∥.∥, tr(.), and
E{.}, respectively. Also, |.| denotes absolute value for the
scalars and cardinality for the sets. C represents the field of
complex numbers. In is an n×n identity matrix while 0n×m is
an n×m zero matrix. In addition, CN (0, σ2) is the complex
Gaussian random variable with zero mean and variance σ2.
For the complexity analysis, O(.) is the big-O notation.

II. SYSTEM MODEL

We consider a downlink NOMA-based multi-user HAPS
system with NT transmit antennas and L single-antenna users.
For the transmitter, HAPS is equipped with a uniform planar
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array (UPA) with M × N antennas utilizing M antennas set
vertically and N antennas set horizontally. In total, NT = MN
transmit antennas serve the active user pairs by NOMA as
shown in Figure 1. The number of active users is Lu, which
corresponds to Lu/2 NOMA pairs. In this scenario, there is
an equal number of users utilizing applications which demand
high data rates and low data rates (i.e., high-rate users and
low-rate users).

The received signal is given by

r = HHWs+ n, (1)

where H = [h1,h2, . . . ,hLu
] ∈ CNT×Lu is the overall

channel matrix, W = [w1,w2, . . . ,wLu ] ∈ CNT×Lu is the
precoding matrix, s ∈ CLu×1 denotes the symbol vector such
that E{ssH} = ILu

, and n ∼ CN (0, σ2ILu
) is the additive

white Gaussian noise (AWGN) vector.
The channel vector for the ℓth user is defined as [12]

hℓ =
√
αℓ

(√
Kℓ

Kℓ + 1
hℓ +

√
1

Kℓ + 1
ĥℓ

)
, (2)

where Kℓ is the Rician factor, hℓ is the LOS component, and
ĥℓ is the NLOS component for the ℓth user. αℓ = (4πrℓ/λ)

−2

denotes the large-scale fading factor where rℓ is the distance
between the HAPS and the ℓth user, λ is the carrier wave-
length. λ is also defined by c/fc where c is the speed of light
and fc is the carrier frequency. The LOS component of the
channel is given by

hℓ = av(θℓ, φℓ)⊗ ah(θℓ, φℓ), (3)

where ⊗ denotes the Kronecker product. The array steering
vectors along vertical and horizontal directions are denoted
by av(θℓ, φℓ) and ah(θℓ, φℓ), respectively. They are defined
by exponentials such that

av(θℓ, φℓ) =
[
1, ej2πdv , . . . , ej2π(M−1)dv

]T
∈ CM×1,

ah(θℓ, φℓ) =
[
1, ej2πdh , . . . , ej2π(N−1)dh

]T
∈ CN×1,

(4)

where the parameters of the exponentials along the vertical and
horizontal directions are defined as dv = dc sin θℓ cosφℓ/λ
and dh = dr sin θℓ sinφℓ/λ, respectively. The antenna spac-
ings in a column and a row are denoted by dc and dr, the angle
of departure (AoD) along vertical and horizontal directions
are θℓ ∈ [0, π/2) and φℓ ∈ [−π, π], respectively. On the
other hand, the NLOS component of the channel is defined
as follows

ĥℓ =

√
R̂ℓ [w1ℓ, w2ℓ, . . . , wNTℓ]

T
, (5)

where R̂ℓ ∈ CNT×NT is the correlation matrix of the ℓth user,
and wnℓ ∼ CN (0, 1) for n = 1, 2, . . . , NT.

The (p, q)th element of the correlation matrix can be given
by [14][

R̂ℓ

]
p,q

=

∫ π/2

0

∫ π

−π

f(φ) f(θ)ej2π(d1+d2)dφ dθ, (6)

where f(θ) ∝ e
−

√
2|θ−θ0|
δ , θ0 is the mean vertical AoD,

 

cluster #1 cluster #Lu/2
cluster #2

20 km

HAPSHA

high-rate users

low-rate users

Figure 1: System model of the NOMA-based multi-user
HAPS.

δ is the vertical angular spread, f(φ) = eκ cos(φ−µℓ)

2πI0(κ)
,

I0(.) is the zeroth-order modified Bessel function of the
first kind, µℓ ∈ [−π, π] is the horizontal AoD of
the ℓth user, κ is the parameter controlling the hor-
izontal angular spread, d1 = (p− q)dc sin θ cosφ/λ, and
d2 = (p− q)dr sin θ sinφ/λ.

A. Approximation of the Correlation Matrix

The correlation matrix is computationally formidable since
it has no closed form expression in the literature. Thus, we
exploit the approximation of the correlation matrix that was
proposed in [27]. This approximation utilizes Simpson’s nu-
merical integration method in order to analyze the correlation
by a flexible expression. By substituting d1, d2, and f(φ) in
(6), the correlation matrix is rewritten as[

R̂ℓ

]
p,q

=

∫ π/2

0

f(θ)

2πI0(κ)
Iφ dθ, (7)

where the integral with respect to φ is determined as Iφ =∫ π

−π
eκ cos(φ−µℓ)ejχ(cosφ+sinφ)dφ with χ = π(p − q) sin θ.

Then, the integral is simplified to

Iφ = 2πI0

(√
κ2 − 2χ2 + j2χκ(cosµℓ + sinµℓ)

)
. (8)

Since (8) depends only on the variable θ, it is expressed as
Iφ = g(θ) in the rest of the paper. Thus, the correlation matrix
is stated as [

R̂ℓ

]
p,q

=
1

2πI0(κ)

∫ π/2

0

h(θ) dθ, (9)

where h(θ) = f(θ)g(θ). To find the approximation for the
definite integral in (9), Simpson’s first rule [28] can be applied
so that we have [

R̂ℓ

]
p,q
≈ I

2πI0(κ)
. (10)
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By Simpson’s 1/3 rule for n subintervals, the integral can be
approximated by

I =
h1

3

[
h(ϑ0) + 4

n/2∑
i=1

h(ϑ2i−1) + 2

n/2−1∑
j=1

h(ϑ2j) + h(ϑn)

]
,

(11)
where h1 =

(
π
2 − 0

)
/n, ϑ0 = 0, ϑk = ϑ0 + kh1 for k =

1, 2, . . . , n, and n is an even number.

III. PROPOSED USER SELECTION ALGORITHM

In this section, we provide the details of the proposed
user selection algorithm, described in Algorithm 1. Since the
LOS component dominates the HAPS channel, the channels
of closely located users can be highly correlated. Therefore, to
increase the sum data rate, we utilize a pairing algorithm that
selects highly correlated users with different applications for
the considered NOMA-based HAPS systems. The proposed
algorithm can be efficiently applied in densely populated
metropolitan areas as envisioned in [3].

In a conventional NOMA system, a NOMA user pair
includes a strong user with higher signal-to-noise ratio (SNR)
and a weak user with lower SNR. By contrast, in a HAPS
system, the height of HAPS dominates the large-scale fading;
therefore, users all have similar SNR values and cannot be
classified as strong or weak in terms of large-scale fading.
In this work, we consider an application that has L/2 users
that demand high data rates, which we refer to as high-rate
users, and L/2 users that demand low data rates, which we
refer to as low-rate users. The high-rate users and the low-
rate users are randomly distributed over the HAPS coverage
area. The set of high-rate users’ indexes and the set of low-
rate users’ indexes are denoted by Khigh and Klow such that
|Khigh| = |Klow| = L/2, respectively. The corresponding
channels are then constructed by selecting the channel vectors
of corresponding users from the spatial channel matrix H such
that

Hhigh = [hp]∀p∈Khigh
= [hhigh(1)

,hhigh(2)
, . . . ,hhigh(L/2)

],

Hlow = [hr]∀r∈Klow
= [hlow(1)

,hlow(2)
, . . . ,hlow(L/2)

].
(12)

The proposed algorithm consists of two parts: 1) the se-
lection of high-rate users and 2) the selection of low-rate
users constituting the NOMA pairs. At first, high-rate users
to be served are determined based on the channel gains. For
hundreds of kilometers coverage area, which is typical for
a HAPS, exploiting the channel gains to select the high-rate
users can maximize the sum data rate. Therefore, the first part
of Algorithm 1 determines the norm of the channel vector
for each high-rate user and forms the channel norm vector
v. Then, it sorts the elements of v in a descending order to
obtain the vector of corresponding user indices u. In this way,
the algorithm finds Lu/2 high-rate users having the largest
channel gains among the L/2 high-rate users. The resulting
channel matrix of the selected high-rate users is obtained as
Ĥhigh.

For the low-rate users, the algorithm selects the most
correlated low-rate user for each selected high-rate user to

Algorithm 1: Proposed user selection algorithm for
the NOMA-based HAPS system

Data: H ∈ CNT×L, Khigh, Klow

Result: Ĥhigh ∈ CNT×(Lu/2), Ĥlow ∈ CNT×(Lu/2)

Part-1: Selection of the high-rate users:
Initialize Lhigh = ∅, v = 0(L/2)×1 ;
for i = 1→ L/2 do

v(i) = ||hhigh(i)
|| ;

end
[vs,u] = sort(v, ‘descend’) ;
Lhigh ← {u(1),u(2), . . . ,u(Lu/2)} ;

Ĥhigh =
[
hhigh(k)

]
∀k∈Lhigh

;

Part-2: Selection of the low-rate users:
Initialize Htemp = Hlow ∈ CNT×(L/2);
Initialize C = 0(Lu/2)×(L/2), Llow = ∅;
for i = 1→ Lu/2 do

for j = 1→ L/2 do
C(i,j) = c(i, j); /* Eq.(13) */

end
ℓ = arg max j∈{1,2,...,L/2} C(i,j);
htemp(ℓ)

= 0NT×1;
Llow ← Llow ∪ {ℓ};

end
Ĥlow =

[
hlow(t)

]
∀t∈Llow

;

construct NOMA user pairs. The aim behind selecting the most
correlated low-rate user is to maximize the beamforming gain.
At first, a temporary channel matrix Htemp is defined as the
channel of low-rate users Hlow. Then, the (Lu/2)× (L/2)
dimensional correlation matrix C is defined by

c(i, j) =
|ĥH

high(i)
htemp(j)

|

∥ĥhigh(i)
∥ ∥htemp(j)

∥
, (13)

where ĥhigh(i)
∈ CNT×1 and htemp(j)

∈ CNT×1 are the ith

and jth columns of Ĥhigh and Htemp, respectively. The ℓth

low-rate user is provided as the most correlated low-rate user
to the ith high-rate user and (i, ℓ) is determined as a NOMA
user pair. So, the channel vector of the ℓth user is set to zero
and the ℓth user is added to the set of selected low-rate users
Llow. Finally, the resulting channel of low-rate users Ĥlow

is constructed by selecting the column vectors of Hlow. The
NOMA user pairs generate the clusters shown in Figure 1,
where each cluster includes a high-rate user and a low-rate
user.

The precoding scheme is determined on the basis of the
resulting channels of the high-rate users after performing the
proposed user selection algorithm. Then, the zero forcing (ZF)
precoding matrix can be given as

Ŵ = α Ĥhigh

(
ĤH

highĤhigh

)−1

, (14)

where Ŵ = [ŵ1, ŵ2, . . . , ŵLu/2] ∈ CNT×(Lu/2). The scaling
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factor is calculated by

α =

√√√√√ 1

tr

((
ĤH

highĤhigh

)−1
) . (15)

The instantaneous signal-to-interference-plus-noise ratio
(SINR) for the high-rate user in cluster i is given by

γ
(i)
high =

Phigh

∣∣∣ĥH
high(i)

ŵi

∣∣∣2
I
(i)
high + I

(i)
high,low + Pn

, (16)

where Phigh and Plow are the transmit powers for the high-rate
user and the low-rate user, respectively. The transmit powers
are then defined by

Phigh =
βhighPt

(Lu/2)
and Plow =

βlowPt

(Lu/2)
, (17)

where Pt is the total transmit power, βhigh and βlow are the
fixed power allocation factors for the high-rate users and low-
rate users such that βhigh + βlow = 1 with βhigh > βlow,
respectively. In addition, the noise power over the bandwidth
B is Pn = N0B where N0 is the noise power spectral
density. The interference for the high-rate user in cluster i
caused by the users in other clusters, namely the inter-cluster
interference, is written as

I
(i)
high = (Phigh + Plow)

Lu/2∑
j=1,j ̸=i

∣∣ĥH
high(i)

ŵj

∣∣2, (18)

where the ZF precoder can completely eliminate it under the
perfect CSI. Furthermore, the interference for the high-rate
user in cluster i from its NOMA pair, namely the intra-cluster
interference, is

I
(i)
high,low = Plow

∣∣ĥH
high(i)

ŵi

∣∣2. (19)

In each cluster, the low-rate user applies SIC so that the
NOMA scheme is realized. The low-rate user decodes the
signal of the high-rate user first, and then subtracts the signal
from the received signal before decoding its own signal. In this
way, the decoded signal of the low-rate user becomes free of
intra-cluster interference. Therefore, the instantaneous SINR
for the low-rate user in cluster i is given as

γ
(i)
low =

Plow

∣∣∣ĥH
low(i)

ŵi

∣∣∣2
I
(i)
low + Pn

, (20)

where the interference for the low-rate user in cluster i caused
by the users in other clusters (i.e., the inter-cluster interference)
is expressed as follows

I
(i)
low = (Phigh + Plow)

Lu/2∑
j=1,j ̸=i

∣∣ĥH
low(i)

ŵj

∣∣2. (21)

The sum data rates for the high-rate users and low-rate users,
which are selected to be served, are respectively defined as

Rhigh = E

B

Lu/2∑
i=1

log2

(
1 + γ

(i)
high

) ,

Rlow = E

B

Lu/2∑
k=1

log2

(
1 + γ

(k)
low

) .

(22)

Eventually, the total sum data rate for all selected users is
given by

Rsum = Rhigh +Rlow. (23)

A. Complexity Analysis

Here, we evaluate the complexity of the proposed user
selection algorithm and the benchmark methods, namely
the modified sorting algorithm of [16] and the modi-
fied IUCA of [17]. The proposed algorithm includes two
parts, as we can see in Algorithm 1. Part-1 describes the
user selection for the high-rate users based on the chan-
nel gains. The algorithm computes the norms of the NT-
dimensional channel vectors of L/2 users. Then, it sorts the
elements of (L/2)-dimensional channel norm vector. Thus,
the complexity of Part-1 in Algorithm 1 is determined as
O((L/2)NT + (L/2) log (L/2)). Next, Part-2 pairs the users
for the NOMA scheme by selecting the most correlated low-
rate users for the selected high-rate users. For this purpose, the
correlation matrix of dimension (Lu/2)× (L/2) is computed.
So, the complexity of Part-2 in Algorithm 1 is O(NTLuL).

On the other hand, the modified sorting algorithm ap-
plies the same procedure as Part-1 in Algorithm 1 for both
the high-rate users and low-rate users. Therefore, the com-
plexity of the modified sorting algorithm is calculated as
O(LNT + L log (L)).

The modified IUCA also selects the high-rate users in the
same way; thus, the complexity of this part is the same as
the proposed and modified sorting algorithms. However, the
complexity of the user pairing is given by O

(
x2 + x

)
where

x = Lu/2 is the number of pairs. Therefore, the complexity
is increased depending on L2

u, which can be computationally
intensive.

IV. POLAR-CAP CODEBOOK DESIGN FOR HAPS
COMMUNICATION

This section provides the polar-cap codebook (PCC) design
for HAPS communication. For a limited-feedback system in
a HAPS system, the PCC considers the instantaneous LOS
channel information in the HAPS channel, which is frequently
modeled as Rician fading. In contrast to the conventional PCC
in [25], the PCC design in our work is customized to the HAPS
channel. The reason is that the radius of the conventional PCC
is a predetermined constant, while the PCC design in this
paper determines the radius depending on the channel direction
information of the LOS component. When the LOS component
in the HAPS channel is strong, the radius will be small;
otherwise, it will be large. Thus, the PCC design depends
on the instantaneous LOS channel. On the other hand, [26]
applies the PCC for a MISO Rician fading channel containing
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a small-scale fading gain for the LOS path, unlike the HAPS
channel considered here. Moreover, we utilize the Householder
transformation in [29] to obtain the rotated codewords.

We consider a PCC with F = {f1, f2, . . . , fNp
} of car-

dinality Np = 2b where the number of feedback bits b is
a positive integer. The codewords have a unit norm such
that ∥fm∥ = 1 for m = 1, 2, . . . , Np. The PCC has two
types of codewords: namely, a basis codeword and non-basis
codewords. Let the basis codeword be f1 ∈ CNT×1. The other
codewords fm ∈ CNT×1 for m = 2, 3, . . . , Np are the non-
basis codewords. The design criteria of the PCC can thus be
listed as follows [31]:

• The basis codeword is located at the center of the PCC.
• The non-basis codewords are located at the same distance

from the basis codeword such that

d(f1, fm) = ϵ for m = 2, 3, . . . , Np,

where ϵ is the radius of the PCC.
• The minimum distance among non-basis codewords

should be maximized such that

max

{
min

l,m∈{2,3,...,Np},l ̸=m
d(fl, fm)

}
.

Here, the distance metric is the chordal distance, which is
defined by d(a,b) =

√
1− |aHb|2 where a and b are NT

dimensional column vectors.

According to the design criteria mentioned above, a con-
ventional PCC with the basis codeword f1 and radius ϵ, which
is a predetermined positive constant, can be generated by

F =

{
f1, Uf1

[√
1− ϵ2

ϵw1

]
, . . . ,Uf1

[√
1− ϵ2

ϵwNp−1

]}
, (24)

where Uf1 ∈ CNT×NT is the unitary rotation ma-
trix whose first column is the basis codeword f1 and
G =

{
w1,w2, . . . ,wNp−1

}
represents the Grassmannian

codebook where wn ∈ C(NT−1)×1 with ∥wn∥ = 1 for
n = 1, 2, . . . , Np − 1. For the basis codeword, any unit vector
can be selected, such as f1 = [1, 0 . . . , 0]T .

PCC design for HAPS communication, by contrast, neces-
sitates using the instantaneous LOS channel, since the LOS
component dominates in HAPS propagation. Therefore, we
select the basis codeword f1 as the unit vector in the direction
of the LOS channel, i.e., orot ∈ CNT×1

f1 = orot =
h

∥h∥
, (25)

where the LOS channel is denoted by h [26]. Also, the radius
of the PCC for HAPS communication can be stated as

ϵh = d (g,orot) , (26)

where g = h
∥h∥ is the normalized channel vector (i.e., the max-

imum ratio transmission beamformer). Unlike conventional
PCCs, the radius of the PCC for a HAPS system is not a
predetermined constant; it depends on the channel direction
information of LOS component. For HAPS systems, we adapt
the radius of the PCC according to the h, and the PCC in (24)

Codewords of 

Normalized channel

Figure 2: Illustration of the polar-cap codebook for HAPS
communication.

can be expressed as

Fh =

{
orot, Urot

[√
1− ϵ2h
ϵhw1

]
, . . . ,Urot

[√
1− ϵ2h

ϵhwNp−1

]}
,

(27)
where the unitary rotation matrix Urot ∈ CNT×NT can be
determined by the following complex Householder transform
defined in [29]

Urot = INT
− 1

uHo
uuH , (28)

where o = [1, 0 . . . , 0]
T is an NT dimensional unit vector,

u = o− orot, and orot is the unit vector in the LOS channel
direction. The rotation matrix can also be computed through
orot as follows

Urot = INT +
1

oH
rotu

uuH . (29)

By using the rotation matrix, the rotated basis codeword can
also be written as orot = Uroto. The Grassmannian codebook
G is obtained by the complex Grassmannian line packings in
[30]. Finally, the codewords of Fh in (27) can be written as

fm =


orot, ifm = 1,

Urot

[√
1− ϵ2h

ϵhwm−1

]
, ifm = 2, 3, . . . , Np.

(30)

The receiver constructs the codebook Fh, shown in Fig-
ure 2, after estimating the channel vector h. It is assumed that
the receiver has the knowledge of the LOS channel vector h,
which can be obtained by estimating the array steering vectors
in vertical and horizontal directions. Then, each user finds the
best codeword index m∗ given by

m∗ = arg max
m∈{1,2,...,Np}

|hHfm|. (31)

Through the feedback channel, the receiver sends the best
codeword index m∗ and the radius ϵh to the transmitter. Then,
the transmitter constructs the best codeword fm∗ based on the
index m∗ by using (30) and the Grassmannian codebook G,
which is also known by the transmitter.

The codebook design depends substantially on the strength
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of the LOS channel component. If the LOS component pre-
dominates significantly over the NLOS component, the radius
ϵh will be small and the non-basis codewords will be close to
the basis codeword orot.

V. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
user selection algorithm for the NOMA-based HAPS system
in Section V-A and that of the polar-cap codebook design for
HAPS communications in Section V-B.

A. Proposed User Selection Algorithm

We now analyze the sum data rate performance of the pro-
posed user selection algorithm under different circumstances.
The simulation environment is constructed such that the L
users are uniformly distributed over a cell with a radius of r
on the ground, and the HAPS is located 20 km above the cell.
Then, Lu users are selected among the L users such that Lu/2
users are among the high-rate users and Lu/2 users are among
the low-rate users. The NOMA pairs are determined and the
NOMA-based HAPS system is constructed via power-domain
multiplexing. The simulation parameters are shown in Table I.

Table I: Simulation parameters for the NOMA-based HAPS
system.

Parameter Value
fc 2.4 GHz
B 10 MHz
N0 −169 dBm/Hz

Kℓ, ∀ℓ 10 dB
dr, dc λ/2
θ0 30◦

δ 10◦

µℓ, ∀ℓ 0◦

κ 5
βhigh 0.7
βlow 0.3
n 12

The sorting-based user pairing algorithm in [16] is utilized
as a benchmark for the proposed algorithm in this scenario.
The sorting-based user selection and pairing algorithm is
called modified sorting and is described as follows: The set
of high-rate users Khigh and the set of low-rate users Klow are
determined before utilizing the sorting algorithm. Then, the
users in Khigh are sorted on the basis of their channel norms,
and Lu/2 users with the highest channel norms are selected
to serve. Similarly, Lu/2 low-rate users are selected among
Klow by sorting. The NOMA pairs are constructed by pairing
the high-rate user with the ith highest channel norm in Khigh

with the low-rate user with the ith highest channel norm in
Klow.

On the other hand, the improved user clustering algorithm
(IUCA) in [17] is utilized as another benchmark. For the con-
sidered scenario, the IUCA-based user selection and pairing
algorithm is called modified IUCA and is described as follows:

The selection of the high-rate users is performed exactly the
same as in the modified sorting algorithm. Then, the low-
rate users are selected in two steps as in [17]. In the first
step, all channel gain correlations and differences between the
selected high-rate users and all low-rate users are obtained.
In the second step, the set of candidate low-rate users P(m)
for the high-rate user m is determined based on a channel
gain correlation metric, ς and step size, ∆ ∈ (0, 1). Then, the
user q from P(m) is selected by maximizing the channel gain
difference. Thus, the NOMA pair is constructed as (m, q).

In Figure 3, the sum data rate results of the proposed
algorithm are provided with respect to the total transmit power
for two different cell radius ranges, i.e., r = 50 km and
r = 100 km, and two different antenna dimensions, i.e., 8× 8
and 8× 16. The system includes L = 200 users in total, and
Lu = 32 active users are served by applying the proposed
algorithm. The figure shows that utilizing a higher number of
antennas in the HAPS increases the sum data rate by achieving
antenna gain. The results also show that the smaller the cell
radius, the higher the sum data rate since the effect of large-
scale fading decreases as the distance between the user and
the HAPS decreases.

Figure 3: Sum data rate results of the proposed algorithm for
L = 200 and Lu = 32.

Figure 4 demonstrates the sum data rate comparison of
different user selection algorithms for an 8 × 8 array and
r = 100 km. For the modified IUCA in [17], ς is set as 0.5 or
0.2 when ∆ = 0.01. The figure shows that the proposed user
selection algorithm outperforms the modified sorting algorithm
and the modified IUCA for both ς values. The modified sorting
algorithm takes into account the channel gains only. However,
considering the correlation between the high-rate and low-
rate users instead of only the channel gains enhances the
beamforming gain, improving the sum data rate. On the other
hand, the modified IUCA in [17] iteratively forms the clusters
by considering both the channel correlation and the channel
gain difference between users. However, the clustering strictly
depends on the set of candidate users, which is constructed
based on ς . If the low-rate users in the candidate set of the
mth user are already assigned to the other high-rate users,
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then the mth user will not be paired with the adequate low-
rate user, which degrades the overall performance.

Figure 4: Sum data rate comparison of user selection schemes
for 8× 8 array, L = 200, Lu = 32, and r = 100 km.

In Figure 5, the effect of the number of users (L) is
investigated for a fixed Lu. For the modified IUCA, ς and
∆ are set as 0.5 and 0.01, respectively. The simulation
results demonstrate that the higher number of users provides
more degrees of freedom for all algorithms. In other words,
selecting a fixed number of users from a set of users with
higher cardinality improves the performance. However, the
modified sorting algorithm can not reach the performance of
the proposed algorithm for any L value. On the other hand,
the proposed algorithm achieves a 8% and 24.4% higher sum
data rate compared to the modified IUCA and modified sorting
algorithm, respectively, when L = 200. The results confirm the
feasibility and efficiency of the proposed algorithm especially
when a large number of users exists in the coverage area of
the HAPS.

Figure 5: Sum data rate versus L for 8 × 8 array, Lu = 32,
r = 100 km, and Pt = 20 dB.

In Figure 6, the effect of the number of active users (Lu)

is discussed when the total number of users (L) is fixed. The
results are provided in terms of data rate per user to clarify the
effect of Lu on the algorithms. The modified IUCA algorithm
is performed for ς = 0.5 and ∆ = 0.01. The figure shows
that the data rate per user results for all algorithms improve
when Lu decreases, that is, when L ≫ Lu. Because small
Lu for a fixed L ensures the highly correlated high-rate and
low-rate user’s pairing in the proposed algorithm. Similarly,
the correlation between the candidate users and the selected
high-rate users can increase in the modified IUCA algorithm
when Lu decreases. On the other hand, small Lu enables
the modified sorting algorithm to select only the users with
higher channel gain, and the users with poorer channels are
excluded. Therefore, it ensures the pairing of the users having
higher channel gains. Nevertheless, the proposed algorithm
provides almost 2.5 Mbps and 10.5 Mbps higher data rate per
user compared to the modified IUCA and modified sorting
algorithm, respectively, when Lu = 8.

Figure 6: Data rate per user versus Lu for 8×8 array, L = 200,
r = 100 km, and Pt = 20 dB.

In Table II, the average data rate per user results for the low-
rate users are given for the proposed, modified IUCA (ς = 0.5
and ∆ = 0.01) and modified sorting algorithms. According to
the results, the proposed algorithm significantly improves the
average data rate of the low-rate users. The average data rate
of the high-rate users is 15.91 Mbps for all three algorithms.
Because the way of selecting the high-rate users is exactly the
same for these three algorithms. On the other hand, pairing the
selected high-rate users with the low-rate users is performed
differently. Since the proposed algorithm purely considers
the correlation information, the low-rate users do not suffer
from very low data rates, contrary to the modified IUCA and
modified sorting algorithms.

B. Polar-Cap Codebook (PCC) Design

Here, we present the performance results of the PCC design
referred to in Section IV compared to the Grassmannian
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Table II: Average data rate per user results for the low-rate
users, 8 × 8 array, L = 200, Lu = 32, r = 100 km, and
Pt = 20 dB.

Parameter Algorithm Value (Mbps)

Rlow proposed 4.28

Rlow modified IUCA 2.82

Rlow modified sorting 0.37

codebook in [30]. The average beamforming gain is calculated
by

η = E

{∣∣hHfm∗
∣∣2

∥h∥2

}
, (32)

where fm∗ is the best codeword of either the PCC or the
Grassmannian codebook.

In Figure 7, we plot the average beamforming gain with
respect to the Rician factor (K) for 4×8 and 8×8 arrays when
the number of codewords is Np = 27 = 128. In the presence
of perfect CSI knowledge, unity average beamforming gain
is obtained for all K values where fm∗ = h. However,
the performance of the PCC depends on the Rician factor
(i.e., the strength of the LOS channel). We observed that a
large Rician factor, which is the case for HAPS-to-ground
channels, improves the performance of the PCC since the PCC
design depends on the strength of the LOS component. For
large K values, the LOS component dominates relative to the
NLOS component, and the radius ϵh is small. Therefore, the
quantization of the channel is more effective. By contrast, the
less dominant LOS component leads to a greater ϵh, which
means that the correlation between g and orot is decreased.
Also, the PCC considerably outperforms the Grassmannian
codebook due to its adaptation to the LOS channel. On the
other hand, the performances of both codebooks enhance when
the number of antennas decreases, and the number of feedback
bits is the same.

Figure 7: Average beamforming gain comparison of the PCC
and the Grassmannian codebook for Np = 128, 4×8 and 8×8
arrays.

Figure 8 demonstrates the sum data rate performance of
the limited-feedback NOMA-based multi-user HAPS system
applying the proposed user selection algorithm. Part-1 in the
proposed algorithm is performed while assuming that the
perfect channel quality information (CQI) is available at the
transmitter. In part-2, the correlation coefficients are calculated
based on the quantized channel direction information (CDI)
through the PCC and Grassmannian codebook. The results
show that the PCC achieves remarkable performance in the
NOMA-based multi-user HAPS system.

Figure 8: Sum data rate results of the limited-feedback
NOMA-based multi-user HAPS system for Np = 128, L =
100, Lu = 16, r = 100 km, 4× 8 and 8× 8 arrays.

VI. CONCLUSION

This paper proposed a joint user selection and user pairing
algorithm for NOMA-based multi-user HAPS systems. The
scenario involved an equal number of high-rate and low-
rate users to apply the power-domain NOMA scheme. In
the proposed algorithm, we selected the high-rate users hav-
ing greater channel gains. The channel gain-based selection
can maximize the sum data rate with considerably lower
complexity for the large coverage areas. Accordingly, we
presented a correlation-based user pairing algorithm. Since the
HAPS channel experiences highly correlated users due to the
predominance of the LOS component, the proposed algorithm
maximizes the beamforming gain by considering a correlation-
based user pairing. The simulation results confirmed the
superiority of the proposed algorithm for the NOMA-based
multi-user HAPS system under various conditions. By contrast
with the sorting-based user selection, the proposed algorithm
considered both channel gains and channel correlations. The
proposed algorithm also outperforms the IUCA-based user
selection, which considers both the channel correlation and
the channel gain difference. In addition, we investigated the
polar-cap codebook design for HAPS systems with a limited-
rate feedback channel. The polar-cap codebook, which was
adapted to the HAPS channel, utilized the LOS component
of the HAPS channel. The simulation results demonstrated
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that the performance of the limited-feedback NOMA-based
multi-user HAPS system utilizing the PCC is fairly close
to the performance of the perfect CSI when the proposed
user selection algorithm is applied. The PCC significantly
outperforms the Grassmannian codebook, which reveals the
feasibility of the PCC with the proposed algorithm. The
NOMA-based HAPS system conducted in this paper can be
extended to a NOMA-based multiple HAPS system as a future
work.

REFERENCES

[1] S. Karapantazis and F. Pavlidou, “Broadband Communications via
High-Altitude Platforms: A Survey,” IEEE Communications Surveys &
Tutorials, vol. 7, no. 1, pp. 2-31, First Qtr. 2005.
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