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Abstract—Unmanned aerial vehicle (UAV)-enabled cellular
architecture over millimeter wave (mmWave) frequency band is
likely to be the best solution for on-demand high data rate service
provisioning in the next generation communication networks. The
beam formed by mmWave antenna array is highly directional and
requires multiple beam scans to cover the entire area. This work
presents a novel sectoring approach to ensure coverage of the
whole area. The side lobe gain of antenna array is taken into
consideration, which generates substantial interference in other
sectors. The expression for probability distribution of signal-to-
interference-plus-noise ratio due to simultaneous transmissions in
different sectors is derived in downlink communication scenario.
To limit interference in concurrent transmission strategy, a
threshold on power spillage from adjacent sectors is placed. For
this topology, resource allocation problem is formulated aiming to
maximize the sum rate while ensuring minimum rate guarantee
to each user. It is observed that sum rate variation with height is
unimodal. The sum power and backhaul capacity constraints
are accounted. This optimization problem is a mixed-integer
non-convex programming. Hence, it is solved using Lagrangian
dual decomposition method, which provides asymptotic global
optimal solution. Since this method is computationally intensive, a
sub-optimal solution is proposed. Simulation results demonstrate
convergence to an optimal solution, and it is observed that
backhaul link capacity restricts the sum rate. Numerical results
are presented for multiple representative field environments
consisting of different types of built-up areas. It is observed that
the transmitter antenna array sidelobe has a strong impact on the
performance as compared to the ideal scenario without sidelobe,
which overestimates the total sum rate by a factor of 3.

Index Terms—mmWave, unmanned aerial vehicle, subcarrier
assignment, resource allocation, non-convex optimization.

I. INTRODUCTION

In the next generation communication network, to support
various internet of things (IoT) devices used in different appli-
cations, such as, health monitoring, industry automation, dis-
aster rescue, personal entertainment, and autonomous driving,
several orders of magnitude increase in data rate is expected
[1]–[3]. These applications have very stringent quality-of-
service (QoS) requirements, such as very high throughput,
very low latency, and very high reliability. Huge bandwidth is
required to satisfy these constraints, which is not impossible
with the existing microwave based cellular framework due
to the spectrum crisis [4]. To this end, the millimeter wave
(mmWave) frequency spectrum that lies between the mi-
crowaves and the infrared waves is being explored to support
the data-intensive applications in 5G-and-beyond networks.
Significantly large bandwidth, low interference, small compo-
nent size, low cost, are some outstanding features of mmWave,
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that make it suitable for bandwidth-intensive applications.
Moreover, a large number of antenna elements can be packed
in a small physical dimension, which also helps in miniaturiza-
tion of devices. The efforts on standardization of mmWave are
making progress, with already available standards like IEEE
802.11ad [5] and wireless HD [6].

Notwithstanding the above-mentioned advantages, blockage
from the physical objects, such as trees and buildings, is a
major drawback of mmWave. Besides, severe attenuation due
to smaller wavelength and high absorption as well as pene-
tration loss from obstacles limits the transmission range [7].
However, the penetration loss can be overcome in mmWave
by deploying multiple antenna elements at both transmitter
and receiver ends, which offer a high directive gain. Thus,
the advantages and tunable features of mmWave make it a
suitable technology to satisfy the stringent QoS requirements
in the upcoming data-intensive applications.

A. Related works

Recently, mmWave communication network has received a
lot of attention from both industry and academia. Previous
works mainly focused on channel measurement [8], [9], sys-
tem performance analysis [10], [11], interference management
[12], [13], wireless backhaul [14], [15], and resource allocation
[16], [17]. Statistical channel models for mmWave bands were
reported in [8] using extensive experimental measurements
in indoor and outdoor environment scenarios. Remarkable
increase in capacity over current state-of-the-art 4G networks
was demonstrated in [9]. Coverage and rate support were
analyzed in [10] by considering the deployment of base
stations (BSs) as point process, with both line-of-sight (LOS)
and non-line-of-sight (NLOS) BSs modeled as independent
processes. Spatial frequency reuse and interference level were
evaluated in mmWave indoor wireless network [11], whereas
dynamic beam switching and static beam selection schemes
were presented in [12] to overcome the effect of interfer-
ence caused by multiuser simultaneous transmission. In these
works, it was observed that interference from simultaneous
transmission to multiple users can be limited significantly by
effectively coordinating the transmitting beams.

The use of mmWave spectrum has also been explored for
high-capacity wireless backhaul link to small-cell BSs [14]
and relays [15]. A beam alignment method using hierarchical
codebooks were presented in [14] to increase coverage of a
narrow beam. The authors in [15] designed a wireless relayed
backhaul in the mmWave frequency band to enhance coverage
range. Joint power and channel allocation was studied in
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[16] for smart home mmWave network to deliver multimedia
content, with an objective to maximize the network utility. The
study in [17] proposed to maximize the minimum throughput
of each user in an indoor mmWave networking scenario. The
use of microwave and mmWave band dual-mode BS was
studied in [13], where significant improvement in number of
served users was observed.

Although high directivity improves the performance of users
having line-of-sight (LOS) connectivity with the transmitter,
the performance of users located in non line-of-sight (NLOS)
regions is of concern. This issue becomes severe with the static
deployed BSs, because the users with NLOS connectivity will
continue to suffer. To overcome this issue, mobile BS mounted
on an unmanned aerial vehicle (UAV) is a potent alternative.
The choice of UAV lies in its several properties, such as
excellent maneuverability, remote controllability, low cost,
lightweight, and programming flexibility [18], [19]. These
features allow the UAV-mounted BS to change its location
as well as altitude to ensure better connectivity to the users
[20], [21]. In addition, they do not require any pre-installed
infrastructure; they can be deployed within a short time span.
Thus, UAV-mounted BS is a cost-effective and reconfigurable
architecture to facilitate wireless connectivity. This is an effec-
tive solution especially in hard-to-reach deployment scenarios
having no electricity and cellular infrastructure. Further, UAV-
mounted BS plays a pivotal role in ensuring performance
guarantee in the areas with temporarily insufficient capacity of
the conventional communication infrastructure, such as during
social or sports gathering; mitigating traffic overloading, and
disaster relief scenarios.

Recently, the use of UAVs as aerial BSs in 4G LTE for
providing wireless coverage have gained considerable attention
[22]–[26]. A 3-D cellular architecture, for UAV-enabled BS
along with network planning, full coverage, and frequency
reuse factors were derived [22]. Optimal deployment algorithm
was proposed to maximize the quantity of covered users
with a minimum power budget [23]. In [24], performance
analysis of a UAV-mounted BS coexisting with device-to-
device network was carried out by evaluating sum rate and
coverage probability. An algorithm was proposed to estimate
the optimal deployment height satisfying coverage, backhaul,
and traffic load constraint [25]. Different UAV control mech-
anisms along with protocol architecture for hierarchical UAV
networks are presented in [26] To this end, we believe that,
the UAV-mounted BS operating at mmWave frequency bands
will be a promising architecture to satisfy the stringent QoS
requirements in upcoming wireless networks.

The concept of mUBS was employed in [27]–[36] to fulfill
stringent user QoS requirements. In [27], optimal resource
allocation problem for uplink non-orthogonal access to UAV-
enabled BS is solved by considering subchannel assignment,
transmit power, and UAV flying height. The work in [28]
maximizes the achievable sum rate of all users, subject to a
minimum rate constraint for each. A non-orthogonal multiple
access scheme was proposed in [29] to simultaneously serve
multiple users during a temporary sports event. An algorithm
to find optimal coverage radius and efficiently allocate radio
resources in UAV-aided heterogeneous cellular network was

presented in [30]. The study in [31] proposed to deploy
UAV as an aerial relay node to enable dynamic routing in
mmWave backhaul links, thereby mitigating blockage due to
random mobility of blocking users. In [32], the locations of
transceivers in downlink and uplink were modeled respectively
using Poisson point processes and Poisson cluster processes to
derive closed-form expressions of the coverage probability in
the uplink and the downlink. A tractable three-dimensional
(3D) spatial model was proposed in [33] for evaluating the
average downlink performance of UAV networks at mmWave
bands. In [34], outage probability was evaluated at mmWave
and at sub-6 GHz frequency in different blockage environ-
ments and UAV heights, to address the capacity demand of
the fronthaul network. In [35], joint downlink simultaneous
wireless information and power transfer and uplink infor-
mation transfer in UAV-assisted mmWave cellular networks
was presented. The authors in [36] studied secure mmWave
communication assisted by multiple UAV-enabled relays and
jammers, where multiple eavesdroppers on ground are ran-
domly distributed. For a quick summary, a brief highlight of
the main features considered in these reported works related
to mUBS vis-a-vis our current study is presented in Table I.

B. Motivation and contributions

We consider deployment of mUBS over mmWave bands for
communication service to a large gathering of user population,
such as in sports events or social congregations, where there
is a short and sudden increase in data traffic demand. A
large number of antenna elements can be placed on mUBS
due to smaller wavelength of mmWave bands, which offers
directive and steerable beams with very high gain. Although
the main lobe provides very high directivity, the negative effect
of side lobes cannot be neglected as they cause interference in
adjoining areas. The works reported in [29]–[31] assumed an
idealized model of antenna array gain and neglected the effect
of side lobes, which is not the case in real-life deployments.
Ignoring the effect of side lobes may lead to under-resource
provisioning, and hence this parameter should be taken into
account while analyzing the system performance. Further,
the works reported in [28]–[30], [32]–[36] do not consider
capacity limitation of the backhaul link, although the mUBS
is provisioned as an aerial relay node working to provide a
flexible and reconfigurable backhaul connectivity.

This paper deals with dynamic resource allocation for
mUBS by considering the practical constraints, thereby aiming
to design a more realistic system. In view of data-intensive
services, the analysis in the paper also provides an estimate on
the backhaul link capacity that is required to be made available
while planning mmWave-based cellular network.

The major contributions of this work are as follows:
• A sectoring method to cover a given region is presented

and a closed-form expression for the required number of
antenna array elements is evaluated. Probability distribu-
tion of signal-to-interference-plus-noise ratio (SINR) is
obtained by accounting for the antenna side lobe gain.

• Concurrent transmission in each sector through multiple
antenna sub-arrays will generate interference to the users
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Table I: A brief summary of main features considered in different reported works as compared to the proposed approach.

Feature Prior Art Current Work
Interference due to antenna side lobes Considered in [32], [34], [35], [36] Considered

Not considered in [27], [28], [29], [30], [31], [33]
Capacity of backhaul link Considered in [31] Considered

Not considered in [27], [28], [29], [30], [32], [33], [34], [35], [36]
Rate guarantee to each user Considered in [28], [29], [30] Considered

Not considered in [27], [31], [32], [33], [34], [35], [36]

in other sectors through the side lobes, whereas trans-
mission in purely time division approach will incur high
latency and is inefficient in spectrum usage. To achieve
a trade-off we use interference-limited transmission strat-
egy, where the interference caused through side lobes is
restricted within a threshold.

• An optimization problem is formulated to maximize the
sum rate achieved by all the users considering a minimum
rate guarantee and backhaul link constraint. To solve
this mixed-integer non-convex programming, Lagrangian
dual decomposition method is presented which offers
asymptotically global optimal solution due to zero duality
gap for large number of subcarriers. Also, a sub-optimal
solution motivated by water-filling analogy is presented,
which is computationally efficient.

• The simulation results are presented to assess the per-
formance of mUBS. It is observed that, interference-
limited simultaneous transmission based mUBS can serve
a large number of users with a minimum rate requirement
and limited power budget. The asymptotically-optimal
and proposed low-complexity sub-optimal solutions are
shown to perform significantly well with respect to the
two benchmark schemes, namely, random subcarrier al-
location and equal power allocation.

C. Scope

It is notable that, the primary focus in this study is to evalu-
ate the maximum achievable downlink sum rate in a terrestrial
cell area served by a mUBS under practical antenna radiation
patterns. While the sum rate performance is expected to be
poorer in presence of UAV hovering and other environmental
uncertainties, accounting for these factors is out of scope of
the current work.

D. Organization

The rest of the paper is organized as follows. Section II
presents the antenna array model and sectoring method along
with the analytical derivation of probability distribution of
SINR. The optimization problem formulation and the different
solution techniques are presented respectively in Sections III
and IV. Numerical results for the proposed solution methods
are discussed in Section V. Finally, concluding remarks are
drawn in Section VI. Table II lists all the major notations
used in the paper along with their descriptions.

II. SYSTEM MODEL

Fig. 1 shows a typical deployment scenario of mUBS over
mmWaves, where mUBS is deployed to serve a sudden surge

Table II: List of major notations with their description.

Ra Radius of circular coverage area
h Hovering altitude of mUBS
N Number of antenna array elements
φ Azimuth direction angle for antenna array
θ Elevation direction angle for antenna array
θi Offset angle
θh Half beam width in azimuth direction
d Absolute distance between mUBS and ground user
Gtx Gain of the transmitter antenna
Grx Gain of the receiver antenna
Ptx Transmit power of mUBS
Hn

k Square of downlink channel gain to user k over subcarrier n
Pn
k Power transmitted over subcarrier n while serving user k
rn,k Data rate for user k over subcarrier n
πn,k User-subcarrier association variable
Ro Minimum rate guarantee to each user to maintain fairness
Rbh

max Capacity restriction of backhaul link of mUBS
Ith Interference limit in downlink transmission for each sector
α, β, γ, ζ Lagrange multipliers
δ(i) Step size at ith iteration

Backhaul link
mUBS

Directional downlink
coverage

Figure 1: System model for wireless coverage provisioning through
mUBS in congested area.

of traffic demand from a temporary gathering of user popula-
tion. The antenna array mounted on mUBS serves the users
located in a circle of radius Ra through directional beams.
The UAV is considered hovering at altitude h and wirelessly
connected to a terrestrial BS for backhaul connectivity.

The usage of UAV has several benefits in high data rate
demand scenarios. UAV offers LOS connectivity to the users
in the fronthaul link and it can adjust its altitude according
to the user data demand in order to satisfy the QoS. Apart
from this, it requires a backhaul link with sufficient capacity
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to fulfill the demands of users. Excellent maneuvering ca-
pability of UAV enables it to establish a LOS connectivity
with the neighboring traditional cellular BS to enhance the
capacity of backhaul link. Further, UAV-enabled BS offers a
re-configurable architecture for providing on-demand service
within a short time span. Multiple UAVs or a swarm of UAVs
can also be deployed quickly if a single UAV is not able
to satisfy the QoS. These features cannot be realized by a
terrestrial BS which is statically deployed at a fixed altitude
and hence cannot always ensure LOS connectivity to the users
due to surrounding infrastructure and obstacles.

A. Antenna array model

An antenna array comprises of a set of small radiating
elements to ensure a specific radiation pattern. The total
electric field generated by the array is a vector sum of the
field by individual elements. The fields add constructively in
the main lobe and hence have high gain, whereas the side lobe
fields add non-coherently and hence have less gain. Thus, a
uniform antenna array having equally spaced antenna elements
with equal feed current can be modeled to act as a single
directional antenna. In this work, planar antenna array is used
to facilitate mmWave communication.

1) Uniform square array: A square planar antenna array
can be formed by placing multiple linear arrays beside each
other. The antenna arrays have a uniform spacing of half-
wavelength, which avoids the unnecessary grating lobes other
than the main lobe. It is notable that a square antenna
geometry is chosen among the other possibilities (e.g. linear
array, circular, etc.), because from standard antenna theory
it has been proven that, to pack a particular number of
antenna elements with half wavelength spacing, square array
requires the least area and hence the least size requirement
on UAV. For an array with asymptotically large number of
antenna elements, the gain in the main beam is equal to N ,
where N is the number of antenna elements. Further, the
half power beamwidth in both azimuth (φ) and elevation (θ)
plane is equal to π√

N
[37]. The antenna gain F (θ, φ) is a

function of elevation angle (θ ∈ [−π/2, π/2]) and azimuth
angle (φ ∈ [−π, π]). As the total energy is conserved in
electromagnetic transmission, the antenna gain function must
satisfy:

∫ π
−π
∫ π/2
−π/2 F (θ, φ) cos(θ)dθdφ = 4π. Then, the gain

in main and side lobe is evaluated as follows:

F (θ, φ) =


N, if θ ∈ [−

√
π
N ,+

√
π
N ]

and φ ∈ [−
√

π
N ,+

√
π
N ],

1−
√
N
2 sin π

2
√
N

1−sin π
2
√
N

, otherwise.

(1)

A pictorial depiction of derived antenna gain pattern in (1) is
shown in Fig. 2(a).

2) Lateral projection of antenna beam on ground: Based
on the radiation pattern of antenna, it is important to evaluate
the area covered by antenna radiation on ground plane. The
area covered by a lateral projection from mUBS could be of
two types, as shown in Fig. 2(b) and Fig. 2(c).

For the first case (see Fig. 2(b)), some area in a patch re-
mains uncovered. The critical parameters, i.e., inner and outer

φh

θh

Main Lobe

Side Lobe
(a)

x

y

z

θi

θh

φh

h

h· tan θi

h· tan(θi + θh)

(b)

x

y

z

h· tan(θ
h )

θh

φh

h

(c)

ϕ

1

2
3

|S|

(d)

Figure 2: (a) The beam formed by directional antenna array; two
possible lateral projections of antenna beam on ground in (b) and
(c); (d) partitioning of a given circular area into different sectors.

radius, are respectively h tan(θi) and h tan(θi + θh), where
θi is the offset angle and θh would be the half beamwidth of
antenna array in azimuth direction. This coverage scenario is
a more general case of user region considered in [29], where
the authors considered a uniform linear array instead of square
array. For the second case (see Fig. 2(c)), the offset angle is
zero, hence the coverage radius is given as r = h tan(θh).
Based on partitioning approach shown in Fig. 2(c), the whole
area can be divided into |S| number of sectors as shown in
Fig. 2(d).

The number of beam steers need to be calculated to cover
the whole circular area. For this purpose, a spherical structure
having center at UAV can be assumed, and the solid angle
made by a circular patch of radius r on ground at the UAV is
obtained as:

Ωr =
1

2

(
1− r√

r2 + h2

)
. (2)

Thus, the minimum number of beam steers Nbeams is found
as:

Nbeams =

⌈
Ωr
ΩA

⌉
=

⌈
N

2π

(
1− r√

r2 + h2

)⌉
(3)

where ΩA is the solid angle made by the antenna main lobe.
This is the product of half power beamwidth in both elevation
and azimuth directions, i.e., ΩA = φh×θh, where d·e denotes
the ceiling function.
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B. Air-to-ground mmWave channel model

The channel model between mUBS and ground user is
quite different from the terrestrial channel model used in
conventional cellular networks due to mobility of UAV. In
the literature, there are only a few works that considered the
air-to-ground (AtG) path loss model at mmWave frequencies
[38]–[40]. It was observed that the characteristics of AtG
and terrestrial channel models are similar for the government
allowed UAV heights. The path loss of LOS (PLLOS) and
NLOS (PLNLOS) components in dB at mmWave frequencies
follow a statistical model given as [9]:

PLLOS(h, θ) = 61.4 + 10 · 2 log10(d) +N (0, 33.64) (4)
PLNLOS(h, θ) = 72.0 + 10 · 2.92 log10(d) +N (0, 75.69)

where N (µ, σ2) denotes the normal random distribution with
mean µ and variance σ2. d =

√
h2 + r2 is the absolute

distance between mUBS and a ground receiver (user). Antenna
beam gains are not considered in this path loss model. The
NLOS component have higher path loss exponent as well as
more shadowing loss as it has to travel more distance and go
through more obstructions, such as from trees and buildings,
before reaching to the ground user, resulting in more reflection
and diffraction to the signal. Based on the above formulation,
the received power at any ground user is:

Prx = Ptx − PL(h, θ) +Gtx +Grx [in dB] (5)

where Gtx and Grx are antenna gains of transmitter and
receiver antennas, respectively, and are computed from (1).
Ptx is the transmitted power. The path loss PL(h, θ) corre-
sponding to the LOS and NLOS components is selected based
on availability or lack of line of sight.

C. Downlink SINR distribution

Using the radiation pattern of antenna array and the path
loss model discussed in previous subsections, the SINR in
downlink scenario at a user due to simultaneous transmission
is evaluated. The downlink SINR according to the proposed
sectoring approach (cf. Fig. 2(d)) is expressed as:

SINR =
Prx−ml

No +
∑|S|
i=1 Prx−sl

=
X
Y

(6)

where Prx−ml is the power received from transmission along
the main lobe. Prx−sl is the power received from transmission
in side lobe of other sectors, which is responsible for inter-
ference. The only difference between the signal in main lobe
and side lobe is due to different respective antenna gain. No
is the noise power. To evaluate the distribution of SINR, first
the distributions of X and Y are evaluated. Note that, the main
objective in this work is to evaluate the interference caused by
the side lobes due to concurrent air-to-ground transmission in
multiple sector over mmWave bands. The deployment scenario
is considered in areas where conventional communication
infrastructure is unavailable or temporarily insufficient, where
the other sources of mmWave interference are expected to be
very less. Hence, such interference is not accounted in the
SINR computation.

The path loss for LOS and NLOS components consist of
a distance dependent term and a zero mean Gaussian normal
random variable (cf. (4)).. Therefore, the pathloss (in dB scale)
is also a normal random variable, though with a non-zero
mean. The received power (in dB scale) is a linear function
of path loss (cf. (6)) and hence it is also a normal random
variable. Hence, depending on the availability or lack of LOS
component, the mean µ and variance σ of received power over
the main lobe and side lobes are obtained as follows:

µPrx−ml=

{
ln(PtxGmainGrx)− ln(10)

10 (61.4 + 20 log10(d)),LOS
ln(PtxGmainGrx)− ln(10)

10 (72.0 + 29.2 log10(d)),NLOS

σ2
Prx−ml

=σ2
Prx−sl

=


(

ln 10
10

)2
· 33.64, LOS(

ln 10
10

)2
· 75.69, NLOS

µPrx−sl=

{
ln(PtxGsideGrx)− ln(10)

10 (61.4 + 20 log10(d)),LOS
ln(PtxGsideGrx)− ln(10)

10 (72.0 + 29.2 log10(d)),NLOS
(7)

where Gmain and Gside are the gain of main and side lobe as
obtained by (1). The factor ln(10) appears due to conversion
from base 10 to natural logarithm. Hence, the numerator X,
which is the power received through main lobe, also follows
lognormal distribution with mean µX = µPrx−ml and variance
σX = σ2

Prx−ml
.

The denominator of SINR, Y is a sum of random variables
and a noise power term. The noise power is constant for a
given bandwidth, and hence it can be considered as a random
variable with zero variance. On linear scale, it follows lognor-
mal distribution having mean ln(No) and zero variance. Thus,
the denominator of SINR, Y can be considered as a sum of
random variables where each has lognormal distribution with
different mean and variance. In the literature, the distribution
of sum of lognormal random variables is not known, but
approximations with good fitting are available, which also
follow the lognormal distribution [41]. The approximation
works very well except for the cases with the distributions
having very high variance. The mean µd and variance σ2

d of
sum of τ lognormal random variable are given as:

σ2
d = ln

[∑τ
i=1 exp(2µi + σ2

i )(exp(σ2
i )− 1)

[
∑τ
i=1 exp(µi + σ2

i /2)]2
+ 1

]
(8)

µd = ln

[
τ∑
i=1

exp(µi + σ2
i /2)

]
− σ2

d

2
(9)

where µi and σ2
i are the mean and variance of individual

lognormal distributions (cf. (7)), which are being added. Here,
τ = |S| + 1. Hence, the denominator Y is also lognormally
distributed with mean µY = µd and variance σ2

Y = σ2
d.

Thus, both X and Y follow the lognormal distribution.
Therefore, SINR will also follow the lognormal distribution
as the ratio of two lognormal distributions is also a lognormal
distribution, with µSINR = µX − µY, σ

2
SINR = σ2

X + σ2
Y.

Hence, the distribution of SINR in linear scale is given as:

fSINR(z) =
1

z
√

2πσ2
SINR

exp

[
−(ln z − µSINR)2

2σ2
SINR

]
. (10)
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Using the distribution of SINR, the outage probability for a
particular user is given as:

Pout(h, θ) = P(SINR ≤ β) =
1

2

[
1 + erf

( ln(β − µZ)√
2σ2

Z

)]
,

(11)
where erf(·) is the standard error function defined as erf(z) =
2√
π

∫ 0

z
e−t

2

dt. Comparison of analytically-obtained SINR dis-
tribution and that via simulations is discussed in Section V-A.

D. Network coverage topology

The purpose of deploying mUBS is to provide better quality
of service in a congested area. As mentioned in the system
model (see Fig. 1), the target coverage area is considered to
be circular of radius Ra. This circular region is divided into
sectors (see Fig. 2(d)) for smoother coverage. The whole area
can be covered either by having multiple sub-arrays for each
sector or by steering a single beam towards each sector. The
main lobe of antenna array can be easily steered in desirable
direction by just introducing sequential time delay or phase
variations to signal being fed into the antenna array elements
[42]. The average latency Td is approximately: Td ≈ Ts×|S|,
where Ts is the service time allocated to a single sector. But,
this strategy is not suitable for real-time applications, such as
video streaming, augmented reality, etc., because the users will
face unacceptable large latency in service as the beam needs
to be swept over all the sectors. This can be thought of as
total time of antenna array is being divided among different
sectors, hence it is named as time division strategy.

On the other hand, the strategy with independent sub-
array for each sector requires proper attention to mitigate the
interference (both inter-sector and intra-sector). To mitigate
intra-sector interference, orthogonal multi-access techniques
are employed, whereas limitation on power transmission or
intelligent frequency assignment is done to mitigate the inter-
ference from other sectors. As the transmission is happening
over all the different sectors using independent antenna arrays,
it is termed as concurrent transmission strategy. “How many
elements should each sub array have?” is an important
question for this kind of deployment. Referring to Fig. 2(d),
ϕ is related to the number of antennas by two factors: one
is half-power beamwidth ϕ = π√

N
, and the other is coverage

guarantee of whole region Ra = h tan(ϕ). Hence, the exact
number of antenna elements N in each sub-array is evaluated
as:

N =

(
π

tan−1(Rah )

)2

. (12)

Then, the total number of antenna elements required to cover
the whole region simultaneously, is: N = N× |S|.

It is important to decide between the choice of concurrent
transmission and time division transmission. The interference
is the main bottleneck in concurrent transmission, whereas
waiting time or latency is the main bottleneck in time-division
based transmission. In concurrent transmission all sectors of
the entire region are simultaneously covered by different set
of antenna elements. Due to full frequency reuse in all sectors,
the signal quality in a sector is affected by the side lobe

interference from the other sectors, which is in addition to
the additive noise. For time-division transmission, since only
one sector is covered at a time and all orthogonal frequency
division is employed within a sector, there is no interference
experienced.

Since in this work we focus on the mmWave frequencies,
high propagation loss of mmWave signal has to be accounted
as compared to the transmission in traditional sub-6 GHz
frequencies. However due to the smaller wavelength more
number of antennas can be packed into a small area resulting
in high antenna array gains for the main lobe and lower gains
for the side lobs. Hence, in this work, we deploy concurrent
transmission strategy and further limit the interference below a
threshold. To limit spilling of unnecessary power to adjoining
sectors it requires that,

Prx(h, θ,Ra, Ptx) ≤ Ith ⇒ Ptx,min = P−1rx (Ith, h, θ, Ra)
(13)

where Prx(h, θ,R, Ptx) is the power received at a user making
an angle θ with mUBS and Ith is the interference threshold.

III. RESOURCE ALLOCATION PROBLEM FORMULATION

For the concurrent transmission strategy introduced in last
section, resource allocation over a scheduling time TS needs
to be done for the users located in the coverage area. The main
objective is to maximize the total sum rate of all users with a
maximum power budget. Besides, to maintain fairness among
the users, a certain minimum rate guarantee is ensured. Also,
the backhaul capacity is taken into consideration, because
UAV-mounted transmitter does not have a high-speed optical
fiber link.

Let Hn
k be the square of channel gain from UAV to user k

over subcarrier (SC) n, without considering the antenna gain.
Hn
k includes the effect of path loss, shadowing, and fading

parameters. Here, Nakagami fading is considered due to strong
LOS component in mmWave wireless networks. Pnk is the
power transmitted over nth SC while serving the kth user.
Thus, the data rate rn,k for user k over SC n is expressed as:

rn,k = log2

(
1 +

Pnk GmainH
n
k

No +
∑|S|
i 6=k P

n
i GsideH

n
i

)
. (14)

Let K = {1, 2, · · · ,K} denote the set of users and N =
{1, 2, · · · ,N} denote the set of orthogonal subcarriers that are
distributed among the users of a particular sector. The user-
subcarrier association variable πn,k is defined as:

πn,k =

{
1, if user k is assigned to SC n,

0, otherwise.
(15)

Consequently, the optimization problem for maximizing the
sum rate over all users located in the coverage area is stated
as:
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(P1) : maximize
πn,k,Pnk

|S|∑
i=1

K∑
k=1

N∑
n=1

πn,krn,k,

subject to: (C1)

N∑
n=1

k∑
k=1

Pnk ≤ PS ,

(C2)

N∑
n=1

πn,krn,k ≥ Ro, ∀k ∈ K,

(C3)

K∑
k=1

N∑
n=1

πn,krn,k ≤ Rbhmax,

(C4) Pnk ≥ 0, ∀n ∈ N , ∀k ∈ K,

(C5)

K∑
k=1

πn,k ≤ 1, ∀n ∈ N ,

(C6) πn,k ∈ {0, 1}, ∀n ∈ N , ∀k ∈ K,
Constraint (C1) ensures the limit on total transmitted power at
mUBS. Constraint (C2) guarantees minimum rate Ro to each
user to maintain fairness, whereas constraint (C3) accounts
for the capacity restriction Rbhmax of backhaul link of mUBS.
Constraint (C4) ensures the non-negative nature of transmitted
power. Constraint (C5) indicates that a particular subcarrier is
assigned to only one user, where the user subcarrier association
variables only take binary values, i.e., either 0 or 1.

This optimization is a mixed-integer non-convex program-
ming problem, which is NP-hard [43]. Solving this problem
by brute force search over all the solution space is not a
feasible option, as well as it is computationally inefficient.
This is because it requires to compute

(N+K
K

)
subcarrier

matching possibilities. This type of process is restrictive to
even slightly large number of subcarriers due to excessive
computation overhead. Also, for a particular set of user-
subcarrier assignment, the power allocation problem is still
non-convex due to the inclusion of interference (cf. (14)).
To make power allocation problem solvable, a limit on the
interference Ith in downlink transmission for each sector is
placed (cf. (13)). Therefore, the lower bound of rate to a
particular user becomes,

r̃n,k = log2

(
1 +

Pnk GmainH
n
k

No + (s̃− 1)× Ith

)
(16)

where Ith is the interference bound on transmission from a
particular sector. Due to this, the problem (P1) for a particular
sector is transformed as follows:

(P2) : maximize
πn,k,Pnk

K∑
k=1

N∑
n=1

πn,kr̃n,k,

subject to: (C1), (C4), (C5), (C6),

(C2)

N∑
n=1

πn,kr̃n,k ≥ Ro, ∀k ∈ K,

(C3)

K∑
k=1

N∑
n=1

πn,kr̃n,k ≤ Rbhmax,

(C7)

K∑
k=1

Pnk Ψn ≤ Ith, ∀n ∈ N ,

where constraint (C7) is introduced to limit the interference
caused from transmission in one sector to other concurrent
transmitting sector. Ψn is the interference factor by which
transmission in one sector can interfere with the transmissions
in other sectors through side lobes; Ψn = Hn

kGsideπn,k.
Approach to the solution of (P2) is discussed next.

IV. PROPOSED SOLUTION METHODOLOGY

In this section, we solve the optimization problem (P2).
A detailed procedure to obtain an asymptotically optimal
solution is presented, which is based on Lagrangian duality
concepts. The procedure for a sub-optimal solution is also
presented, which is computationally efficient as compared to
the asymptotically-optimal solution.

A. Asymptotically optimal solution

The formulated optimization problem (P2) is non-convex
due to the mixed-integer constraints (C5) and (C6). However,
it satisfies the time-sharing conditions which ensure that
duality gap is nearly zero for a large number of subcarriers
even though the primal problem is non-convex [44]. This ob-
servation allows the dual optimal solution to be applicable for
the primal problem. Even though the dual problem is always
convex [45], it is non-differentiable due to the mixed-integer
constraints, and therefore a standard numerical technique of
subgradient method is employed to obtain the dual optimal
solution, which is presented later in this section.

The Lagrangian L({πn,k, Pnk }∀n∈N , α, β, γ, ζ) of the prob-
lem (P2) is formulated as:

L({πn,k, Pnk }∀n∈N , α, β, γ, ζ)
(α,β,γ,ζ)≥0

=
∑K
k=1

∑N
n=1 πn,kr̃n,k − α

(∑K
k=1

∑N
n=1 P

n
k − PS

)
−∑K

k=1 βk(Ro −
∑N
n=1 πn,kr̃n,k)

−γ
(∑K

k=1

∑N
n=1 πn,kr̃n,k −Rbhmax

)
−∑N

n=1 ζn

(∑K
k=1 P

n
k Ψn − Ith

)
=
∑N
n=1 Ln(πn,k, P

n
k , α, β, γ, ζ) + αPS

−∑K
k=1 βkRo + γRbhmax +

∑N
n=1 ζnIth

where α and γ are the Lagrange multipliers for power
constraint (C1) and backhaul constraint (C3), respectively.
β = [β1, · · · , βK ] and ζ = [ζ1, · · · , ζN ] are the Lagrange
multipliers associated with (C2) and (C7), respectively. The
dual variables associated with non-equality constraints are
always non-negative real numbers in order to satisfy the
complementary slackness condition. The positive power con-
straint mentioned in (C4) and the binary variable constraint
mention in (C5) are not considered in Lagrangian formulation
to avoid unnecessary complexity. However, they are satisfied
individually after solving the dual problem, as their exclu-
sion will not affect the solution of dual problem. Further,
Ln(πn,k, P

n
k , α, β, γ, ζ) is expressed as:

Ln(πn,k, P
n
k , α, β, γ, ζ)

=
∑K
k=1 πn,kr̃n,k(1 + βk − γ)− αPnk − ζnΨnP

n
k . (17)
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Accordingly, the Lagrange dual function g(α, β, γ, ζ) asso-
ciated with the primal problem (P2) is expressed as:

g(α, β, γ, ζ) , maximize
πn,k,Pnk

L({πn,k, Pnk }∀n∈N , α, β, γ, ζ).

(18)
Hence, the Lagrange dual optimal associated with primal

problem (P2) is obtained as:

L∗dual = minimize
α,β,γ,ζ

g(α, β, γ, ζ). (19)

Our aim is to find the optimal value of Lagrange
dual, i.e., L∗dual, and for this purpose the problem in
(19) is decomposed into two sub-problems and optimized
sequentially. The first sub-problem maximizes the La-
grangian L({πn,k, Pnk }∀n∈N , α, β, γ, ζ) to obtain the La-
grange dual function g(α, β, γ, ζ). However, solving first
problem mentioned in (18) is equivalent to maximizing
Ln(πn,k, P

n
k , α, β, γ, ζ) independently for each SC, and this

can be stated as follows:

(P3) : maximize
πn,k,Pnk

Ln(πn,k, P
n
k , α, β, γ, ζ),

subject to: (C4), (C5), and (C6).
(20)

Assuming (n, k) is a valid subcarrier-user pair, i.e., nth

subcarrier is allotted to the kth user, (P3) is further reduced
as follows:

(P4) : maximize
Pnk

πn,k log2

(
1 +

Pnk GmainH
n
k

No + (s̃− 1)× Ith

)
× (1 + βk − γ)− αPnk − ζnΨnP

n
k ,

subject to: (C4).
(21)

There would be N such independent sub-problems for each
subcarrier. Thus, a total of N ×K independent power alloca-
tion problems need to be solved for a particular set of values
of dual variables (α, β, γ, ζ). The problem defined in (21) is a
convex optimization problem, and its exact solution is obtained
as follows:

Pn∗k =

[
(1 + βk − γ)πn,k
ln(2)(α+ ζnΨn)

− No + (s̃− 1)× Ith
Hn
kGmain

]+
(22)

where [·]+ is the rectifier function, such that [χ]+ =
max(0, χ). By only considering the positive values of Pn∗k , the
positive power constraint mentioned in (C4) is automatically
satisfied.

After finding the optimal power for each subcarrier-user
association possibilities, the optimal πn,k is found out solving
the following problem:

(Pdual) : maximize
πn,k

L({πn,k, Pn∗k }∀n∈N , α, β, γ, ζ),

subject to: (C5) and (C6).
(23)

The optimal user-subcarrier association π∗n,k is decided by
maximizing the Lagrangian for a particular subcarrier n, i.e.,
π∗n,k = 1 if π∗n,k = arg max

πn,k

Ln(πn,k, P
n∗
k , α, β, γ, ζ) and

that user has not been assigned any other subcarrier. If that is
not the case, then by iterative procedure a user is identified
which has not been assigned to any subcarrier. This ensures
that, each user gets only one subcarrier.

Till now, the optimal values of primal variables, i.e., Pn∗k
and π∗n,k are evaluated for a given set of dual variables. Now,
the second sub-problem needs to be solved, where Lagrange
dual function g(α, β, γ, ζ) is minimized over the dual variables
in order to evaluate the optimal value of dual L∗dual. The dual
problem is always convex in nature irrespective of the structure
of primal problem [45]. Therefore, the dual optimal is obtained
by subgradient method, where the variables are updated as
follows:

α(i+1) =

[
α(i) − δ(i)

(
PS −

K∑
k=1

N∑
n=1

Pn∗k

)]+
,

β
(i+1)
k =

[
β
(i)
k − δ(i)

( N∑
n=1

π∗n,kr
∗
n,k −Ro

)]+
,∀k ∈ K,

γ(i+1) =

[
γ(i) − δ(i)

(
Rbhmax −

K∑
k=1

N∑
n=1

π∗n,kr
∗
n,k

)]+
,

ζi+1
n =

[
ζ(i)n − δ(i)

(
Ith −

K∑
k=1

Pn∗k Ψn

)]+
,∀n ∈ N

(24)
where [·]+ is the rectifier function. This condition is necessary,
because the dual variables must be non-negative real numbers
in order to satisfy the complementary slackness conditions
of the original primal problem. Dual variables have non-zero
values only for the active or tight constraints, and they are zero
for all the non-active constraints to satisfy the complementary
slackness condition. The step size δ(i) at ith iteration is chosen
according to the constant step size policy and independent of
iteration number. It is observed that, the algorithm converges
to a value proportional to this constant step size within a finite
number of iterations [46].

The optimal power allocation is solved for every possible
user-subcarrier assignment at each iteration. Also, the dual
variables are to be updated. This requires to update a total of
(K +N+ 2) dual variables in each iteration. Moreover, there
are K × N power allocations solved at each iteration. If the
iteration for subgradient method converges after nitr, the time
complexity would be O(nitr(K · N + K + N + 2)), which
is relatively high for the considered subcarrier assignment
problem [44]. Therefore, it is important to come up with
a more efficient scheme to speed-up the resource allocation
problem.

B. Proposed sub-optimal solution

To propose a sub-optimal solution, the analogy of conven-
tional water-filling method is explored, where the sum rate is
maximized by allocating more power to the user having better
channel condition, and vice-versa [47]. In this method, possi-
ble range of allowed power is evaluated for each user based
on their respective channel conditions. Then, optimal power
allocated to each user is obtained by solving the optimization
problem with an objective of total sum rate maximization.
The detailed procedure to obtain the sub-optimal solution is
described below as follows:
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i) To each user assign the subcarrier with best channel
conditions and which has not been assigned to any other
user.

ii) Using the user-subcarrier assignment in (i), evaluate the
minimum and maximum allowed power by satisfying the
rate guarantee constraint (C2) and the tolerable inter-
ference constraint (C7), respectively, of the optimization
problem (P2). If kth user is assigned to nth subcarrier,
then the minimum and maximum allowed power budget
for user k is obtained as follows:

Pmin,k = (2
Ro
BW −1)

( No + Ith
GmainHn

k

)
, Pmax,k =

Ith
GsideHn

k

.

(25)
iii) Based on the refined range of transmitted power obtained

in step (ii), the optimal power allocation problem is
formulated as follows:

(Psub−opt) : maximize
Pk

K∑
k=1

rk,

subject to: (Cs1)

K∑
k=1

Pk ≤ PS ,

(Cs2) Pk ≥ Pmin,k, ∀k ∈ K,
(Cs3) Pk ≤ Pmax,k, ∀k ∈ K.

(26)

This maximization problem is a concave optimization
problem, because the objective function is a concave
function of power allocated to the users, i.e., Pk and all
the constraints are linear. Hence, Karush–Kuhn–Tucker
(KKT) point will be the unique global optimal solution to
this problem; and KKT point is obtained by using primal
dual interior point method.

iv) The backhaul constraint mentioned in (C3) is verified by
the user-subcarrier association obtained in step (i) and
the optimal power allocation in step (iii). If the constraint
(C3) is satisfied then stop the process. Otherwise, starting
with the user with least channel gain assign minimum
allowed power, till backhaul rate constraint is satisfied.

The computational complexity of the proposed sub-optimal
solution is O(np−d +K), where np−d denotes the number of
iterations required to find the KKT point. Thus, sub-optimal
strategy reduces the computational complexity significantly,
and it efficiently solves the resource allocation problem.

1) Optimality gap: The only source of heuristics in the
sub-optimal algorithm is due to the user-subcarrier assignment
problem. In general this is an integer-programming problem
and solving by iterating over every possible combination is
restrictive due to huge time complexity. For N total orthogonal
subcarriers, the probability of any particular subcarrier ‘n’
being optimal for any arbitrary user is 1

N . Following on the
same analogy, the probability of subcarrier ‘n’ being optimal
for any k users is 1

Nk .

C. Comparison benchmark schemes

To compare the performance of the proposed optimal and
sub-optimal algorithm, two other schemes, namely, equal
power allocation and random channel assignment are also

proposed. These schemes also satisfy all the constraints of the
optimization problem (P2). However, the choice of solution
is based on intuition rather than in an optimal sense.

1) Equal power allocation: As the name suggests, in this
method equal power is allocated to each user irrespective of
the channel gains. The user-SC assignment to each user is the
same as in the sub-optimal scheme. The brief procedure is as
follows:

i) User-SC assignment: For each user pick that particular
subcarrier which has not been matched to any other user
and have the best channel gain for that user.

ii) Calculate Peq = Pmax
K . Also evaluate the maximum

Pmax,k and minimum Pmin,k allowed power budgets for
each user from (C2) and (C7) of (P2) analogous to (25).
Finally to allocate power, the below-mentioned rule is
followed:

if (Peq < Pmin,k) ⇒ Pnk = Pmin,k,

if (Peq > Pmax,k) ⇒ Pnk = Pmax,k,

else: Pnk = Peq.

iii) Verify the backhaul constraint (C3) after the power allo-
cation is done in step (ii). If the constraint is satisfied,
then stop the process. Otherwise, starting with the user
with least channel gain, assign minimum allowed power
till backhaul rate constraint is satisfied.

2) Random channel assignment: In this method, both SC-
user assignment and power allocation are done randomly. The
brief procedure is as follows:

i) Randomly allocate subcarriers to users ensuring that a
single SC is assigned to only one user.

ii) Evaluate the maximum Pmax,k and minimum Pmin,k
allowed power budgets for each user from (C2) and
(C7) of (P2) analogous to (25). Then generate a random
number for power allocation between Pmin,k and Pmax,k
for each user, and allocate that much power to that
subcarrier.

iii) Check the backhaul constraint (C3) after step (ii). If the
constraint is satisfied, then stop the process. Else, starting
with the first user, assign minimum allowed power till
backhaul rate constraint is satisfied.

V. NUMERICAL SIMULATION RESULTS

In this section, numerical evaluation of the analysis pre-
sented in the previous sections is performed. The users are
considered uniformly distributed in a circular area. The total
area is divided into 16 sectors. The transmission antenna
array for a single sector contains 64 elements to form a
directional beam, whereas the receiver antenna is assumed to
be omnidirectional. Nakagami fading with shape parameter 3
is considered to incorporate the effect of small-scale fading in
the channel between mUBS to a user, path loss and shadowing
are considered as described in Section II-B. The value of
different parameters considered for simulation are taken from
[20], [23]–[25] and are listed in Table III. The numerical
simulations are carried out in MATLAB.
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Figure 3: The probability density function of SINR obtained from
analysis and simulation.

Table III: Numerical values of different parameters used in simula-
tion.

Parameter Interpretation Value
PS mUBS total transmit power 10 W
Ro Minimum rate guarantee 1 bps/Hz
Rbh

max Maximum backhaul capacity 200 bps/Hz
No Noise Power density −174 dBm/Hz
B Bandwidth 20 MHz
fGhz mmWave Carrier frequency 28 GHz
h Default mUBS height 100 m
Ith Interference threshold −40.98 dBm
|S| Total number of sectors 16
N Number of antenna array elements 64
N Number of subcarriers 32
K Number of users in each sector 16
Ra Radius of the area served by mUBS 100 m

A. SINR distribution

The probability distribution of SINR obtained from analysis
(see (10)) and from numerical simulations are shown in Fig.
3. It can be observed that, the distribution obtained from the
analysis closely matches with that obtained from numerical
simulation. The distribution shown in Fig. 3 considers simul-
taneous transmission in all sectors. The SINR is quite low,
which is apparently due to high interference.

B. Convergence of the algorithm

The optimal algorithm discussed in Section III involves
subgradient method to optimize the dual problem. All primal
and dual variables are updated during optimization process in
each iteration. The convergence of the optimization problem
validates the accuracy of optimal solution. However, it takes
large number of iterations to converge towards the optimal
solution. The variation of dual variable α associated with the
power constraint (C1) and dual variable γ associated with the
backhaul constraint (C3) of P1 are shown in Fig. 4(a) and
Fig. 4(c), respectively. Both of these dual variables converge
at non-zero values, which indicate complementary slackness
condition is satisfied. This reveals that the maximum power
budget, as well as full capacity of backhaul link are being
used, such that both of these constraints are tight.

On the other hand, variation of βk associated with the
minimum rate guarantee to user k and ζn corresponding to
the interference threshold are shown in Fig. 4(b) and Fig.
4(c), respectively. The dual variables {βk} are non-zero for
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Figure 4: Variation of dual variables over successive iterations.

Figure 5: Variation of optimality gap per user over successive
iterations.

the users with the rate equal to the minimum threshold
requirement. In contrast, βk is zero for the users whose rate
exceed the minimum threshold. These variations corroborate
the complementary slackness condition. The dual variable ζn
also adheres to the same reasoning.

C. Optimality gap

In order to develop a fast and efficient solution to the
resource allocation problem in (P2), a sub-optimal solution
is proposed by solving in the primal domain and heuristically
allocating subcarriers to the users. However, it is very im-
portant to estimate the gap between optimal and sub-optimal
solutions to validate the accuracy of sub-optimal solution.
To illustrate this, the variation of optimality gap per user
between optimal and sub-optimal algorithm is shown in Fig.
5 against number of iterations of the optimal method. One
can observe that the gap decreases as the number of iteration
increases and tends to saturate. The gap is 0.51 bps/Hz which
is approximately 5%, that is within the tolerable range. Thus,
5% optimality gap for each user is leveraged to speed up
the optimal solution estimation process, and hence mUBS
resources can be allocated instantly to the users.
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Figure 6: Variation of sum rate against mUBS height, with PS = 10
W, Ro = 1 bps/Hz, and Rbh

max = 200 bps/Hz.

D. Optimal height evaluation

The impact of hovering altitude of mUBS on sum rate is
shown in Fig. 6. It is observed that the sum rate is low at
lower altitudes; it increases with height and then again starts
decreasing. This variation in sum rate can be explained by the
underlying changes in the path loss as the UAV height changes.
Path loss experienced by a user is very high at low altitude
due to low LOS probability and high NLOS probability. Also,
the path loss exponent value 2.92 for NLOS signal is high
compared to the same path loss exponent for LOS which is 2.
As the height increases, the total path loss decreases due to
the availability of better LOS connectivity. But, if the height
continues to increase, the distance based path loss dominates
and the sum rate starts to decrease. This result suggests an
optimal hovering altitude of mUBS to achieve the maximum
sum rate.

Several government agencies, such as Federal Aviation Ad-
ministration (FAA) [48] and European Union Aviation Safety
Agency (EASA) [49], have defined the regulations for safe and
reliable operations of UAV. As per these operational limits,
hovering altitude of UAV in this work is considered up to 500
m [50]. Several commercial UAVs are available in the market
dedicated for different applications, which can operate at such
altitudes by carrying sufficient payloads [19].

E. Maximization of sum rate

The variation of achieved sum rate against total allowed
transmitted power PS , is shown in Fig. 7(a). It is noticed
that all schemes except random SC assignment saturates to
a steady state value. The saturation of sum rate also validates
optimality of the solution along with convergence. The amount
of power transmitted to each user by mUBS will increase as
PS increases, which increases the interference experienced by
the users in different sectors, and it tends to the tolerable limit
Ith. This restricts further increase in transmit power to each
user, and hence the performance does not improve by raising
the value of PS .

Fig. 7(b) shows the variation of sum rate against the mini-
mum rate Ro required by each user. The minimum transmitted
power to each user increases with increase in Ro in order
to enhance the rate. If Ro continues to increase, then it is
also required to increase the transmitted power to each user.
This leads to increased interference. After some value of Ro,
interference becomes intolerable due to high transmitted power
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Figure 7: Variation of sum rate against (a) maximum allowed source
power PS , with Ro = 1 bps/Hz, Rbh

max = 200 bps/Hz, and (b)
minimum rate guarantee given to each user, with PS = 10 W, and
Rbh

max = 200 bps/Hz.

to the users and the rate guarantee to some of the users
is not ensured. This leads to violation of (C2) constraint,
and therefore a sudden fall in sum rate, which indicates that
optimization problem enters into infeasible region.

The effect of capacity of backhaul link Rbhmax is captured in
Fig. 8(a), where Rbhmax dictates the sum rate. Two regions,
namely, backhaul-constrained and backhaul-independent are
observed due to this limitation. In backhaul-constrained region,
the achievable sum rate is limited by Rbhmax, for a given value
of other variables. On the other hand, the sum rate does not
depend on Rbhmax in backhaul-independent region, and it makes
constraint (C3) insignificant due to very high backhaul capac-
ity. This observation indicates the importance of inclusion of
backhaul link in UAV-assisted cellular architecture.

Variation of total sum rate versus the number of users served
is shown in Fig. 8(b). It is observed that the sum rate increases
monotonically with number of users for all the benchmark
schemes. But, the increment is not in a proportionate manner,
i.e., it is not linear. The SC assignment overlaps for users in
different sectors for crowded scenario, which is responsible for
interference. In contrast, the SC assignment can be mutually
exclusive for lesser number of users, which avoids interfer-
ence. Also, SC acquisition is relatively competitive in case of
large number of users, which significantly reduces the chance
of a user being allocated a SC with good channel conditions.
Further, this shows that the proposed transmission scheme can
provide minimum rate guarantee to the users equal to number
of subcarriers.

Remark 1. QoS in terms of minimum rate guarantee required
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Figure 8: Variation of sum rate against (a) backhaul capacity, with
PS = 10 W, Ro = 1 bps/Hz, and (b) number of users per sector,
with PS = 10 W, Ro = 1 bps/Hz, and Rbh

max = 250 bps/Hz.

Figure 9: Variation of sum rate against number of antenna elements
in mUBS, with PS = 10 W, Ro = 1 bps/Hz, and Rbh

max = 200
bps/Hz.

by individual user has a strong impact on overall performance
because mUBS cannot satisfy arbitrarily high data rate re-
quirements of each user in the group.

Remark 2. The mUBS is only able to serve users if the total
requested sum rate is less than the wireless backhaul link
capacity. Hence, the inclusion of backhaul constraint is an
important aspect of system design for UAV-enabled mmWave
communication cellular system.

F. Effect of number of mUBS antennas

The impact of varying the number of antennas on mUBS
is shown in Fig. 9. As captured in the analysis in Section II,
the gain of antenna array increases as the number of antenna
elements is increased and hence the rate of a one-to-one link
should increase as well. The sum rate of all users indeed
increases to some extent as the number of antennas are doubled

Figure 10: Variation of sum rate against mUBS height for different
simulation environments, with PS = 10 W, Ro = 1 bps/Hz, and
Rbh

max = 200 bps/Hz.

from 8 to 16. However, the sum rate decreases as the number
of antenna elements are further increased. The reason for this
non-obvious behavior is that the ground projection of antenna
array starts to decrease as the number of antenna elements is
increased, and after a certain value the beam projection is not
able to cover the entire area with sufficient signal strength.
Since the users can be located anywhere within the cell of a
predefined radius, with narrowed down beam the rate coverage
to some of them decreases, and as a result the sum rate
decreases.

G. Performance in different environments

In order to observe the effect of different channel envi-
ronments, the variation of sum rate against mUBS height
is shown in Fig. 10 that is achieved based on the optimal
resource allocation algorithm. The LOS probability parameters
for different environments are taken from [20]. Except for
highrise urban, the performance in all other environments are
very close, which is because the average heights of building
are nearly the same in these environments. The performance
in suburban environment is best among these, because the
building density is minimum here. This is followed by urban
and dense urban scenarios. As the mUBS height increases
above a certain value, the sum rate performance in all the
environments tends to converge. This is because the pathloss at
a larger altitude is dominated by distance based decay instead
of availability of LOS link, and path distances are nearly the
same in different environments.

H. Comparative study

Till now, the results for the analysis presented in Section
II-IV were illustrated, where the side lobe gain of transmitter
antenna mounted on mUBS as well as the capacity of back-
haul link were taken into consideration while doing resource
allocation to the users. In order to demonstrate the impact of
these considered features, we have illustrated the following
two cases:
• Case 1: This corresponds to the scenario where the

optimal solution of P2 is evaluated by considering the
gain of side lobes of transmitter antenna and capacity of
backhaul link.

• Case 2: This corresponds to the scenario where the
optimal solution of P2 is evaluated without considering
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Figure 11: Variation of sum rate against number of users per sector,
with PS = 10 W, and Ro = 1 bps/Hz. Case 1: optimal solution to
problem P2 with Rbh

max = 250 bps/Hz; Case 2: optimal solution to
problem P2 without backhaul constraint and 0 side lobe gain in the
antenna array model.

the gain of side lobe of transmitter antenna, and the
capacity of backhaul link is considered unlimited.

The sum rate variation against number of users for these
two cases is shown in Fig. 11. It is noticed that the sum
rate in Case 1 is much less compared to that in Case 2.
In Case 2, there is no interference to other sectors, and
hence there is no limitation on the transmit power by mUBS,
which leads to a higher data rate. Further, the relaxation on
backhaul capacity ensures that the data rate of front haul users
can be arbitrarily increased. Due to these reasons, the sum
rate in Case 2 is nearly 3 times more than that in Case 1.
However, Case 2 is an ideal scenario and far from real-life
deployment scenario. Resource allocation according to Case 2
will lead to overestimating the performance. This comparative
study reveals the importance of accounting for the effects of
side lobe gain of transmitter antenna and limited capacity of
backhaul link on the performance, which is the case in real-life
deployment scenario.

Remark 3. The system design without considering the side
lobe gain of transmitter antenna as well as capacity of back-
haul link will experience under-resource provisioning, which
cannot ensure the QoS of users.

VI. CONCLUSION AND FUTURE WORK

In this paper, optimal resource allocation problem has been
investigated for downlink coverage from mmWave transmitter
mounted on a UAV. In this approach, a circular user space
has been divided into multiple sectors motivated by the highly
directional beam generated by antenna array. Side lobe gain
of the beams, which cause interference to the other sectors
have been taken into consideration in computing probabil-
ity distribution of signal-to-noise-plus-interference ratio. The
formulated optimization problem for resource allocation to
maximize the sum rate accounts for the power transmission
limit, minimum rate guarantee to each user, and backhaul link
capacity. Since the problem is non-convex and involves mixed-
integer programming, an asymptotically-optimal solution has
been proposed using Lagrangian dual decomposition method.
To address high computational overhead, a sub-optimal solu-
tion has been presented. Extensive numerical simulations have
demonstrated that the proposed algorithm optimally allocates

resources to the users, by balancing between interference
threshold and minimum rate guarantee. In particular, with
optimal power control and subcarrier allocation, it has been
demonstrated that mUBS is able to serve users equal to the
number of subcarriers with minimum rate requirement of 1
bps/Hz.

Further investigations on the analysis of mUBS in het-
erogeneous network architecture would be of future research
interest. In addition, the multiple UAV deployment scenario
needs to be studied. The effects of hovering fluctuations
of UAV [51], [52] also needs to be considered in resource
allocation and performance deviation from ideal deployment
scenario.
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