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Abstract—Recently, communication using unmanned aerial
vehicles (UAVs) as relay nodes has been considered beneficial
for a number of applications. Moreover, non-orthogonal mul-
tiple access (NOMA) with users being assigned different signal
power levels while sharing the same time-frequency domain
has been found effective to enhance spectrum utilization and
provide predictable access to the channel. Thus, in this paper
we consider an UAV communication system with NOMA and
propose a solution to find the optimal values for the user’s
power allocation coefficients (PACs) needed to achieve the
required levels of communication reliability. We present a
closed-form expression for the PAC of each user and also
propose an algorithm for finding the optimal altitude of the
UAV required to satisfy the fairness condition for all users.
Finally, we provide numerical examples and compare the
results for three types of communication environments.

I. INTRODUCTION

Recently, communication supported by unmanned aerial
vehicles (UAVs) has been considered as a promising solution
in both civil and military applications where UAVs can
provide relay opportunities in UAV assisted ad hoc networks
or act as flying base stations to serve ground users in
disaster areas, battle fields, traffic congestions, sport events,
agriculture, and so on [1], [2]. A UAV can cover a large
area due to its rich line-of-sight to the ground users, which
enables more efficient and reliable wireless communication
(3], [4].

In order to increase the number of users which can be
served by a UAV and enable instantaneous channel access,
sharing of the communication bandwidth is required. One
way to make this possible is due to recent advances of non-
orthogonal multiple access (NOMA) techniques [5], where
multiple users are able to share the same bandwidth and
enhance their throughput by utilizing the power domain.
Moreover, NOMA also provides predictable channel access
delays, which is crucial for applications with strict timing
and reliability requirements. A number of recent studies
investigate the use of NOMA to enhance the performance
of UAV based communication [6]-[10]. More specifically,
in [6], Sharma et al. considered a system in which the
UAV communicates with two ground users using NOMA.
The outage probability has been derived to examine the
performance of the system compared to orthogonal multiple
access (OMA). In [7], a UAV system employing NOMA
technique has been studied with the goal of optimizing the
power allocation policy and the UAV’s altitude to maximize
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the sum-rate for two users. However, the authors did not
consider the effect that the UAV’s height and the power
allocation coefficient (PAC) for each user have on fairness
among users and communication reliability. In [8], the
authors proposed a method to find the optimal height of the
UAV such that the transmitted power of the UAV is mini-
mized while the coverage region is maximized. Similar to
[7]. the constrains on communication reliability and fairness
among users were not taken into account, while they are
crucial for, e.g., industrial applications where information
should be reliably and timely delivered to all users. In [9],
the authors studied the impact of relay placement on the
system performance and showed that the altitude of the UAV
significantly affects, e.g., power consumption and reliability.

In this work, we consider fairness among users and study
UAV-based NOMA communication where the UAV must
adjust its parameters to make sure that the served users are
treated fair, such that reliable communication is provided.
We formulate a closed-form expression to calculate the opti-
mal power allocation for each user and propose an algorithm
for finding the UAV’s height and the PAC for each user that
satisfy the fairness and reliability requirements set by the
application. The performance of the proposed algorithm is
studied in urban, sub-urban, and dense-urban environments
to evaluate the effect the environmental conditions on the
calculated optimum values.

The rest of this paper is organized as follows: Section II
introduces the NOMA concept, Section III presents the con-
sidered channel model and communication protocol, while
Section IV describes the proposed optimization algorithm.
Numerical results are discussed in Section V, and Section
VI provides conclusions and directions for future work.

II. NOMA CONCEPT

Resources for traditional wireless communication are typi-
cally allocated in the time, frequency, or code domain, which
led to the development of various OMA schemes such as
orthogonal frequency-division multiple access (OFDM), or
time division multiple access (TDMA). The major draw-
backs of these methods are that they are not able to support
a large number of simultaneous connections and that they
require a centralized network. In order to overcome these
drawbacks and provide predictable and reliable channel ac-
cess to many simultaneous users, NOMA has been proposed
as a promising solution [11], [12]. With NOMA, multiple
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users share the same time-frequency resource and by having
significant differences in power levels of the signals aimed
towards different users, it is possible to isolate each signal
even when they have been sent simultaneously. For example,
let us consider the scenario shown in Fig. 1. Here, we look
at an autonomous garbage collection application with one
UAV is communicating with two autonomous robots (U,
Us). The UAV helps the robots to find the rubbish bins
and also avoid obstacles to ensure safety. Without loss of
generality, we assume that Us is located further from the
UAV than U;. In this case, U; requires smaller power of the
signal compared to Us. The superimposed transmitted signal
from UAV to the users U; and Us is formulated as [13]

T =/ Prxz +
where Prx, p;, and x; are the transmitted power of the UAV,
PAC for user U; (1 +p2 = 1), and signal of U, respectively.
Accordingly, the received signal at U; can be given as

p2 Prxxa, (n

Yi = ¢ + ng, (2)

where ng and g; are the additive white Gaussian noise and
channel coefficient, respectively.

ITI. CHANNEL MODEL AND COMMUNICATION
PROTOCOL

We consider the scenario in Fig. 1. The UAV is expected
to send different control packets to different users at the
same time to not only synchronize operations of the users,
but also save time and enhance spectrum utilization. The
UAV is located above the users at the height h, and the
vertical projection of the UAV on the ground is the O point.
Symbols d;, R;, 6;, i € {1,2} denote the distance between
the UAV and the user U;, the distance between the projection
point O and the user U;, and the elevation angle between
U; and the UAV, respectively. In this case, d; and 6; are
calculated as follows:

di = 1/R? + h?, 3)

h
#; = arct: — . 4
aretan (Ri) (4)

A. Channel model

In [14]. the authors considered channel models associated
with two independent groups, including users having a line
of sight (LoS) or near LoS condition, and users with no line
of sight (NLoS). In this paper, we use the channel model
from [8], [14]—-[16], i.e., the link between the users and the
UAV can be considered as either LoS or strong NLoS. The
probability of occurrence for each group depends on the
environment profile that is defined by the altitude the density
of the buildings, and the elevation angle between the UAV
and the users. At the same time, the probability of having
either a strong NLoS or LoS link is much higher compared
to the probability of the occurrence of multi-path fading,
and thus, the effect of small-scale fading can be neglected
in this case [14]. [16]. Consequently, the probability of LoS
for each user is formulated as [8]

1
B(1£20:~a)’

Pi(LoS) = (5)

1+ ae”
where o and [ are constants describing the environmental
profile of the coverage area, e.g.. urban, sub-urban, or dense
urban. Also the probability of the user experiencing a NLoS
link can be expressed as

P;(NLoS) =1 — P;(LoS). (6)

Taking the first differentiation of P;(LoS) with respect to
#;, we have

. je—B(220.~a)
dP,(LoS) _ _ 180afe s >0,¥6;.  (7)

B 21+ e s(R0)Y’

Clearly, P;(LoS) is an increasing function of the elevation
angle ¢;. This means that increasing altitude of the UAV
leads to an increasing elevation angle between U; and the
UAV, in which case the ground user has a better LoS link.
Excessive losses are caused by reflection of the transmitted
signals and shadowing due to presence of objects obstructing
the paths in the coverage area. Thus, a combination of free
space propagation loss and different excessive path loss is
considered for strong NLoS and LoS [8]. Further, we can
express the average path loss between the UAV and i-th user
on the ground as [8]

B 201ogyq ( 2Zled; ) + &ros LoS link -
' 20logyg (4fod; ) + énros  NLoS link

where ¢, f. are the speed of light and the carrier frequency,
respectively; & os and Enyos are the average additional losses
to the free space propagation loss which depend on the en-
vironment. According to [8], the mean path loss considering
the probabilities for LoS and NLoS can be formulated as

Li(R;, h) = P;(LoS)L;(LoS) + P;(NLoS)L;(NLoS). (9)
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Substituting (6) into (9), we can rewrite L;(R;, h) as

Li(R;, h) =P;(LoS){L;(LoS) — L;(NLoS)}
+ L;(NLoS). (10)

When considering the channel model between users and the
UAV that is based on probabilistic LoS and NLoS links
instead of the fading channel [16], the channel coefficient
between the UAV and i-th user on the ground can be
expressed as [17]

1
gi= ———. (11
1+ L':_(R]:._.h,)

B. Communication protocol

We look at a scenario where the UAV transmits two
packets with different information to users U; and Us; and
both packets should be delivered to the users before their
corresponding deadlines. If a packet has not arrived before
tout» il is considered lost. T; denotes the time to transmit
a packet from the UAV to user U; [18]-[21]. It can be
formulated as

L B

. = , 12
Wlog, (1 + ;) In(1+ )’ i

i

where B = 1”(% W is the system bandwidth, L is the
length of the packet. and . 7o are signal-to-noise ratio
(SNR) at U, signal-to-interference-plus-noise ratio (SINR)
at Us, respectively.

In NOMA, U, can decode x9 directly by considering U;’s
signal as interference, while U; gets x; by canceling x»
using successive interference cancellation (SIC). Therefore,
the SNR at U; and SINR at U, are obtained as

Prx|g:11?
y = aflal” (13)

Ny

o Pr|gol?
7o = —baPrlgal (14)

1 Prx|g2|” + No

where Prx and Ny are the tran smittt:(‘l) power of the UAV and
noise power, respectively. Here, |g1|> and |g2|* are channel
gains which can be calculated by substituting (3). (4). (5),
(8), and (10) into (11), as

5 1
|5"l| 1+AH+A|2+£NIDS (
) 1
¢ — ¥ 16
|5’2| 1+ Aoy + Ags + ENLoS e

where Ay, Ays, Aoy, and Aoy are defined as follows:
- El_n,:iw_ ENLos : , (17
e ():(:‘_ﬁ(_ﬁ— m‘(tt..'_ln(-r‘T) —n)

= 20log;, (%\/ﬁ‘f 4: h.'?-) . (18)
C

Aoy €Los — ENLos (19)

fioe a_e—ﬁ(%& arctau(—é‘;) —a) ’

201og, (4’? S,/ B2 4 hz) ‘ (20)

Substituting (13)-(16) into (12), the packet transmission
time 7; is computed as follows:

e
J

Ao

B
Nn=—r——r. (21)
5%
In (l + %)
B
T = TR (22)
—H1 )Y
In (1 t nm.-i—f’-z)
where v = %lji Ay and A, are defined as
Ay =1+ Ay + Aiz + Enves: (23)
Az =1+ Aoy + Ao + Enroes- (24)

We can see that A; and A, are always positive with
V{h, Ry, Ra}.

IV. OPTIMIZATION ALGORITHM FOR THE UAV
ALTITUDE AND USER PAC

In this section, we propose an algorithm to determine the
optimal values of the UAV altitude and the user PACs to
achieve fairness among all users, making sure each user
receive its packet from the UAV before the deadline set
by the particular application. In other words, to make sure
that no robot has a loss of connection, which may lead
to unpredictable behavior, the UAV needs to adjust its
system parameters such as height, transmitted power, etc.,
to guarantee reliable communication and fairness between
the robots. Here, we consider the fairness condition as
equal packet transmission time for all users and define it
as 07 = |1} — T5| = 0. From (21) and (22), we have

Ay (L—p)y

A iy + Az’
which after few mathematical manipulations, can be rewrit-
ten as

(25)

i + (Ag + Ap)py — Ay = 0. (26)

It is easy to see that this quadratic equation with variable
py has A >0 and —vA, <0, V{7, h, By, Rs}, i.e.,

A= (Ag+ A+ 494, >0, (27)

1(=A;) = —v4; <0, (28)
—(A2 + Ay) £ VA

s 2,;) iE (29)
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Algorithm 1 Algorithm for determining fi1ope and hgpe

Input: R, Ro fe. c. &los, Entoss @ B, v, Lo W, tou.
OUtpu‘: Hiopts hfap(.-

: function main

1

2 Set the initial array: h<hg:hpmas
3 Set the initial index: ;4,0

4 for i« 1:length(h) do

5 pey (i) <f(h(7)) < (30)
6: Ty 1(h(i),1 (1)) < (21)
7: Toi1(h(i), 1 (1)) < (22)
8: |gl[f<—f(h(i),}?l) < (15)
9: [go|"+f(h(i).R2) < (16)
10: if Satisfy constraints in (31) then
11: Lidz 1,

12: Break;

13 end if

14: end for

15: return iy (%;q.) and h(i;q.)

16: end function

Hence, it has two roots, and the one with positive value is
suitable for the PAC variable y, given as

(A + Ay) + \/Z
o ’

To achieve the fairness condition in the considered system,

we need to find the values of A and p; which satisfy the

optimization problem as follows:

ol =1

By

TI < touts

TZ < fo“uh (‘H)
2 2

l91" = lg2l,

< 0.5.

(30)

}{[.I — Ei

subject to

In order to determine the optimal values of h and py,
Algorithm 1 is executed following two steps.

o Step 1: Calculate the value of PAC py following the
altitude of UAV h as in (30). Taking into account the
height of buildings present in different environments,
we select iy = 10 m as the minimum hight of UAV.
In order to fly to a higher altitude and maintain the
balance in there, the UAV needs more power. Thus,
the smallest altitude of the UAV satisfying the other
constraints is a good solution to address the power
consumption problem of the UAV.

e Step 2: Check the constraints in (31) with a couple of
values of y2; and A in step one. If these values of piy
and h satisfy (31), they are optimal values; if not, the
altitude of UAV h increases and the algorithm returns
to step one.

V. NUMERICAL RESULTS

In this section we present numerical results from the
evaluation of the protocol considered above. The following

Table 1
SIMULATION PARAMETERS FOR STUDIED ENVIRONMENTS

Parameters o Jé] Eros ENLoS
Urban 9.61 0.16 1 20
Sub-urban 4.88 043 0.1 21
Dense-urban 12.08 0.11 1.6 23

system parameters are used: W = 1 MHz; L = 4096 bits;
fo = 2 GHz; ¢ = 3.10° m/s; t,uy = 10 ms; and other
parameters are listed in Table I [15], [22].

First, we fix the simulation parameters to /7, = 80 m,
Ry = 150 m, h = 50 m, v = 14 dB, and find the optimal
PAC of each user by applying Algorithm 1. It can be seen
from the graph in Fig. 2 that an increase of PAC for U,
leads to a reduction of the packet transmission time 73 while
the packet transmission time 75 goes up. This is because
T, is a decrease function following j; whereas T, is the
opposite to Tj. Further, we can see a couple of optimal
values of o = 50 m and p; = 0.3364 that satisfy the fairness
condition. Similarly, the optimal values of PAC for U; can
be found for sub-urban and dense urban environments, and
are equal to 0.3580 and 0.3747, respectively. The PAC for
Uy in the dense urban environment is the highest because
all users experience also the strongest NLoS here.

Next, we consider the effect of changing the transmission
power of the UAV, ~, using the optimal altitude and the
optimal PAC for each user with By = 80 m, Ry = 150 m,
Fig. 3-4. From Fig. 3, we make the following observations:
First, the solid line shows that when the height of the
UAV decreases to the minimum altitude of hy = 10 m,
the transmitted power should be increased to overcome
the effects of higher probability of strong NLoS. Second,
comparing the three considered types of environments, we
can see that the dense urban environment requires the most
power due to the presence of multiple obstacles and thus
higher chances of NLoS.

Furthermore, the results in Fig. 4 show that: Firstly, when
the transmitting power of the UAV increases, the factor pi;
also raises slightly until the altitude of UAV reaches the
smallest value of fip = 10 m. This is due to the increasing
probability of the user to experience strong NLoS. Secondly,
when the height of UAV does not change following the
increasing v, the PAC for U; decreases because U; needs
more power to decode its signal.

Fig. 5-6 show the optimal height of the UAV and the
optimal PAC for U, as functions of varying distance between
Us and the UAV (R is fixed to 80 m, v = 14.6 dB). It can
be seen from Fig. 5 that when the distance between the
UAV and Uy grows, the optimal altitude of UAV increases
in all three different environments. This can be explained
by the fact that the increasing distance between the UAV
and U5 results in an increasing height of the UAV needed
to obtain a coverage region including Us and to reduce the
probability of the user to experience strong NLoS. Similar
to the results in Fig. 3, Fig. 5 shows that the altitude of the
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UAV in dense urban environment is the highest. while that
in sub-urban is the lowest. In addition, we can observe from
Fig. 6 that 1 decreases when Us moves further away from
the UAV as in this case Us needs more power in order to
deal with the increasing probability of the user experiencing
strong NLoS. In addition, the PAC for U; declines slower
in rural environment compared with the other environments
due to the smaller chances of strong NLoS in sub-urban
environments. This is also the reason why the height of the
UAV changes slightly as shown in Fig. 5.

We also look at how the length of the packet and the
UAV’s transmitting power affect the optimal height of the
UAV and the optimal PAC for U; satislying the fairness
condition in urban environment with 2; = 80 m, Ry = 200
m. It can be seen from Fig. 7 that when the size of the
packet increases, the altitude of the UAV also grows (while
the power allocation coefficient for U; decreases, Fig. 8).
This is because an increase in the size of the packet leads
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to larger packet transmission time, which might result in
varying channel characteristics during the transmission time
of one packet. In addition, when the transmitting power of
the UAV increases, it can deal with an increasing NLoS,
thus, the values of h and p; do not change for the case of
v =14dB.

VI. CONCLUSIONS AND FUTURE WORK

In this work we investigated a UAV assisted wireless com-
munication system using NOMA and proposed an algorithm
for finding the optimal values of the altitude of the UAV
and the PAC for each user. We looked at the dependencies
between the fairness among users and the UAV altitude and
PAC for all users, and found the optimal values of the alti-
tude of the UAV and the users’ PAC given different types of
communication environments. It can be concluded that UAV
assisted communications has many benefits, especially for ad
hoc communications in time sensitive applications with high
reliability requirements. In the future work, we will consider
a scenario with a larger amount of communicating devices,
account for node mobility and multi-path fading.
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