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Placement and Power Allocation for NOMA-UAV Networks

Xiaonan Liu, Jingjing Wang, Nan Zhao, Senior Member, IEEE, Yunfei Chen, Senior Member, IEEE, Shun Zhang,
Zhiguo Ding, Senior Member, IEEE, and F. Richard Yu, Fellow, IEEE

Abstract—Unmanned aerial vehicles (UAVs) can be used as
flying base stations to provide ubiquitous connections for mobile
devices in over-crowded areas. On the other hand, non-orthogonal
multiple access (NOMA) is a promising technique to support
massive connectivity. In this letter, the placement and power al-
location (PA) are jointly optimized to improve the performance of
the NOMA-UAY network. Since the formulated joint optimization
problem is non-convex, the location of the UAV is first optimized,
with the total path loss from the UAV to users minimized. Then,
the PA for NOMA is optimized using the optimal location of
the UAV to maximize the sum rate of the network. Simulation
results are presented to show the effectiveness and efficiency of
the proposed scheme for NOMA-UAV networks.

Index Terms—Placement optimization, non-orthogonal multi-
ple access, power allocation, unmanned aerial vehicle.

I. INTRODUCTION

To satisfy the increasing demand for data services, the
5G networks are being standardized to provide wider cov-
erage, support more devices, and achieve higher throughput.
Meanwhile, unmanned aerial vehicle (UAV) communication
is an emerging technique which can help 5G achieve better
performances, due to its mobility, flexibility and good chan-
nel condition [1], [2]. Recently, much research has already
been conducted on UAV communications [3]-[7]. In [3], to
minimize the number of UAVs, a 2-D placement optimization
algorithm was proposed for multiple UAVs. In [4], the UAV
trajectory was studied to offload traffic for base stations (BSs).
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Through trajectory optimization, the energy trade-off problem
of ground-to-UAV communications was studied in [5]. In [6],
a fundamental tradeoff was made between the throughput and
delay in UAV networks with cyclical multiple access. In [7],
a blind beam tracking approach for a Ka-band UAV-satellite
communication system was proposed.

On the other hand, non-orthogonal multiple access (NO-
MA) can provide massive connectivity, high reliability and
efficient spectrum utilization [8]-[16]. In [8], the performance
of downlink NOMA was studied with randomly deployed
users. A power allocation (PA) scheme was proposed in [9],
under the outage constraints in NOMA systems. The impact
of user pairing in two NOMA systems, i.e., fixed-NOMA and
cognitive-radio-NOMA, was characterized in [10]. In [11], the
PA and scheduling problems were studied for NOMA relay-
assisted networks. A NOMA multicast scheme was proposed
in [12], to improve the spectrum efficiency of content caching
networks. In [13], the non-orthogonal angle division multiple
access was studied from the array signal processing perspec-
tive. In [14], a unified framework was proposed to study UAV
networks assisted by NOMA. The beamforming and PA were
jointly optimized for satellite-terrestrial networks with NOMA
in [15]. NOMA was utilized to reduce the transmission latency
for short-packet communications in [16].

In the aforementioned works, NOMA has not been well
researched in UAV-aided networks, motivated by which, UAV
and NOMA are combined to provide wireless data service
for ground users in this letter. Specifically, the placement and
PA for the UAV are jointly optimized. Nevertheless, due to
the non-convexity of the proposed optimization problem, it
is extremely difficult to solve directly. Thus, we first select a
proper location for the UAV so that the total path loss from the
UAV to ground users can be minimized. Then, PA for NOMA
at the UAV is further performed to maximize the sum rate.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider a wireless network with a single UAV provid-
ing data services as a BS for multiple ground users. The UAV
is deployed at a height H, which can serve at most K mobile
devices simultaneously. We assume that the UAV and each
device are equipped with a single antenna. Thus, the received
signal at the kth user from the UAV can be expressed as

K

ge=hemet by (M)

where h;, is the channel coefficient between the UAV and
the kth user. Ty is the transmitted message for the kth user,
and ny, represents the additive white Gaussian noise (AWGN)
following CA/(0, 0%). Without loss of generality, the channel
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gains follow 0 < |hy|? < -+ < |hg|? < -+ < |hgl?. Also,
|Z1|2 = Pyavar, where Pyay is the maximum transmit
power of the UAV, a;, is the PA coefficient, which follows

K
Y=l za>zag ()

According to NOMA, successive interference cancellation
(SIC) is utilized at users according to their channel conditions
[8]. For example, the kth user needs to decode information
from the Ist to the (k — 1)th user before decoding its
own. Then, the received signal-to-interference-plus-noise-ratio
(SINR) at the kth user (1 < k < K — 1) can be presented as

Py av|hi|ay,

SINR[¥ = = ) (3)
Py ay|hi|? Zi:kﬂ a; + o
For the K'th user, the received SINR can be denoted by
SINRE = Py v |hi|?ax /o2 (4)

The transmission rate for the kth user can be presented as

R = log, (1 n SINRW) Ck=1,2,..., K. (5

B. Problem Formulation

To maximize the sum rate of the UAV-assisted NOMA
network, the location and transmit power of the UAV BS
should be jointly optimized, which can be expressed as

K
[k]
(1) max S oz, (1 + SINR ) (62)
s.t. RIF > plkl (6b)
K

> =1 (6¢)

min {z;} < Xy <max{z;},1 <i< K, (6d)

min {y;} <Yy <max{y;},1<j <K, (6e)

where 7*] is the rate threshold for the kth user, and (z,yx)
denotes the coordinate of the kth user. Due to the fact that
the UAV is assumed to stay at a fixed height to guarantee
the coverage of all the users, we use (Xy, Yyr) to present the
location of the UAV in the horizontal dimension.

ITI. Low-COMPLEXITY SOLUTIONS TO (P1)

We should notice that (P1) is non-convex, which is diffi-
cult to solve. Therefore, we propose to solve it through the
following two steps: (1) Placement optimization for the UAV;
(2) PA for NOMA.

A. Placement Optimization for the UAV

We assume that the path loss from the UAV to users is
mainly line-of-sight (LoS) [3]-[6]. The path-loss model for
the LoS link of the kth user in dB can be denoted as

L o = 20log, (47 fodi/C) + Nios, k=1,2,..., K, (7)
where f. is the carrier frequency, and dj is the distance
between the UAV and the kth user, i.e.,

dp = VH? + (Xu — a)? + (Yo — yn)2- ®)

NLos 18 the mean additional loss for LoS transmission.

Furthermore, for a given transmit power Pt[k] of the kth user
from the UAV, its received power P,[k]
using the path loss as

in dB can be determined

P = 101og,, P/ — LI, 9)
PM = Pyayva. (10)

Thus, the optimal location for UAV can be achieved by
minimizing the total path loss of the UAV as

K
: (K]
(P2) f[}l]r; Zk:l Ly (11a)
s.t. min{x;} < Xy <max{z;},1 <i<K, (11b)
min{y;} <Yy <max{y,;},1 <j <K, (llo

which can effectively improve the network performance.
According to (7), (P2) can be recast as

K
H (47”;6dk ) ) + Knpos

min 20log, (
dg.

k=1 (12)
s.t. min{x;} < Xy <max{z;},1 <i<K,
min{y;} <Yy <max{y,},1 <j<K.
In addition, based on
didy ... di < ((dy +do + - +d) /K, (13)

we can know that obtaining the optimal location of the UAV is
equivalent to minimizing the sum distance between the UAV
and users. Hence, (12) can be further rewritten as
min Xy —ap)? + (Yo —yp)?
nin oy (KXo = 2)" + (Yo — )

s.t. min{x;} < Xy <max{z;},1 <i<K,
min {y;} <Yy <max{y,},1<j<K.

(14)

To obtain the optimal solution of (14), Lemma 1 and Lemma
2 are provided.
Lemma 1: (14) is a convex optimization problem.

Proof: According to (14), the second derivative of X/
or Yy is 2K > 0, which means (14) is convex in X or Yy.
In addition, the constraints are affine functions, and hence, we
can conclude that (14) is a convex problem. |

Lemma 2: The optimal solutions of Xy and Yy in (14) can
be denoted as

K K
XU = Zk:l xk/K, YU = Zk:l yk/K

Proof: Because (14) is convex, its first-order derivative of
Xy and Yy are 2K Xy —2 Y0 2y, and 2K Yy —2 30, i,
respectively. When they equal to 0, (15) can be obtained. W

15)

B. Power Allocation for NOMA

With the optimal location of UAV in (15), the sum rate
can be further maximized by PA at the UAV among users.
According to (6b), a minimum transmission rate should be
satisfied by each user. (6b) can be further changed into

K] K o
> (27 — 1) TP k2 ) 1o
ak = ( (Zi—k+1 @i + PUAV|hk|2) (e



Due to (16), the PA problem cannot be solved when Py 4y
is not high enough. Thus, there exists a minimum transmit
power Py Ay —min that can satisfy all users’ minimum rate
requirements, which can be obtained as

p (17a)

k=1
k 7Kl K i
st P > (2 —1)<Zi_k+1 Pt[]+a2/|hk|2>.(l7b)
Lemma 3: The optimal solution of (P3) can be presented as
k ) K i
P = (27 = 1) (Zi_k“ Pt 0%/ |hk|2> (18)

Proof: (P3) is convex, and Karush-Kuhn-Tucker (KKT)
condition can be used to obtain its closed-form solution as

X )
1k Ko i, o k] _
/\k[(Q - 1) (Zi_kﬂpt + W) — P }_o, (20)

M >0k=1,2,... K. 1)

(P3) min
pl¥l

19)

According to (19), we have A\ > 0, due to the fact that
—[k

(2T[] — 1) is a nonnegative number. Then, Pt[k] can be

calculated according to (20). ]

Based on Lemma 3, we have

Pyav = Puav-min =

which can be utilized to check whether Py 4y is high enough
to satisfy the minimum transmit power of all users.

N
k=1 t—min>

(22)

To separate the PA from (P1), the sum rate of the network
can be changed into

K Pyav|h|?
(k] — tvAviing
Zk:1 R log, < 2 + 1>

23
+ZK—110g PUAV|hk+1|2 Zf{:kJrl aH—aQ ( )
k=1 72\ Pyay g2 Sy @i 02

In addition, we assume that

K
*=D
U(zi) = logy(Puav|his1 >z, + 02)
—logy(Pyav|hi’z +0%),1 <k <K —1.

Thus, based on the optimal location of the UAV, (P1) can be
reformed as

a1 <k<K-1, 4)

(25)

K—-1
n}szk:l Ulz) (26a)

K
s.t. Zk:l ar =1 and (16).

According to (25), we can know that the problem is the sum
of K —1 nonconvex subfunctions. To solve (26), the first-order
derivation of U(zy) can be derived as

U (zk) Py ay (|hesr >~ |*) o

= . (27)
0z, 11'1Q(PUAV‘thrl‘22k+02)<PUAV|hk‘22k+02)

Since |hg11]? > |hi|?, U(zk) is a monotonically increasing

(26b)
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Fig. 1. Locations of the UAV and mobile users in the horizontal dimension.

function of zj. Thus, maximizing U (zy) is equal to maximiz-
ing zj. Then, (26) can be further reformulated as

K
s.t. Zk:l ar =1 and (16), (28)

1<k<K 1<s<K-1,
which can be solved by Lemma 4.

Lemma 4: The closed-form solution of a; (1 < k < s) and
zs can be given as

CAE)) (

2?[’6]

k—1 0’2

1— at+t—2"), (9
Zi:l PUAV|hk|2> (29)

=1- E ° k
z Q.
s k=1 "

Proof: Due to the fact that (28) is convex, KKT conditions
can be utilized to get

oo d W= T w 1), 1<k <, 31)
we — S w2 1) 41, s+1<k <K,

k) K o? .
uk[(Q —1)(21,_“1 al+PUAV|hk|2> —ak] —0, (32)

wp > 0,k=1,2, .., K, (33)

ap =

(30)

where v and uy, are the Lagrange multipliers for constraints in
(28). We first justify u; > 0 by contradiction. Assuming that
u; = 0, then v = u; = 0 can be obtained via setting k = 1
in (31). Thus, as for 1 < k < s, u, = Zf;ll ui(2f[1] —1) can
be further calculated. Due to the fact that (2’7“] —1)>0, ug
are all equal to zeros if u; = 0. Nevertheless, through setting
k=s+1in (31), we are able to derive that

w=v=ugi—y w2 —1)+1=ug+1>0, (34)

which does not meet the assumption that u; = 0. Accordingly,
v = uy > 0. After that, as for 2 < k < s, we can obtain that
up = SF! u;(2"" — 1) + v, which means that u; > 0.
Then, when ZiK:kH a; in (32) is replaced by (1— Y% a;),
the closed-form solution of a; (1 < k < s) and zs can be
deduced as (29) and (30), respectively. |

Therefore, according to Lemma 4, when s = K — 1, the
optimal solution a; (1 < k < K —1) can be calculated through
(29). Moreover, because Zszl ar = 1, ax can be further
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Fig. 2.  Sum rate comparison of the NOMA-UAV network with different
transmit power of the UAV Py 4y according to Fig. 1, when the locations
of the UAV and the PA are optimized or not.

K-1

deduced as axg =1—) ;| ax.

IV. SIMULATION RESULTS AND DISCUSSION

Consider a NOMA UAYV wireless network, in which all the
mobile users are randomly deployed. We set K = 6, H =
50 m, o2 is —110 dBm, and 7 = 1 bit/s/Hz.

First, the locations of the UAV and mobile users are
shown in Fig. 1, where 6 users are randomly deployed in
the horizontal dimension, which are marked by blue circles.
Meanwhile, three locations are selected for the UAV. The red
square is the optimal location calculated according to Lemma
2. The other two black stars are the randomly chosen locations
for the UAV. The sum rate of the network is compared in Fig.
2 for different values of Py 4y at the UAV with the NOMA
or orthogonal multiple access (OMA) schemes, based on the
locations of the UAV in Fig. 1. When no PA is considered,
the values of PA coefficients from a; to ag are fixed, which
equal to 0.519, 0.25, 0.13, 0.065, 0.035 and 0.001, respectively.
From the results, we can see that when the total transmit power
of the UAV is higher, the sum rate increases. Furthermore,
we can see that, when the location of the UAV is optimized
according to Lemma 2, the performance is better than that
when the location of the UAV is randomly generated. We can
also observe that NOMA and PA can increase the sum rate.

Then, the average sum rate of the network is compared
in Fig. 3 with different locations of ground users using the
Monte-Carlo method. The 95% confidence interval of the point
Pyayv = 20 mW on the curve of the optimal UAV location
with both NOMA and PA is [9.18, 12.46]. From the result,
we can also see that the performance of the proposed scheme
is better than that when the UAV is randomly deployed or the
OMA is adopted, with different locations of ground users.

V. CONCLUSIONS

The placement and PA of UAV have been optimized in
NOMA-UAV networks in this letter to maximize the sum rate
of users. To solve this non-convex optimization problem, it
has been separated into two sub-problems. First, the location
of UAV has been optimized to minimize the sum path loss
from UAV to users. Then, the PA for UAV has been optimized
according to its optimal location to further maximize the

Fig. 3.
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different locations of ground users.

sum rate. Simulation results have been presented to show the
effectiveness of the proposed scheme.
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