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Abstract

This paper investigates a unmanned aerial vehicle (UAV) deployment problem in a non-orthog-
onal multiple access (NOMA) system, where the UAV is deployed as an aerial mobile base station
to transmit data to two ground users. An optimization problem is formulated by deploying the UAV
for maximizing the sum rate of the two users. In order to solve the optimization problem, the feasible
solution region is first reduced to a line segment between two users. Then, the optimization problem
is simplified to a univariate problem, which can be solved by derivation under a certain situation,
and the corresponding analytical solution is also provided. Moreover, a generalized algorithm, which
considers 2 situations, is proposed to further determine the optimal UAV’ s location. Specifically,
four cases are discussed in the first situation. Extensive simulations are depicted to demonstrate ef-
fectiveness of the proposed algorithm and its superiority over the benchmarks in maximizing the two

users’ sum rate.

Key words: unmanned aerial vehicle (UAV) deployment, downlink non-orthogonal multiple
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0 Introduction

Recently, non-orthogonal multiple access ( NO-
MA) , which is recognized with high spectrum efficien-
cy, has attracted great attention as a crucial technique
for 5G networks''®!. Employing the NOMA scheme,
users can be multiplexed at different power levels,
while users can simultaneously access other resources,
such as frequency, time or code resources. At the re-
ceiver side, users utilize a successive interference can-
cellation ( SIC) to extract their corresponding sig-
nals'’.

Although, NOMA can achieve superior perform-
ance, edge users in a network still suffer from service
quality degradation. There are still many challenges to
advance NOMA in 5G networks. For these reasons,
because of the flexibility for deployment, unmanned
aerial vehicles (UAVs) or drones with advanced sen-
sors and transceivers have atiracted great attentions in
communication community. Specifically, UAVs can
exploit the benefits of line-of-sight (LoS) air-to-ground

communication channels to provide enhanced communi-

6]

. . 0 5 .
cation services, such as mobile coverage>*’, mobile

[s-11] , etc.

relaying'"*! and mobile data collection
Existing researches on UAVs can be divided into 2
directions, i. e., static-UAV and mobile-UAV direc-

tions''>). The combination researches on the mobile-

UAV and NOMA scheme focus on the UAV trajectory
design and communication scheduling. In Ref. [13],
the authors optimize the trajectory of UAV and the pre-
coding vectors of NOMA base station (BS) in order to
maximize the sum rate for UAV-assisted NOMA net-
works.

In order to enhance the service quality for multiple
users, the combination researches on the static-UAV
NOMA scenario are also promising. In Ref. [14], the
authors derive the outage probability of UAV connected
users and device-to-device (D2D) underlaying NOMA
static-UAV assisted networks, and provide a sub-opti-
mal power control solution. Besides the outage proba-
bility, UAV’ s placement problem in a static-UAV NO-
MA scenario is also very important, especially for en-
hancing the service performance of edge users. In
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Ref. [15], the authors investigate the UAV placement
and power allocation problem. The problem is separa-
ted into 2 sub-problems. The optimal location of UAV
is obtained by minimizing the sum path loss, and the
optimal power allocation is then derived.

Different from the existing work, this paper inves-
tigates the optimal UAV deployment problem in down-
link NOMA system from the perspective of maximizing
user’ s sum rate. The main contributions of this paper
are listed as follows.

(1) A UAV-enabled NOMA system, where a
UAV is deployed as an aerial base station, which
transmits data to two ground users, is considered in
this paper.

(2) In order to maximize two users’ achievable
sum rate, an optimal UAV placement problem is there-
fore constructed. Since it is intractable to solve this
problem, a feasible solution region is first reduced by a
theorem. Then, an analytical solution of the proposed
problem under a certain situation is discussed.

(3) Finally, an algorithm is proposed to solve the
optimization problem in a general manner.

(4) Extensive numerical results are presented to
demonstrate effectiveness of the proposed algorithm,
and its advantages over the benchmarks from the per-
spective of maximizing users’ sum rate.

This paper is organized as follows. System model
and problem formation are presented in Section 1. The
proposed algorithm is elaborated in Section 2. Exten-
sive numerical results are depicted in Section 3, and
finally conclusions are drawn in Section 4.

1 System model and problem formulation

As shown in Fig. 1, a UAV-enabled NOMA sys-
tem, where a UAV is deployed as an aerial base station
to transmit data to two ground users, is considered in
this paper. Without loss of generality, a 3-D Cartesian
coordinate system is considered with two ground users,
i.e., user 1 and user 2 in Fig. 1, located atw, = [L,
0,0]"andw, = [ =L, 0, 0]", respectively. It is as-
sumed that the UAV is deployed atq = [x, y, H]",
where H is the fixed flight altitude of the UAV. For
simplicity, it is assumed that all the nodes in the net-
work are equipped with a single antenna, and the com-
munication links from the UAV to the ground users are
line-of-sight (LoS) dominated. It is also assumed that
the Doppler effect caused by the UAV motion is per-
fectly compensated at the ground users. Thus, the
channel coefficient h, from the UAV to useri, {i =1,

2}, can be expressed as

— A
b= Vhod = S (1

where, A, is the channel gain at the reference distance
dy =1m, andd;, =1 g —w,| denotes the distance from
the UAV to user i.

m— om—
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S’
1 ?
User2 User 1

Fig.1 UAV-enabled NOMA network with two users

The UAV transmits the superposition signal to the
two ground users simultaneously, which can be ex-
pressed as

s = ﬁ s, + «/Esz (2)
where s; and s, denote the signal intended for user 1 and
user 2, respectively. P, and P, are the corresponding
transmission power for user 1 and user 2, respectively.
The transmission power must comply with the following
2 conditions.

P, +P, <P, (3a)
P.=0, i=1,2 (3b)
where P denotes the maximum transmission power of

the UAV. Thus, the received signal at user i is

y; = hs +n, = ﬁhisl + /szhisz +n,,

i=1,2 (4)

where, n, denotes the zero-mean additive white Gaussi-
an noise (AWGN) with variance o-;. In order to simply
the notations, it is assumed that o> = o5 = o .

According to NOMA principle, SIC is utilized at
the receivers. Because of symmetry, only the case with
x = 0 is considered in the following discussions. Also it
is assumed that user 1 is treated as a stronger user,
while user 2 is treated as a poorer user. Thus, the sig-
nal intended for user 2 is first decoded, and then for
user 1. As a result, the achievable rate from the UAV
to user 1 and user 2 can be expressed as

R, = log,(1 + P,A,) (5a)
and
P,A
R, =1 ( DA ) 5b
2 Og21+1+P1)\2 (5b)
; h? Yo
respectively, where A, = — = and y, =

2
log l g —w,l
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In order to maximize users’ achievable sum rate,
an optimization problem can be formulated as

max, p (R, +R,)) (6a)

s.t. , Eq. (3a), Eq. (3b) (6b)

R=r", i=12 (6¢)
where P = {P,, P,}, and r" denotes the achievable

rate threshold. Constraint Eq. (6¢) can be used to
guarantee user’ s quality of service (QoS). It can be
seen that problem Eq. (6) is non-convex. Because the
objective function Eq. (6a) is non-concave, and the
constraint Eq. (6¢) is non-convex with respect to ¢
and P, respectively. Thus, it is challenging to solve
problem Eq. (6) by the conventional optimization
methods.

2 Proposed algorithm for problem Eq. (6)

In this section, the solution of problem Eq. (6)
will be provided. First, the problem is simplified.
Then, an analytical solution of the simplified problem
under a certain situation will be presented. At last, a
generalized algorithm is proposed to obtain the optimal
solution of problem Eq. (6).

2.1 Problem simplification

In order to simplify problem Eq. (6), Theorem 1
is provided as follows.

Theorem 1 To maximize users’ summation of
the achievable rates, the UAV should be deployed
above the line segment between the two users.

Proof Theorem 1 is demonstrated by contradic-
tion. This work first assumes that the optimal UAV de-
ployment location is given by ¢° = [«°, ¥, H]",
where y* 7 0. That is to say, the UAV is not located
over the line through the two users. The UAV transmits
with the maximum transmission power at the optimal

. 16 .
solution™’ | i.e. ,

Pl + P2 = Pmax (7)
Then, the achievable rates of the two users at the opti-
mal solution can be expressed as

0 i (a)
R] =log,(1 + P,A)) =7 (8a)
and

P,)3 )
1 + (Pmax _P2))\g
= logZ(l +PmaxAg) _10g2(1 +(Pmax _PZ)Ag)

R, = 10g2(1 +

(b)
=r" (8b)
o 5 i=12

respectively, where A} = —
l g —-w,

Conditions Eqs (8a) and (8b) are satisfied be-
cause of the QoS constraints. Given another UAV’s

location at ¢' = [«°, 0, H]", that is to say, the
UAV’ s location is over the line of the two users, i.e. ,
M m e & = 15 (9)

l g —w,l

It can be verified that A} > A?, i = 1, 2. Thus, there

i

are

Rl >R =r" (10a)
(¢)
R, >R) =r" (10b)

where condition Eq. (6¢) in Eq. (10b) holds, since if
a > B, the function g(x) = log, (1 + ax) —log, (1 +
Bx) is monotonically increasing with respect to the vari-
able x. Therefore, the sum rate atq' = [2°, 0, H]"is
larger than that atg° = [2°, y°, H]", V" #0. This
conclusion contradicts the assumption that g° is the op-
timal location that can get the maximum sum rate.
Therefore, it can be concluded that a higher sum rate
can be achieved by deploying the UAV over the line
through the two users compared to other locations.

Next, proofs on that the optimal UAV location
should over the line segment between the two users are
provided. Given a locationg” = [, 0, H]", ifx > L,
i. e., over the extension line of the two users, the
UAV can be always deployed atqg® = [L - (x-L), 0,
H]" which is a symmetrical location respective to user
1, and obtain a larger sum rate compared to that at g°.
As a result, in order to maximize the sum rate of the
two users, the UAV should be deployed above the line
segment between the two users, i.e. , 0 <x < L. This
completes the proof.

Based on Theorem 1, the UAV’ s location can be
simplified as ¢ = [x, 0, H]". According to the con-
clusion drawn in Ref. [16], in order to obtain the
maximum sum rate, the optimal power allocation strate-
gy can be represented as

P o
py o= 2 -1 (11a)
2" 27N,
and
PZ* = Pmax - Pl* (11b>

Yo
lg-w,
Egs(1la) and (11b) into Eqs(5a) and (5b), there

are

respectively, where A, = By substituting

|

; A .
P A - (27 —1) = +2
A,

R, =r" +log,

22r*
(12)
and
R, =17 (13)
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respectively. Observing Eqs(12) and (13), it can be
found that by employing the power allocation strategy,
the rate of user 2, i,e, the poorer user, is equal to the
rate threshold and irrelevant to the UAV’ s location.
The rate of user 1 can be further enhanced by varying
the UAV’ s location «.

Thus, problem Eq. (6) can be simplified as

max, f(x) (14a)
O0<sx<1L (14b)
where
r* /\l
fx) =PA - (27 -1) =
Ay
P, . 2 2
— . 70 max o (2r _ 1) H2 + (L +.76)2
H + (L -x) H + (L -x)

(15)
In order to assure rate of the user 1 is larger than
the rate threshold r* , the following remark is provided.
Remark 1 If the maximum value of f(x) is
greater than 2" (2" — 1), problem Eq. (6) is feasi-
ble. Otherwise, problem Eq. (6) is infeasible and a
smaller value of r* should be considered.
When problem Eq. (6) is feasible, the following
remark is provided.
Remark 2 The sum rate of the two users, i.e. ,
R, + R,, is decreasing as r* increases.
Proof The first-order derivation of R, + R, is as
follows.
re Ay
9(R, +R,) _ : (1_A2
ar® N

. A .
P_A -(27 1) =2 +2
A,
(16)

Since 0 < x < L, thus A; > A, holds. Moreover,
based on Remark 1, Eq. (16) <0. Thus, R, + R, is
an decreasing function respective tor”.

Note that problem Eq. (14) is a univariate opti-
mization problem which may be solved by derivation.

2.2 The analytical solution to problem Eq. (14)
The first-order derivation of f(x) is given by
_ 4Lx’ - 2Ax +2AL —AL(H* + )
f(x)_ (H2+(L—x)2)2

(17)
_ yOPmax _ %
where, A = 55 ' Let f(x) = 0, there is

20" — Ax + AL -2L(H* +L*) =0 (18)
Eq. (18) is a quadratic function with A = A* — 8AL* +
1617 (H* +L*). IfA = 0, then the stationary points of
f'(x) are given by

LAY e JAEYA g

Fsolw = 747 and Xsww = "7 0
(19)
In the following, it should be determined whether
the 2 stationary points are in the interval, and then ob-
tain the optimal x ( denoted by x*). Based on the
above derivations, the UAV deployment strategy is
concluded in Algorithm 1.

Algorithm 1 Proposed UAV deployment strategy
1. IfA = 0 then
2. Casel Ifxl, e (0,L), x%, € (0, L), then

x" = argmax{f(0), f(xgu,) » f(#55,) , (L)
3. Case2 Ifx, e (0, L), x3, ¢ (0, L), then

%" = argmax{f(0), f(xsa,) , f(L) ]
4. Case3 Ifxy, ¢ (0, L), x%, € (0, L), then
" = argmax{f(0), f(x54,) , f(L) |
5. Cased Ifxl, ¢ (0,L), 2, ¢ (0,L), then
x" = argmax{f(0), f(L)}
6. Else f(x) is a monotonic increasing function
with respect to x. Therefore, x* = L
7. End if
8. If
fx*) =277(2" -1) thenx* is determined.
9. Else
10. Reconsider r*.
11. End if

The algorithm considers 2 situations. The 1st situ-
ation is A = 0, and therefore, i, (i = 1, 2) is
achievable. Since it is hard to determine the concavi-
ty/convexity of f(x), four cases will be discussed in
the first situation from line 2 to line 5. In the 2nd situ-
ation, i.e., A < 0, xk,, (i = 1,2) cannot be ob-
tained. Since4L > 0, i. e. , the coefficient of quadrat-
ic term in f'(x) in Eq. (17), the conclusion can be
got thatf"(x) >0, Vx, and therefore, f(x) is a mon-
otonic increasing function with respective to x. Then,
x" = L. After obtaining x* , according to Remark 1,
line 9 to line 12 in Algorithm 1 will be applied to verify
x". After that, the optimal UAV deployment location
q* =[x",0, H]" can be obtained.

Note that the proposed algorithm is applicable in a
two-user scenario. For the multi-user scenario, the op-
timal UAV deployment problem is complex, and it
probably cannot get a closed-form solution. The UAV
deployment problem will be investigated in a multi-user
scenario in the future work.
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3 Numerical results

In this section, numerical results are presented to
demonstrate effectiveness of the proposed UAV deploy-
ment scheme (denoted as the DP scheme). The simu-
lation parameters are set as L =500 m, P, =1 W, H
=100 m, andy, = 10°.

Fig.2 plots the optimal UAV deployment location
using the proposed DP scheme when r* varies. Linear
search curves are also plotted to verify the correctness
of the analytical solution. It is clearly presented that
the linear search results are well matched with the ana-
lytical results. It can also be observed that the optimal
UAV deployment location moves away from user 1 as
r* increases. The reason is that asr” increases, user 2
needs more transmission power to satisfy the QoS con-
straint, and, therefore, the UAV tries to strike a bal-
ance between the transmission power of the two users.
This phenomenon can be also verified by Remark 2.

Sum rate (bps/Hz)

—— Linear search (r"=1)

----- Linear search (r"=0.9)

- - - Linear search (r"=0.8)

1§ ¢ Analytical solution (+'=1)
o Analytical solution (+"=0.9)
o Analytical solution (+*=0.8)

0 100 200 300 400 500
x(m)

Fig.2 Optimal deployment location for DP scheme versus r*.

For comparison, the following 2 schemes are con-
sidered as benchmarks.

(1) FDMA A UAV-enabled FDMA system,
which is different from NOMA system in this paper, al-
so can demonstrate that the optimal UAV deployment
location is over the line segment between the two us-
ers. Given a UAV’ s location and the power constraint,
in order to maximize the sum rate, the optimal power
allocation based on the water-filling scheme is first de-
termined. Then, the location is varied to find the opti-
This
scheme can be used to demonstrate advantages of the
NOMA system.

(2) Power optimization without UAV deploy-
ment (POWD) A UAV-enabled NOMA system,

mal solution that can maximize the sum rate.

where the UAV’ s location is fixed over user 1 and the
optimal transmission power is obtained with the same
manner used in our scheme. POWD scheme is used to
demonstrate the advantages of the DP scheme.

Fig. 3 plots the variation of sum rate for the FDMA
scheme versus differentr*. A curve of NOMA when r”
= 0. 8 is also plotted for comparison. A portion of the
FDMA scheme curves are not drawn, due to the reason
that the QoS constraint is not satisfied. Moreover, the
NOMA scheme can always achieve a higher sum rate
compared to the FDMA scheme. That is because the
NOMA scheme is known to have a higher spectrum effi-
ciency compared to the FDMA scheme.

5 T E T )
451 —%—FDMA Scheme r*=1 o 1
-&-FDMA Scheme =09
---------- FDMA Scheme r*=0.8 .

4 ---FDMA Scheme r"=0.8 o’ 1

Sum rate (bps/Hz)

0 100 200 300 400 500
x(m)

Fig.3 Optimal deployment location for FDMA scheme versus r*

Fig.4 compares the sum rate of the 3 different
It can be noted that the
sum rate of the proposed DP scheme decreases asr” in-

schemes versus different r*.

creases. This phenomenon is consistent with Remark
2. Also, it can be observed that the proposed DP
scheme outperforms the FDMA scheme and the POWD

6 T T T T

Sum rate (bps/Hz)
w

—6— FDMA scheme
—o— The proposed DP scheme
—&— POWD scheme

! L

0 L 1
0.5 0.6 0.7 0.8 09 1
" (bps/Hz)

Fig.4 Sum rate versus r "
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scheme from the perspective of sum rate. The proposed
DP scheme can achieve a higher sum rate compared to
the FDMA scheme, because of the employed NOMA
manner. The proposed DP scheme can obtain a higher
sum rate compared to the POWD scheme, because of
the optimal UAV location deployment. Moreover, it
should be pointed out that when r* =1 bps/Hz, the
POWD scheme cannot satisfy the QoS constraint, and
therefore the sum rate drops to zero. Therefore, the
conclusion can be drawn that by designing the optimal
UAV’ s deployment location, not only the sum rate can
be enhanced, the QoS of each user can also be as-
sured.

4 Conclusion

In this paper, the optimal UAV’ s deployment
problem is studied in a two-user case. In order to max-
imize users’ sum rate, an optimization problem is first
constructed, considering the QoS and power con-
straints. Then, a feasible solution region of the prob-
lem is reduced to a line segment between the two us-
ers. This conclusion can help us further reduce the
original optimization problem to a simplified one.
Next, by giving a UAV’ s location and utilizing the op-
timal power allocation strategy which is relevant to the
UAV’ s location, the optimization problem is reduced
to a univariate problem. The analytical solution to the
simplified problem under a certain situation is provid-
ed, and moreover, a generalized algorithm is proposed
to further determine the optimal UAV’ s location. Sim-
ulation results are presented to demonstrate effective-
ness of the proposed DP scheme in maximizing the sum
rate and its advantages over the FDMA and POWD

schemes.
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