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Design Optimization for UAV Aided Sustainable
3D Wireless Communication at mmWaves

Nancy Varshney and Swades De

Abstract—Unmanned aerial vehicles (UAVs) operating at dif-
ferent altitudes will be integral to the 5th generation and beyond
(5G+) communication network to provide ubiquitous coverage.
Though 5G+ communications target to operate in sub-6 GHz
as well as millimeter wave range (mmWaves), sub-6 GHz being
already congested, mmWaves are seen as a viable technology
that can support high data rates. To this end, in this paper,
we study the feasibility of using UAVs at mmWaves deployed
at low altitudes to serve a user population higher than the
number of RF chains available at the UAV. Since the UAVs
are energy constrained devices, solar harvesting is considered
for the UAVs to act as access nodes for an extended period of
time. Practical 3-dimensional antenna array radiation pattern
and the resulting inter-beam interference from the sidelobes are
taken into account in the analysis. We devise a sub-array hybrid
precoder that provides minimum rate support to all users across
the wideband mmWave channel. The RF precoder is designed
according to the users’ locations. In addition, we propose a low
complexity iterative joint subcarrier allocation and baseband
precoder optimization algorithm with faster convergence. In
the proposed algorithm, we employ weighted minimum mean
squared error (WMMSE) to design baseband precoder to re-
duce inter-beam interference while jointly optimizing subcarrier
allocation to maintain minimum user rate constraint. Next, we
determine the optimal number of beams at UAV to optimize
throughput while guaranteeing minimum user rate support for
energy sustainable UAV operation. Finally, we compare the
performance gain achieved by low-altitude UAV deployed at
mmWaves over the UAV deployed at sub-6 GHz frequency range.

Index Terms—Energy sustainable system, hybrid beamform-
ing, minimum rate, solar powered communication, unmanned
aerial vehicle (UAV).

I. INTRODUCTION

The 5th generation and beyond (5G+) communication en-
visions to provide three-dimensional (3D) ubiquitous cover-
age. Unmanned aerial vehicle (UAV)-assisted communication
integrated with terrestrial communication will play a vital
role in delivering unprecedented coverage. Inherent ease of
deployment and freedom of movement will allow UAVs to
act as aerial base stations and aerial relays. Guidelines for
UAV deployment as users at sub-6 GHz frequency range
are already specified in release 17 of the third-generation
partnership project (3GPP) [1]. For 5G+ communications, sub-
6 GHz, millimeter waves (mmWaves), and terahertz frequency
bands are proposed. Among these, sub-6 GHz and mmWave

Copyright (c) 2015 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org.

N. Varshney and S. De are with the Department of Electrical Engineering and
Bharti School of Telecommunication, Indian Institute of Technology Delhi,
New Delhi, India (e-mail: bsz188118@iitd.ac.in, swadesd@ee.iitd.ac.in).

frequency bands are more suitable for low-altitude UAVs. High
attenuation, atmospheric absorption, and very narrow beams at
terahertz range lead to a very small coverage area. Thus, using
terahertz frequency for low-altitude UAVs is not justified.

Research on low-altitude UAVs at the sub-6 GHz range
has shown that UAVs can be used to overcome blockages
in dense blockage environments [2]. These can further be
used for extending the coverage in hotspots, temporary cov-
erage in rural areas, and in disaster recovery with reduced
capital expenditure. Benefited by freedom of movement and
higher altitude, the UAVs can establish line-of-sight (LoS)
links. This is especially helpful at mmWaves, where terrestrial
communication often suffers from non-line-of-sight (NLoS)
links [3]. The study in [4] suggested that it is beneficial to
use mmWaves at UAV when high data rates are required,
whereas sub-6 GHz operation is suitable when lower data
rates with broader coverage is needed. Therefore, deploying
UAVs at mmWaves is beneficial in providing more bandwidth
and strong LoS links resulting in high data rates that can be
enhanced further by beamforming and spatial multiplexing.
However, its increased power requirements, reduced range, and
computational complexity pose challenges at mmWaves.

Power consumption by the UAV is another critical fac-
tor in UAV-assisted communications because of the energy
constraints at the UAV. The rotary-wing UAVs can perform
static hovering and hence overcome the problem of beam
misalignment to a large extent, which makes them perfect
for use as low-altitude aerial base stations at mmWaves [5].
However, these UAVs consume a lot of power because of their
unique structural design, requiring more propulsion energy.
The current battery technology allows for a maximum of 1
to 2 hours of UAV operation. This duration can be extended
by powering the UAV with renewable energies. Solar energy
is one such readily available energy at UAV. For instance,
Facebook Aquila project aims to provide network coverage
by solar-powered high-altitude UAVs. In this, to cover an
area of 100 km2, the high-altitude UAV needs wing length
of at least 36 m to harvest the required solar power for
sustaining the UAV operation [6]. Therefore, with the vision
of UAV integration in 5G+ communications, it is now crucial
to investigate sustainable UAV operation at mmWave range.

II. BACKGROUND AND CONTRIBUTIONS

A. Related works

The majority of research work on UAV-assisted communica-
tion have been undertaken in the sub-6 GHz frequencies, cov-
ering optimal 3D placement, path planning, channel modeling,
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backhaul connectivity, security and privacy challenges, energy
limitations, and many other [7], [8]. However, the sub-6 GHz
study cannot be applied to mmWaves since its channel model
and antenna designs are different [9]. The investigation of the
feasibility of UAV operation at mmWaves is still in its infancy.
The study in [10], [11] conducted ray-tracing simulations using
the Wireless Insite tool by Remcom to study the urban air-to-
ground channel for UAVs deployed at low altitudes of 80-120
meters at 28 GHz and observed that coverage improves upto
certain altitudes because of better LoS connectivity that in
turn improves the achievable SNR. For different UAV heights
and blockage scenarios, the authors in [12] investigated the
mmWaves outage probability. The work in [13] studied UAV
as an aerial relay node to provide flexible aerial backhaul
links when the terrestrial links suffer blockages. However, little
consideration has been given to UAVs acting as base stations
to serve multiple users at mmWave frequency.

The work in [14] studied the optimal placement and ori-
entation of mmWave enabled UAV as a base station so that
the users have guaranteed LoS coverage. In [15], mmWaves
enabled UAV is deployed to serve multiple users over narrow-
band channels, but this work considered that each user gets
a dedicated data stream generated from a single RF chain,
thereby limiting the maximum number of users supported at
a time instant. Further, due to power constraints and limited
number of RF chains, sub-array hybrid precoding architecture
is suited for UAVs acting as base stations. Such a hybrid
precoder comprises an analog (or RF) precoder and a digital
(or baseband) precoder. In hybrid precoder, steering of the
beam induces interference to users located in other beams.
To overcome inter-beam interference the authors in [16] max-
imized the rate of each user by steering the beam towards
its dominant multipath component (MPC) while maintaining
the minimum rate constraint of the rest of the users. This
approach is feasible when the number of users is not more
than the number of RF chains. In a multi-user scenario, with
the number of users greater than the number of RF chains
available at the UAV, the work in [17] grouped the users using
cell sectoring method and served multiple users in a group
via orthogonal frequency division multiple access (OFDMA).
For this system, the authors studied the sum rate variation
as a function of deployment height, number of antennas, and
backhaul link capacity. Though the authors considered the
inter-beam interference, they used an approximated antenna
array gain pattern. Moreover, they did not use any baseband
precoder to mitigate the interference; instead considered only
subcarrier assignment optimization for the users in presence of
interference. In [18], beam space precoding via discrete lens
arrays was analyzed to reduce UAV hardware cost to support
a multi-user communication at mmWaves.

Additionally, energy efficiency is an important factor to
consider for long-term UAV-assisted communications. The
works in [19], [20] studied different energy efficient schemes
for communication with rotary-wing UAVs. To improve the
energy efficiency of UAV-assisted communication systems
at mmWaves, a set of studies targeted optimizing the re-
source allocation, coverage or trajectory optimization [21]–
[23]. Recently, sustainable solar-powered UAVs communi-

cation designs are being investigated in the literature. The
authors in [24] proposed optimal resource allocation design
and 3D trajectory route design for an energy-constrained solar-
powered UAV. The studies in [25], [26] also presented energy
efficient algorithms for a solar-powered UAV. However, the
limitations of these studies are that they focused on the sub-6
GHz band and attempted to enhance energy efficiency using
solar power harvested in real time. These studies did not look
at the solar panel size optimization for providing an energy
efficient system for serving users on a long-term basis.

B. Motivation and contribution

In this paper we consider solar-powered UAV deployed at
fixed height that act as aerial base station to provide ad hoc
connectivity at mmWaves with minimum QoS guarantee to a
non-homogeneously distributed terrestrial user population. The
user population considered is much larger than the number
of RF chains available at the UAV. We investigate the system
performance by considering practical antenna radiation pattern
and the resulting sidelobe interference, wherein we exploit the
fact that at mmWaves, large number of antenna elements can
be placed on the UAV to provide narrow steerable beams to
serve the terrestrial population.

The prior works combinedly designed the RF precoder and
the baseband precoders using zero-forcing (ZF) precoder or
minimum mean square error (MMSE) precoders to minimize
inter-user interference with a prior subcarrier allocation in a
multi-user scenario. The limitation of ZF and MMSE pre-
coders is that the objective of these precoders is to achieve
maximum sum rate, and hence do not guarantee minimum QoS
to all the users in the system. To meet the QoS requirement
while using ZF precoding, the work in [15] optimized the
power over different data streams for fully-connected hybrid
architecture. Besides the complexity of joint RF precoder,
baseband precoder, and greedy user grouping algorithm in
[15], the convergence rate of the proposed power allocation
algorithm to satisfy QoS of all the users is very slow. In
our prior work [27], we have shown that at mmWaves it is
beneficial to first group users and then perform subcarrier
allocation and baseband precoding leveraging beam squint.
Moreover, with an aerial base station capable of generating
narrow steerable beams, it is beneficial to group the users
based on their positions rather than dividing the area into
sectors as in [17].

From an energy efficiency standpoint, the closest work
that considers the effect of the UAV power limits on the
aerial communication system performance is presented in [26].
However, it considered the sub-6 GHz operation with a single
RF chain generating a fixed beam of null-to-null beamwidth of
120o. At mmWaves, the hardware power consumption caused
by a large number of RF chains is significant. Therefore, in
this work we estimate the optimal number of narrow beams
for energy efficient UAV operation for a given power budget.
Further, we find that, in addition to the power consumed by
transmission and RF hardware units, the power consumed
in UAV hovering has an effect on system energy efficiency
and hardware design parameters, such as solar panel sizing.
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When using a solar-powered UAV, the solar panel should
support UAV hovering as well as communication and battery
charging. The solar panel, on the other hand, adds weight,
which increases hovering power and thus affects the UAV
performance. To this end, solar panel design optimization is
investigated in this study for a comprehensive analysis of
sustainable UAV operation. The novel contributions and scope
of our work are summarized below.

a) A multi-user UAV-assisted communication system at
mmWaves with minimum QoS requirements is presented
for users distributed non-homogeneously over a small
region. At UAV, user grouping is carried out and the users
in one group are served by a single RF chain employing
OFDMA.

b) User grouping using k-means clustering is proposed with
adjustable beamwidth in azimuth and elevation plane.
Using Monte Carlo simulation results, it is demonstrated
that user grouping using the k-means clustering approach
outperforms user grouping using the sectoring approach.

c) Subsequently, a low-complexity joint subcarrier alloca-
tion and baseband precoder optimization is devised that
assures QoS to all users at a faster convergence rate. It
consists of an iterative algorithmic solution in which the
subcarrier allocation and baseband precoder are adjusted
iteratively to preserve the required QoS while minimizing
inter-beam interference.

d) Additionally, the estimation of the optimal number of
beams for long-term UAV-assisted communications is
presented. The effect of solar panel size on the energy
efficiency of UAV-assisted mmWaves communication is
also investigated.

e) Finally, the performance of the UAV-assisted communica-
tion system at mmWaves is compared to that operating at
sub-6 GHz, highlighting the limitation of backhaul power
on fronthaul communication at sub-6 GHz versus that at
mmWaves.

It is notable that, optimum UAV hovering system design
for solar powered communication to the ground users at
mmWaves, considered in the study, is the first basic design
optimization. Accordingly, the aspects of UAV mobility and
multi-UAV cooperation at mmWaves are not in the scope of
current study.

C. Organization
The system model is presented in Section III. User grouping

and RF precoder design optimization problems are presented
in Section IV. Subcarrier and baseband precoder optimization
with QoS constraint are presented in Section V. UAV battery
design and solar panel design are discussed in Section VI.
The simulation results are presented in Section VII, and the
concluding remarks are drawn in Section VIII.

Notations: For a vector A, A(n) indicates the nth element
of the vector. | · | denotes cardinality and O denotes algorithm
run-time complexity. [x]+ is equivalent to max(x, 0).

III. SYSTEM MODEL

The UAV communication system model and the UAV power
consumption model at mmWaves are presented in this section.

A. mmWave UAV communication system model

We consider a multi-user urban microcellular (UMi) sce-
nario, where a UAV serves a total of K users. The UAV has
a backhaul connectivity with a gNodeB (gNB) situated at a
2-dimensional (2D) distance of dUAV−gNB m. The height
of gNB is hgNB . The users are single antenna devices with
antenna gain Gr. The users on the ground are distributed in
a circular area A ∈ R2 with a radius R following the Cox
point process. When a UAV hovers in one location, it uses the
least amount of energy. Hence, we assume the UAV hovers at
a fixed position throughout the transmission duration for an
energy-efficient mmWaves system. Besides, in order to boost
fronthaul rates, UAV-to-user path loss should be minimized.
Therefore, UAVs are deployed close to users, i.e., above the
center of A at hU height, to lower the average UAV-to-user
distance during the entire communication period.

The UAV consists of NB RF units for fronthaul communi-
cation and one RF unit for backhaul connection. Also, on the
UAV we consider two set of uniform planar arrays (UPA), one
for fronthaul transmission and one for backhaul transmission.
One UPA of dimensions

√
Nt ×

√
Nt is connected to NB

RF units in fronthaul to serve the users and the other UPA
with dimensions

√
Nb ×

√
Nb is connected to backhaul unit

to generate pointed backhaul link to the gNB. At gNB,√
Ng ×

√
Ng array panel is used for establishing backhaul

link to the UAV. The response vector of an UPA at an azimuth
angle ϕ and elevation angle θ is given as

aT (f, ϕ, θ)=
1√
Nt

[
1, . . . , e

−j2πd′
λc

f
fc

sin θ[(m−1) cosϕ+(n−1) sinϕ]

, . . . , e
−j2π
λc

f
fc

d′ sin θ[(
√
Nt−1) cosϕ+(

√
Nt−1) sinϕ]

]T
∈ C1×Nt

(1)
where f/fc is the beam squint factor at frequency f , d′ is the
inter element ULA spacing, λc is the carrier wavelength, and
m and n indices represent the mth and nth antenna element,
respectively, along the x-axis and y-axis of the UPA.

Due to shadowing from buildings, the air-to-ground links
between the user and the UAV are either line-of-sight (LoS)
or non-line-of-sight (NLoS) links. In this work, we follow the
3GPP UMi street canyon LoS probability model given as [28]

P =

b∏
a=0

[
1− exp

(
−hU − (a+0.5)hU

b+1

2ω2

)]
(2)

where b = ⌊dk
√
ξς − 1⌋, dk is the 2D distance between the

UAV and the user k, and description of ς , ξ, and ω are given in
Table I. Additionally, the path loss for LoS and NLoS link for
the kth user, at a 2D distance dk from the UAV are obtained
as [10]

PLlos(dk) = aL + nL10log10(
√
d2k + h2

U ) +N (0, σ2
L) [dB]

PLnlos(dk) = aN + nN10log10(
√
d2k + h2

U ) +N (0, σ2
N ) [dB].

(3)
Here, aL and aN are frequency dependent constants, nL and
nN are path loss exponents, and σ2

L and σ2
N are shadowing
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Table I: Some important variable description

Acronym Description
aT UPA response vector
B Bandwidth
dk 2D distance of user k from the UAV
dUAV −gNB UAV to gNB 2D distance
fc Carrier frequency
fn Carrier frequency of nth subcarrier
Gr Single antenna element gain of user
G0 Single antenna element gain of UPA
hU UAV height in meters
hgNB gNB height in meters
hk User to UAV channel of user k
K User population
Lk Total number of MPCs of kth user
N0 Noise one-sided power spectral density
Nc Number of subcarriers
NB Number of RF chains/beams at UAV
Nb Total number of antenna elements at UAV for backhaul
Ng Total number of antenna elements at gNB for backhaul
Nt Total number of antenna elements at UAV for fronthaul
PLk Linear path loss of user k
R0 Minimum user rate (or QoS rate) requirements
αk,l Small scale fading gain of lth MPC of kth user
ϕk,l Azimuth AoA of lth MPC of kth user
θk,l Elevation AoA of lth MPC of kth user
Φj Azimuth HPBW of jth beam
Θj Elevation HPBW of jth beam
ϕ̄j Azimuth steering angle of jth beam
θ̄j Elevation steering angle of jth beam
P LoS probability of a link
κ Ricean parameter
ξ Ratio of area occupied by buildings to total area
ς Mean number of building per unit area
ω Building height distribution parameter
α′ Number of rotors in rotary winged UAV
β Area of a spinning blade of UAV
ρ Air density

variances respectively for LoS and NLoS links. Therefore, the
linear path loss for kth user is

PLk = 10[PPLlos(dk)+(1−P)PLnlos(dk)]/10. (4)

The mmWave wideband channel exhibits frequency selec-
tive fading. Therefore, the total bandwidth B is divided into
Nc narrowband channels. Further, the channel consists of
Lk ≪ Nt multipath components (MPCs). Thus, the channel
between the UAV and the kth user over the nth subcarrier at
frequency fn is expressed as

hk[n] =

√
Nt

LkPLk

Lk∑
l=1

αk,n,laT(fn, ϕk,l, θk,l)
H ∈ C1×Nt

(5)
where αk,n,l is complex fading gain of lth multi-path com-
ponent (MPC) over subcarrier n and ϕk,l and θk,l are angle-
of-arrival (AoA) of lth MPC in azimuth and elevation plane,
respectively, assumed to be uniformly distributed with angular
spread of σAS

T . We assume that UAV has perfect knowledge
of all users’ channel state information (CSI) and positions.

B. Power consumption model

UAV power consumption comprises three main components:
in transmission, in communication circuit board, and in UAV
motion.

Table II: Power consumption of components in a RF chain.

Component Notation Power consumption
RF transceiver PRF 293 mW per RF chain [29]
Phase-shifter PPS 0 mW per antenna [30]
Power amplifiers PPA PT /ηPA

Power amplifier efficiency ηPA 47% [31]

1) Power consumed in transmission: The transmission
power in UAV is the total power required for data transmission,
composed of the power consumed in fronthaul transmission
PT and the power consumed in backhaul communication PB .

2) Power consumption in RF module: The RF transmitting
module power consists of the power consumed in RF front end
components like analog-to-digital converter/digital-to-analog
converter (ADC/DAC), RF mixer, and local oscillator. We
denote the collection of all these components as an RF
transceiver having power consumption PRF . Phase shifters
connected to antenna elements are passive, and hence they
have zero power consumption. In addition, the power ampli-
fiers (PAs) in RF circuit boards are energy-hungry devices
with efficiency ηPA. The power consumption values and
quantities of all the components in an RF front end are listed
in Table II [29]. Therefore, the total power consumption in a
communication module is given as

PC = PT + PB︸ ︷︷ ︸
Transmission power

+ (NB + 1)PRF + ηPA(PT + PB).︸ ︷︷ ︸
Power consumed in mmWave transmission module

(6)
Here the term (NB + 1) represents the total number of RF
chains at the UAV (NB for fronthaul and 1 for backhaul).

3) Power consumption in UAV motion: In this work we
assume static UAV position hovering at height hU . Air speed
is zero during hovering and thrust balances the UAV weight
force. Therefore, the total thrust is

T = g(m1 +m2 +m3 +m4) (7)

where m1, m2, m3 and m4, respectively, represent the masses
of UAV body, battery, and solar panel, and payload, and g is
the gravity. Therefore, the hovering power required for the
rotary-wing UAV is [32]

Phover =
T 3/2

√
2αρβ

=
g(
∑4

i=1 mi)
3/2

√
2α′ρβ

(8)

where α is the number of of rotors, ρ is air density, β is the
area of spinning blade.

IV. USER GROUPING AND RF PRECODER DESIGN

We consider a two-stage hybrid precoder design. First,
the RF precoder is designed based on users’ geometric in-
formation, and then the rate performance of the system is
optimized at the baseband level. This section focuses on the
RF precoder design by grouping users. For this, we consider a
sub-array hybrid precoder architecture in which each RF unit
is connected to a set of non-overlapping antenna elements
that generates a single steerable beam. Users in each group
are served over the wideband mmWave channel by employing
OFDMA. Let Kj denote the set of users in group j, where
j = {1, . . . , NB}.
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(a) (b)

Figure 1: (a) Illustration of user grouping to partition users into Nk-means
B = 3 groups using k-means clustering. (b) Geometric illustration

of steering angles and beamwidth in azimuth and elevation planes.

The UAV divides the users into NB = Nk-means
B groups

using k-means clustering, and each group is served by one
RF beam, (Fig. 1(a)). By activating the needed number of
antenna elements in the UPA, the beamwidth can be adjusted
to optimize the coverage that is sufficient enough to cover
the users in the group. Let xm ∈ R2 denote the Cartesian
coordinates of the mth user. Then the maximum diameter Dj

of the spot covering the Kj users of jth group is

Dj = max
m,n∈Kj

(||xm − xn||2). (9)

Thus, the UAV refines each beam’s azimuth and elevation
beamwidth depending on the user positions within in the group
to focus maximum beam radiation towards the users (Fig.
1(b)). The half-power azimuth beamwidth Φj and elevation
beamwidth Θj for jth beam are the set as

Φj = tan−1 Dj/2

Rj

Θj = tan−1

(
Rj

hU

)
− tan−1

(
Rj −Dj/2

hU

) (10)

where Rj is the 2D distance of jth group center from the
UAV.√

NT ×
√
NT UPA is partitioned into Nk-means

B subar-
rays of dimensions

√
Nj ×

√
Nj such that

∑NRF

j=1

√
Nj ×∑NRF

j=1

√
Nj =

√
NT ×

√
NT . The value of Nj is determined

as follows [33]

Nj=min

(⌈ 2.782

π sin(max{Φj ,Θj}) cos(tan−1 dk

hU
)

⌉
, Nmax

)
(11)

where Nmax is the upper bound on the active number of
antenna elements in a sub-array. The steering direction of jth

beam in azimuth and elevation plane, respectively, are

ϕ̃j = E
l,k∈Kj

(ϕk,l); θ̃j = E
l,k∈Kj

(θk,l). (12)

However, the phase shifters connected to antenna elements
are controlled by b bits. Therefore, a beam can be steered
in some specified direction only. The possible the possible
steering directions can range from the set F = {2πi/2b|i =

0, . . . , 2b − 1}. Therefore, the optimal steering directions for
beam j in azimuth and elevation plane are

ϕ̄j = argmax
ϕ∈F

|ϕ− ϕ̃j |; θ̄j = argmax
θ∈F

|θ − θ̃j |. (13)

Therefore, the analog precoding matrix A of the hybrid
precoder is of the form

A = {a1, . . . ,aNk-means
B

} ∈ CNT×Nk-means
B . (14)

Here aj ∈ CNT×1 is the RF weight vector of jth beam and is
independent of frequency. For a beam steered at angle (ϕ̄j , θ̄j)
RF weights for the array are given by (15).

V. SUBCARRIER AND BASEBAND PRECODER DESIGN
WITH QOS CONSTRAINT

A. Problem formulation

In the proposed system model employing k-means cluster-
ing, the RF beams are steered in the direction of user clusters,
thus rendering them non-orthogonal. Additionally, the practi-
cal radiation pattern of a beam consists of sidelobes. Therefore,
the users in group j served by beam j will experience side-
lobe interference from the sidelobes of beam i ̸= j where
j = {1, 2, · · · , NB}.

Let B[n] = diag{bj [n]} ∈ CNB×NB and s[n] = {sj [n]} ∈
CNB×1 ∀ denote the UAV baseband precoder and unit energy
transmit signal at nth subcarrier, respectively. Here bj [n] and
sj [n] denote the complex baseband weight and input signal,
respectively, on nth subcarrier of jth RF unit. Then the
received signal over nth subcarrier at user k served by beam
j can be written as

yk[n] = hk[n]ajbj [n]sj [n]︸ ︷︷ ︸
desired signal

+

NB∑
i=1,i̸=j

hk[n]aibi[n]si[n]︸ ︷︷ ︸
inter-user interference

+zk[n]

(16)
where zk[n] is complex Gaussian noise with distribution
N (0, σ2). The baseband precoder minimizes the inter-user
interference effect at the transmitter end. A receive beamform-
ing weight equivalent to a equalizer minimizes the inter-user
interference at the user. Let uk[n] denote the linear equalizer
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aj =

{
e−j 2π

λc

fn
fc

d′ sin θ̄j[(m−1) cos ϕ̄j+(n−1) sin ϕ̄j] ∀n,m ∈
[(∑j−1

i=1

√
Ni

)
+ 1 :

∑j
i=1

√
Ni

]
,

0 otherwise.
(15)

of kth user at nth frequency. Then the estimated signal of
user k is ŷk[n] = uk[n]

Hyk ∀k, n. Subsequently, the signal-
to-interference-plus-noise ratio Γk,j [n] of kth user over the
nth subcarrier served by beam j is represented as

Γk,j [n] =
|hkajbj [n]|2Gr

N0B
Nc

+
∑NB

i=1,i̸=j |hk[n]aibi[n]|2Gr

. (17)

Therefore, the data rate of kth user over the nth subcarrier in
jth beam is rk,j [n] = (B/Nc)log2(1 + Γk,j [n]).

In this work, we consider that the backhaul link operates at
the same frequency as the fronthaul link. Since the backhaul
link is aligned and narrow, we assume the UAV backhaul
antenna panel gain Gb ≈ NbG0 and the gNB backhaul antenna
panel gain Gg ≈ NgG0. Let Rk denote the instantaneous rate
of a user k served by beam j, given by

Rk =

Nc∑
n=1

πk,j [n]rk,j [n] (18)

where the variable πk,j [n] = 1 if kth user assigned nth

subcarrier on jth beam; 0 otherwise. Moreover, the backhaul
capacity should be at least equal to the fronthaul sum rate,
i.e.,

∑
k Rk. Then the required backhaul power is

PB =
2
∑

k Rk/B − 1

|hB |2GbGgPLB/N0B
(19)

where hB and PLB are the small scale fading channel and
pathloss of backhaul link, respectively. Thus the value of PB

is a function of the instantaneous fronthaul rate that depends
on the precoding, subcarrier allocation, and PT . Additionally,
given a limit on total communication module power Plimit,
from (6) the power available for fronthaul transmission is

PT =
Plimit − (NB + 1)PRF

1 + ηPA
− PB . (20)

We optimize the subcarrier and baseband precoders to max-
imize the sum throughput with the specified QoS requirement
R0, given NB and the accompanying RF precoder design.
Therefore, the downlink sum rate optimization problem at the
UAV is represented as

(P1) : max
πk,j [n],B

NB∑
j=1

∑
k∈Kj

(
Nc∑
n=1

πk,j [n]rk,j [n]

)

s.t. C11 :

Ks∑
k=1

πk,j [n] ≤ 1, ∀n, j

C12 : πk,j [n] ∈ {0, 1}, ∀k, n, j

C13 :

Nc∑
n=1

πk,j [n]rk,j [n] ≥ R0 ∀k

C14 :

Nc∑
n=1

Tr(B[n]B[n]H) ≤ PT .

(21)

In each group in an epoch, the subcarriers are allocated only
to a subset of users k ∈ Kj that are not in complete outage.
We define kth user to be in complete outage if with unit power
max
n∈Nc

{Γk,j [n]} < Γth. Here, Γth denote the threshold value.

The above problem is non-convex since the objective function
and constraint C13 are non-convex. (P1) can be solved used
using alternating optimization method which iteratively solves
for πk,j [n] while fixing B and PT , and vice versa, until
convergence is obtained. However, this is a computationally
intensive procedure and may not guarantee convergence. Ad-
ditionally, the constraint C14 requires optimization of PT .
This is because, as given in (20), PT is a function of PB

that depends on user sum rate which in turn is an increasing
function of PT . Hence, PB and PT have positive covariance.
As a result, to solve P1 the value of PT is estimated using
golden-section search method such that sum rate is maximized
while (20) holds. The starting value of PT is chosen by
assuming negligible power consumption in backhaul, i.e.,

PT = Plimit − (NB + 1)PRF /(1 + ηPA). (22)

B. Proposed subcarrier allocation and baseband precoder
design

This subsection presents the proposed approach to find opti-
mal subcarrier allocation, UAV baseband precoder design, and
equalizer weights at the users to maintain QoS. The process is
divided in two steps. Initially assuming zero inter-user interfer-
ence, equal power per subcarrier, B =

√
PT /NcNBINB

, and
unity equalizers at users, subcarriers are allocated to the users
to maximize the sum throughput while assuring minimum
QoS to the users that are not in a complete outage. Next,
baseband precoder and equalizer weights are estimated along
with subcarrier reallocation in an iterative manner to maintain
QoS. The baseband precoder and equalizers are designed by
converting the sum rate maximization problem using weighted
MMSE (WMMSE) precoder. The cost function is used to
reallocate subcarriers.

1) Part 1: Initial subcarrier allocation: Given {A, NB},
fixing {PT }, B =

√
PT /NcNBINB

, and unity equalizers at
users in P1, we perform an initial subcarrier allocation to
maximize the sum rate while satisfying minimum QoS rate
requirements of all users assuming zero inter-beam interfer-
ence. To solve this problem we use a sub-optimum approach
leveraging the combination of direct search and external point
search that yields a sub-optimal solution close to the optimal
solution. In this, first the subcarriers are allocated to maximize
the sum rate by relaxing C13. This gives a solution that is not
from the feasible set but acts as the initial point for the search.
Thereafter, the subcarrier allocation is adjusted on user-by-user
basis to satisfy constraint C13. The steps involved in are:

(i) With the consideration of B =
√
PT /NcNBINB

∈
CNB×NB and zero inter-user interference, we calculate
rk,j [n] ∀k, n, j using (17).



7

(ii) Because of zero inter-user interference assumption, sub-
carrier allocation in each beam is carried out indepen-
dently. In beam j, each subcarrier is assigned to a user
with the best channel condition. Hence, the optimal user
assignment over nth subcarrier in jth beam is found as

k̂n,j = argmax
k∈Kj

rk,j [n] ∀n, j. (23)

As a result, πk̂n,j ,j
[n] = 1 and πk,j [n] = 0 ∀k ̸= k̂n,j .

(iii) Let K′
j ⊂ Kj represent the set of users that violate

constraint C13 from step (ii). We employ the error
minimization method to allocate subcarriers on a user-
by-user basis to all users k ∈ K′

j to satisfy C13 (unless
the user is in complete outage). The error function is
defined for all k ∈ K′

j ∀n as [34]

Ek,j [n] = (rk̂n,j ,j
[n]− rk,j [n])/rk,j [n]

where k̂n,j is the user that is initially assigned to nth

subcarrier on jth beam from step (ii). The error is
proportional to the reduction in overall sum rate.

(iv) The user k ∈ K′
j that has minimum error is allocated a

subcarrier, i.e., ñ = argmin
n

Ek,j [n]. It should be noted

that during subcarrier reallocation, a subcarrier ñ should
not be reassigned to the user k if it violates the minimum
rate requirements of the user originally allocated to ñ
subcarrier., i.e, if Rk̂ñ,j

−rk̂n,j ,j
[ñ] < R0, where Rk̂n,j

=∑Nc

n=1 πk̂n,j ,j
[n]rk̂n,j ,j

[n] is the rate of optimal user k̂n,j
over nth subcarrier on jth beam found using (23). If
Rk ≥ R0 then K′

j = K′
j/k.

(v) Steps (iii) and (iv) are repeated until K′
j = ∅ or subcar-

riers cannot be further re-assigned.
(vi) Steps (ii) and (v) are repeated for all j = {1, . . . , NB}.

Remark 1. In case |Kj | > Nc, only Nc among |Kj | users with
best channel conditions are allocated subcarriers fulfilling
their QoS rate requirements while the remaining |Kj | − Nc

users are considered in outage in that epoch.

2) Joint baseband precoding and subcarrier reallocation:
Now we iteratively design UAV baseband precoder B and user
equalizer weights u and reallocate the subcarriers. We begin
with the knowledge of initial subcarrier allocation from section
V-B1. Then at each iteration by relaxing C13 we estimate
{B,u} using WMMSE precoder to maximize the sum rate.

The steps to design baseband precoder design and equalizer
weights using WMMSE are given in Algorithm 1. Let k∗n,j
denote the optimal user assignment over subcarrier n on beam
j. For fixed (ARF , {πk∗

n,j ,j
[n]}∀n,j), the optimal baseband

precoders B and u = {uk∗
n,j ,j

[n]}∀n,j that maximizes total
rate are found by solving the given problem

(P2) : max
u,B

NB∑
j=1

Nc∑
n=1

rk∗
n,j ,j

[n]

s.t. C21 :

Nc∑
n=1

Tr(B[n]B[n]H) ≤ PT

(24)

Assuming Gaussian signaling, the rate of user k∗n,j assigned
on nth subcarrier beam in j is

rk∗
n,j ,j

[n] = log2(1 + Zk∗
n,j ,j

[n]−1
∣∣∣h∗

n,j
[n]ajbj [n]

∣∣∣2) (25)

where Zk∗
n,j ,j

[n] is the noise covariance on nth subcarrier from
rest of the beams that is given by

Zk∗
n,j ,j

[n] = σ2 +
∑
i ̸=j

∣∣∣hk∗
n,j

[n]aibi[n]
∣∣∣2 . (26)

The MMSE receiver uk∗
n,j ,j

[n], is given as [35]

uk∗
n,j ,j

[n] =
hk∗

n,j
[n]aj [n]bj [n]

Zk∗
n,j ,j

[n] +
∣∣∣hk∗

n,j
[n]aj [n]bj [n]

∣∣∣2 . (27)

Applying MMSE receiver, the error at user k∗n,j is

ek∗
n,j ,j

[n] = E
[
(uk∗

n,j ,j
[n]yk∗

n,j ,j
[n]− xj [n])

×(uk∗
n,j ,j

[n]yk∗
n,j ,j

[n]− xj [n])
H
]

=

(
1 + Zk∗

n,j ,j
[n]−1

∣∣∣h∗
n,j

[n]ajbj [n]
∣∣∣2)−1

.

(28)

Now we transform the sum rate maximization problem
P2 into weighted sum-rate mean square error (WMMSE)
minimization problem as [35]

(P3) : min
w,u,B

NRF∑
j=1

Nc∑
n=1

(
wk∗

n,j ,j
[n]ek∗

n,j ,j
[n]− log2(wk∗

n,j ,j
[n])
)

s.t. C31 :

Nc∑
n=1

Tr(B[n]B[n]H) ≤ PT .

(29)
Here, wk∗

n,j ,j
[n] denote the positive weight associated with the

k∗n,j user assigned on nth subcarrier in jth RF unit. Problem
P3 is convex in all the optimization variables. Hence, the
Lagrangian of P3 is given as

L =

NRF∑
j=1

Nc∑
n=1

(
wk∗

n,j ,j
[n]ek∗

n,j ,j
[n]−logwk∗

n,j ,j
[n]
)

− λ

(
Nc∑
n=1

Tr(B[n]B[n]H)− PT

) (30)

where λ is the positive Lagrangian multiplier. Therefore,
solving for one variable by taking partial derivative of (30)
with respect to that variable, while keeping other variables
fixed, gives a local optimal. Therefore, the optimal weights
are given as

wk∗
n,j ,j

[n] =
1

ek∗
n,j ,j

[n]
. (31)

Substituting the values of the equalizers uk∗
n,j ,j

[n], error
ek∗

n,j ,j
[n], and weights wk∗

n,j ,j
[n] in P3 we have the equiva-

lence as

(P4) : max
B

NRF∑
j=1

Nc∑
n=1

log2

1+

∣∣∣hk∗
n,j

[n]ajbj [n]
∣∣∣2

σ2+
∑

i̸=j

∣∣∣hk∗
n,j

[n]aibi[n]
∣∣∣2


s.t. C31.
(32)
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where P4 is convex in bj [n] ∀j, n. Consequently, we solve it
using KKT to obtain

b∗j [n] =
wk∗

n,j ,j
[n]uH

k∗
n,j ,j

[n]hk∗
n,j

[n]aj

ν + |uH
k∗
n,j ,j

[n]|2
∑

i wk∗
n,j ,i

[n]|hk∗
n,j

[n]ai|2
(33)

where ν is the Lagrangian multiplier corresponding to C31.
Substituting value of b∗j [n] in C31, we have

Nc∑
n=1

NRF∑
j=1

∣∣∣wk∗
n,j ,j

[n]uH
k∗
n,j ,j

[n]hk∗
n,j

[n]aj

∣∣∣2(
ν + |uH

k∗
n,j ,j

[n]|2
∑

i wk∗
n,j ,j

[n]|hk∗
n,j

[n]ai|2
)2 ≤ PT .

(34)
Here, (34) is a decreasing function of ν and
is solved using numerical methods. Therefore, if∑Nc

n=1 Tr{Bν=0[n]Bν=0[n]}H ≤ PT , then B∗[n] = Bν=0[n];
otherwise ν∗ is found using bisection search. The steps to
find baseband precoder design and equalizer of user are given
in Algorithm 1.

It is notable that solving for {B,u} using Algorithm 1
might violate minimum QoS rate constraint C13 of some
users. The use of penalty-based WMMSE precoder design
optimization is one technique to ensure C13 [36]. However,
this approach has an extremely slow convergence rate. There-
fore, we propose to jointly reallocate subcarriers to users along
with the re-design of {B,u} design such that QoS of users is
maintained. The steps are listed in Algorithm 2, which has a
faster rate of convergence.

In Algorithm 2 we traverse each subcarrier one-by-one. On
nth subcarrier, we find the set of users Kn = {k∗n,j |Rk∗

n,j
>

R0, ∀j}. If Kn ̸= ∅ then we find the cost function at nth

subcarrier defined as

ck∗
n,j

[n] = Rk∗
n,j

− rk∗
n,j ,j

[n] ∀k∗n,j ∈ Kn. (35)

Thereafter, we find the user that has the highest cost using is
selected using the relation

k′n = argmax
k∗
n,j∀j

ck∗
n,j

[n]. (36)

For the user k′n we set πk′
n,j

[n] = 0 if and only if
ck∗

n,j
> R0; otherwise go to next subcarrier. We also update

Kn, Rk and re-design {B[n],u[n]}∀n before moving to the
next subcarrier. This procedure is repeated over all the Nc

subcarriers till the convergence is achieved. The stopping
criteria of this algorithm is defined when the Rk > R0 ∀k
or each subcarrier has at most one user assigned to it and
hence, further subcarrier reallocation is not possible. If all
the subcarriers have maximum one user assigned on it and
Kn ̸= ∅, then the process is stopped even though C13 is not
fulfilled for some of the users.

Remark 2. In Algorithm 2, the WMMSE method to estimate
{B[n],u[n]}∀n is executed at most NB times per subcarrier.
So, {B[n],u[n]}∀n are estimated a maximum of NcNB times.

C. Complexity analysis

The complexity of k-means clustering for K users is
O(K2). The subcarrier allocation design in Section V-B1

Algorithm 1 WMMSE precoder

1: Input: NRF , πk∗
n,j ,j

[n]∗,ARF ,hk∗
n,j

[n] ∀k, j, n
2: Output: B[n] and uk∗

n,j ,j
[n]

3: Initialize B[n] = INB

√
PT /(NcNRF )

4: do
5: Find uk∗

n,j ,j
[n] using (27) ∀j, n

6: Find w′
k∗
n,j ,j

[n]← wk∗
n,j ,j

[n] using (31) ∀j, n
7: Find ν using (34)
8: Find bj [n] using (33) ∀j, n
9: Update wk∗

n,j ,j
[n] (31) ∀j, n

10: while
∣∣∣∣∑j logdet(

∑
nw

′
k∗
n,j ,j

[n])−logdet(
∑

n wk∗
n,j ,j

[n])

∣∣∣∣≤ϵ

Algorithm 2 Joint subcarrier allocation and baseband precoder
design with QoS constraints

1: Input: Analog precoder, Nc, {hk[n]}∀n,k, NRF , R0, K, PT

2: Output: {πk,j [n]}∗,B[n], uk∗
n,j ,j

[n] ∀k, n, j
3: Initially assume zero inter-beam interference
4: Initialize B[n] = INB

√
PT /(NcNRF )

5: Allocate subcarriers using steps in V-B1
6: Find B[n] and uk∗

n,j ,j
[n] using Algorithm 1

7: Update rk,j [n] ∀b and Rk ∀k
8: do
9: for n = 1 to Nc do

10: Find Kn = {k∗
n,j |Rk∗

n,j
> R0, ∀j}

11: while Kn ̸= ∅ do
12: Find ck∗

n,j
∀j using (35)

13: Find k′
n using (36)

14: πk′
n,j [n]← 0 iff ck∗

n,j
> R0

15: end while
16: Update rk,j [n] ∀k, j, n and Rk ∀k
17: Re-design B[n] and uk∗

n,j ,j
[n] ∀j using Algorithm 1

18: end for
19: while stopping criteria is satisfied

requires KjNc comparisons in step (ii) , (Kj−1)Nc additions
and (Kj − 1)Nc multiplications in step (iii) to find error
function, and 2N2

c comparisons for subcarrier allocation in
step (iv). Steps (ii)-(iv) are executed for j = {1, . . . , NB}.
Therefore, the total complexity of subcarrier allocation is
O(
∑NB

j=1(2(Kj − 1)Nc +KjNc +2N2
c )). The dominant com-

putational term in WMMSE precoder design results from the
multiplication of hk∗

n,j
[n] and a∗j terms for all the beams.

Let ζI denote the iterations required for convergence of
Algorithm 1. Then the total complexity ofr WMMSE precoder
is O(ζηζINTNBN

2
c ). Further, in Algorithm 2 the number of

iterations of convergence is limited to ζP = NcNB . Therefore,
the overall complexity of proposed joint subcarrier and base-
band precoder design in Algorithm 2 is O(ζP ζINTNBN

2
c ).

VI. UAV SOLAR PANEL DESIGN

In addition to optimal user grouping and baseband signal
processing, the UAV hardware also impacts the overall energy
efficiency of the system. To sustain UAV operation for a longer
duration we consider solar energy harvesting. When there is
no solar insolation (eclipse mode), the UAV payload consists
of a battery that supplies backup power. When solar insolation
exceeds the minimum needed level, the battery is recharged
using solar panels. Let the solar insolation is available for a
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duration of Ts hours. During eclipse mode of Tc duration the
battery sustains the UAV operation. It is worth noticing that
solar panel has weight that increases UAV hovering power
thereby reducing the energy efficiency of the system. This
section describes the design of the UAV solar panel for a
sustainable long-term UAV operation.

The solar photovoltaic (PV) system consists of a PV array
composed of solar panels connected in series and parallel
combinations and a maximum power point tracker between
the battery and the PV array to regulate the solar energy. The
foremost requirement to design a PV system is to estimate the
total load requirement. During the the solar insolation period
Ts, the PV system charges the battery as well as supports
the UAV operation. Let CB denote the battery capacity in
amp-hour and µc be the battery charging rate. Then, the total
watt-hours requirement from solar panels is

TWH = CB/µc + (PC + Phover)Ts. (37)

Thus, UAV hovering power consumption Phover from (8) is

Phover(WUAV ) =
W

3/2
UAV√

2gα′ρβ
(38)

where the total UAV weight given as

WUAV = (WB +WPV +W0) kg (39)

Here, WB is battery weight, WPV is PV array weight, and
W0 is the sum of weight of the different components of UAV
hardware units like servomotor, engine, and RF circuit as listed
in Table III. It is notable that Phover is function of WPV .
On the other hand, the value of WPV depend on Phover.
Therefore, estimating solar panel size is an iterative process
which is presented in Algorithm 3. The calculation of battery
weight WB and solar panel weight WPV follows.

A. Battery weight

During eclipse mode, the total UAV power consumption is
PTot = PC+Phover W. Let µd denote the battery discharging
rate, Vu denote the operating voltage. Then, for the battery to
support UAV operation during eclipse mode we have

CBµdVu = TcPTot ⇒ CB = TcPTot/(µdVu). (40)

A battery of capacity CB is made up of small cells of capacity
Cb, i.e., CB = NbCb, where Nb is the number of cells. With
per unit battery weight Wb, the total battery weight is

WB = m2g = NbWb. (41)

B. Solar panel weight

Number of solar cells in parallel Nparall depends on the
voltage rating of a solar cell Vs, voltage rating of the battery
Vb, and the voltage rating of the UAV Vu. Therefore,

Nparall = ⌈max(Vb, Vu)/Vs⌉ (42)

The number of solar cells in series Nser depends on UAV
load and the available radiation. Let the average radiation level
per solar cell during solar insolation hours be Is W/m2/hr,
charging efficiency of PV array be ηs, and per unit area of a

Table III: UAV design specifications

Component Quantity Unit weight
Li-ion battery (Wb) Nb 0.0465 kg [37]

Solar cell (WS ) Nser ×Nparall 0.0065 kg [38]
Servomotor 4 0.0098 kg [39]
Main engine 1 0.055 kg [39]
RF circuit 2 0.026 kg [39]

solar cell be As. Then, the number of solar panels in series
Nser required to satisfy estimated demand is found as

Nser =

⌈
Total watt-hour required

Watt-hour produced per cell

⌉
=

⌈
TWH

AsIsTsηs

⌉
.

(43)
Therefore, if WS is the unit solar cell weight, then the total

weight of the PV array is

WPV = m3g = NserNprarallWS . (44)

VII. RESULTS AND DISCUSSION

This section presents the numerical results and discussion
of the various results to study the proposed system model.
The results are generated in MATLAB using Monte Carlo
simulations. Users are distributed using the Cox point process
over a circular area of radius R = 100 m. The value of
other system parameters considered in the system simulation
setup are given in Table IV. The analysis for both mmWaves
and sub-6 GHz range are carried out. The superscript ‘mm’
denotes the mmWave parameter, and the ‘sub’ denotes sub-6
GHz parameters.

Algorithm 3 Solar panel design
1: Input: µd, µc, ηs, Tc, Ts, Nb, and CB

2: Output: Nb and Nser

3: Initialize Nser = 1, P0 =∞, and Phover = 0.2818
4: while |Phover − P0| < 0.0001 do
5: P0 ← Phover

6: Find Nser using (43)
7: Calculate WPV

8: Update Phover by using (39) and (44) in (38)
9: end while

Table IV: Simulation parameters

Parameter Value Parameter Value
Nc 64 K 30
fc 5 GHz, 28 GHz N0 −174 dBm/Hz
Bmm 400 MHz Bsub 20 MHz
Nmm

t 64× 64 Nsub
t 12× 12

Nmm
b 8× 8 Nsub

b 2× 2
Nmm

g 8× 8 Nsub
g 2× 2

ηmm
PA 47% [31] ηsubPA 60%[40]

κmm 12.6 dB κsub 0 dB
hU 100 m dUAV −gNB 400m
hgNB 30 m ς 500 [41]
R0 {1, 2, 5, 10, 20} Mbps Nmax

B 64/NB

ξ 0.3 [41] ω 15 [41]
α′ 4 [24] β 0.045 m2 [24]
ρ 1.225 kg/m3 [24] Cb 2000 mAh
As 125× 125 mm2 Is 1.37 KWH/m2

µd 80% µc 20%
Vs 6 V Vu 12 V
Vb 12 V ηs 22%
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A. Sectorization versus k-means clustering at mmWaves

Let σspread = 360o/χ represent the angular spread of the
users over A, where, χ ∈ (1, 360) is the skewness parameter.
When χ = 1, the users are uniformly distributed over 360o;
when χ = 360 the users are confined to an angular area of 1o

and the skewness is maximum.
Further, for serving a number of users which is greater

than the number of RF chains at the UAV, we compare the
proposed user grouping using k-means with the sector based
user grouping scheme in [17]. To form identical sectors, we
the place UAV at the center of the area A. In [17] it is shown
that the lateral projection of a 3D beam can be approximated
close to a sector formation. Therefore, for the sectorization of
an area, we consider that each RF beam covers a single sector.
Subsequently, the area A having total K users is divided into
sectors equal to the number of RF beams NB = N sector

B at the
UAV, as shown in Fig. 2. Therefore, the half-power azimuth
beamwidth Φ and half-power elevation beamwidth Θ are equal
for all the beams and are given as

Φ =
360o

N sector
B

; Θ = tan−1

(
R
hU

)
− tan−1

(
R−R0

hU

)
(45)

where R is radius of area A and R0 is the interior radius
beyond which no beam coverage can be extended, as shown
in Fig. 2. Hence, the

√
NT ×

√
NT UPA is divided into N sector

B

non-overlapping subarrays of equal dimensions
√
Ne ×

√
Na,

where Ne and Na denote the number of active antenna
elements in elevation and azimuth plane, respectively. The
values of Ne and Na are determined as follows [33]:

Ne = min
(⌈ 2.782

π sin(Θ) cos(tan−1(dk/hU ))

⌉
,

NT

N sector
B

)
Na = min

(⌈ 2.782

π sin(Φ) cos(tan−1(dk/hU ))

⌉
,

NT

N sector
B

)
.

(46)
Consequently, steering directions of jth beam in azimuth and
elevation plane, respectively, are

ϕ̄j =
1

2

360o

Φ
+ (j − 1)

360o

Φ
; θ̄j = tan−1

(
R/2

h

)
. (47)

The analog precoding matrix A of the hybrid precoder is
obtained by substituting these values in (15).

Figure 2: Illustration of user grouping by partitioning the area into
N sector

B = 8 sectors with each sector served by one RF beam.

Figure 3: Plot of gain in geometric mean rate ∆GR achieved by
using k-means clustering over sectoring approach at mmWaves, given
Plimit = 5 W and NB = Nk-means

B = N sector
B .

Let ∆GR = Gk-means
R −Gsector

R , where Gk-means
R and Gsector

R

respectively denote the geometric mean rate achieved with
user grouping using k-means clustering and sectoring method.
Geometric mean is given as GR = (

∏K
k=1 Rk)

(1/K).
Fig. 3 shows the variation of ∆GR as a function of skewness

parameter χ for different number of RF units NB at the
UAV. We observe that the value of ∆GR increases with
skewness since all of the users are concentrated over a smaller
area. In the sectoring approach, the closely located users are
served by number of beams N ′

B < NB that have users in
corresponding sectors. Therefore, it is not able to exploit full
spatial multiplexing gain. On the other hand, the proposed user
grouping with k-means clustering uses full degree of spatial
multiplexing by dividing the users into the available number
of beams. It is notable that, in k-means clustering the number
of beams NB decides total number of user groups, whereas in
sectoring NB decides the total number of sectors. Moreover,
the adjustable beamwidth and beam steering with k-means
clustering method allows to direct maximum energy and beam
towards the users to maximize the sum rate. Thus, sectoring
approach is not suitable for mmWave UAV communications.

B. Performance of the proposed joint subcarrier and baseband
precoder algorithm

We compare the performance of the proposed joint subcar-
rier optimization design method, named as ‘Proposed based
design’, over a benchmark method, which we call ‘Penalty
based design’ [36]. In penalty based method subcarrier al-
location and baseband precoder design occurs separately.
Subcarrier allocation occurs using error based method as
given in Section V-B1, and baseband precoder and equalizers
are estimated using penalty based WMMSE optimization to
maintain QoS. Penalty based design optimizes the baseband
precoder such that it increases the rate of all users that have
Rk < R0 while decreasing the rate of users having Rk > R0,
so that the sum rate is maximized and the users in bad channel
conditions achieve Rk > R0. In contrast, joint subcarrier and
baseband method (Algorithm 2) achieves QoS by removing
a user k′n (cf. (36)) that has Rk ≫ R0 on a subcarrier and
allocating it to another user. Therefore, as shown in Fig. 4(a),
joint subcarrier and baseband method results in proportional
rate allocation among the users. Furthermore, as shown in



11

(a) (b)

Figure 4: (a) Comparison of user rates achieved with proposed joint subcarrier and baseband design algorithm and penalty based design
algorithm at mmWaves. (b) Illustration of the convergence of rate of users with penalty based design algorithm. Here, rate convergence of
only those users is shown that initially had Rk < R0.

Fig. 4(b), the number of iterations required for convergence
of WMMSE precoder for penalty based design is quite high.

Besides, we first designs an RF precoder followed by
joint subcarrier allocation and baseband precoder optimization.
In contrast, works in the contemporary literature [42] first
assign subcarriers and then schedule users using joint RF and
baseband precoding to maximize sum throughput. Therefore,
as a benchmark comparison we consider a system in which
users are assigned subcarriers while meeting a minimum QoS
constraint, and then RF and baseband precoders are optimized
to minimize inter-user interference. Additionally, after precod-
ing optimization power allocation is adjusted to maintain user
QoS [15]. Fig. 5 shows that our proposed subcarrier allocation
and precoding scheme offers a significantly higher GR than
the benchmark scheme over different values of χ. This is
because in a benchmark system, the user with the best channel

Figure 5: Performance comparison of the proposed subcarrier and
precoder algorithm over the benchmark scheme [15] at mmWaves,
given Plimit = 5 W.

Figure 6: Illustration of geometric mean rate R̄ as a function of
number of beams NB at mmWaves, given Plimit = 5 W, and χ = 1.

receives the maximum rate while the rest of the users receive
the minimum rate, resulting in poor user fairness GR.

C. Optimal NB selection at mmWaves

As the number of beams increases, the power per beam
decreases, and the RF power waste increases as given by (6).
On the other hand, an increasing number of beams allows
enhanced spatial multiplexing and narrow beams of higher
directivity to cover the same set of users. As a result, the power
requirements for UAVs and the achievable rates at mmWaves
depend on NB . Given Plimit, GR is a concave function of
NB , as seen in Fig. 6. Thus, there exists an optimal number
of beams that provide the best performance while ensuring that
all users receive minimum rate support. We estimate optimal
N∗

B in this paper by solving P1 for different values of NB . The
value of NB determines the number of user groups that can
be formed and the RF precoder design that accompanies it, as
discussed in Section IV. Subcarrier allocation and baseband
precoder are designed as described in Section V-B for each
value of NB . Furthermore, we investigate the optimal number
of beams selection at UAV using the geometric mean rate
measure. The choice of NB is also influenced by R0. The
value N∗

B drops as R0 is increased.
Further, Fig. 7 shows that for a given value of NB , the value

of GR increases as Plimit increases, which is quite intuitive.
On the other hand, the optimal N∗

B is a non-linear function
of Plimit. To this end, operating at the optimal number of
RF units N∗

B for maximum performance gain is crucial for a
long-term UAV operation.

Figure 7: Plot of optimal N∗
B value as a function of available power

Plimit for transmission module at UAV at mmWave range for χ = 1.
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Figure 8: (a) Convergence of Phover and Nser when PTot = 5 W. (b) Illustration of energy efficiency of UAV with and without considering
solar panels weight optimization.

D. Analysis of solar panel design at mmWaves

We also investigate the solar design aspects for a compre-
hensive view. As discussed in Section VI, the weight of a UAV
increases with the number of solar cells, thus requiring more
hovering power that corresponds to an increased solar panel
size to sustain UAV operation. This is illustrated in Fig. 8 (a).
We set PTot = 5 W, Ts = 8 hours, Tc = 16 hours for this
simulation result, and the remainder of the design parameters
are listed in Table IV. Fig. 8(b) shows the reduction in energy
efficiency during eclipse mode because of additional weight
of solar panel that increase Phover, and hence resulting in
reduced power available for the communication module. The
curves in Fig. 8(b) are not smooth because the number of solar
panels is an integer variable. Also, as shown in Fig. 8(b) UAV
is energy efficient when it is operated at PTot = 5 W.

E. UAV communication performance comparison at sub-6
GHz versus at mmWaves

We also study the UAV performance and power require-
ments at the sub-6 GHz range for a comprehensive analysis. In
simulations, we keep same antenna aperture for both the sub-6
GHz and mmWave systems. Hence, when Nmm

t = 64 × 64
at mmWaves then Nmm

t = 12 × 12. Also, 3GPP new radio
(NR) defines a sector of 60o ∼ 65o beamwidth in sub-6 GHz
range. Therefore, in this work we consider Nsub

B = 6.
Notably, higher frequencies allow packaging of many an-

tenna elements, thereby providing high beam gain and reduced

Figure 9: Comparison of R̄ at sub-6 GHz and mmWaves at the UAV
as a function of Plimit and illustration of PB at sub-6 GHz. Here,
χ = 1, R0 = 1 Mbps, Nsub

B = 6 , and Nmm
B = N∗

B (the optimal
value that gives best performance at mmWaves).

transmit power. Moreover, a dedicated antenna panel with a
large number of antenna elements is used at mmWaves to
generate a pointed backhaul link. Along with that, mmWave
operation offers bandwidth of around 400 MHz. As a result,
the backhaul power at mmWaves is significantly less, on
the order of mW. Consequently, more power is available for
fronthaul transmission. In contrast, sub-6 GHz allows a small
number of antenna elements resulting in low beam gain and
thus, requiring high transmit power. Additionally, sub-6 GHz
requires high power in backhaul PB (Fig. 9) and thus reduced
power available for fronthaul communication. Therefore, as
shown in Fig. 9, the geometric mean rate GR is higher at
mmWaves than at sub-6 GHz range for the same power budget
Plimit. Further, the value of PB limits the overall fronthaul
rate at sub-6 GHz. For example, when the total backhaul rate
is 0.4 Gbps in sub-6 GHz range, PB is as high as 8.45 W.

VIII. CONCLUSION

This paper has demonstrated that low-altitude UAVs serving
multiple users via OFDMA at mmWaves offer more than
double the rates achieved at sub-6 GHz frequency for the same
UAV power budget. This gain is due to increased gain from
large antenna arrays and high bandwidth at mmWaves. It is
also shown that grouping users using k-means clustering and
adjusting beam coverage to target maximal radiation on the
users is superior to sectorizing the area from both rate and
energy efficiency perspective.

Accordingly, an RF precoder for the sub-array hybrid pre-
coder architecture is designed. A combined subcarrier and
baseband precoding technique is also proposed for the sub-
array hybrid precoding architecture. It has a faster convergence
rate and provides fair rate allocation to the users while meeting
the minimum rate guarantee. To design baseband beamforming
weights and equalizers, WMMSE method has been used to
reduce inter-beam interference. It is also verified that with a
given power budget, increasing the number of RF chains does
not necessarily increase the system performance as the asso-
ciated power waste in the RF circuitry increases. Moreover,
the number of beams should be optimized for a sustainable
operation for energy-constrained UAV-assisted communica-
tions at mmWaves. Finally, aiming at long-term UAV-assisted
communications at mmWaves, the battery capacity and solar
panel have been jointly optimized for the solar-powered UAV
acting as an ambient powered 3D wireless base station.
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