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Abstract. In this paper, we study a half-duplex multi-user unmanned
aerial vehicle (UAV) aided communication system, with constraints of
control and back-haul data rates. The UAV is connected to the cellular
networks, and because of its line of sight channel, it also works as a relay
to receive and transmit the information from the ground users to the
base station. The users, categorized in non-orthogonal multiple access
(NOMA) groups, have direct links to base stations. In the meantime, to
economize spectrum resources, the UAV’s control and back-haul link is
also multiplexed with users. In this paper, we design the communica-
tion scheme and resource allocation strategy to achieve higher spectrum
efficiency. The numerical results show the convergence of the proposed
scheme and show that the proposed scheme has better performance than
OMA schemes.

Keywords: Spectrum efficiency - NOMA - UAV cellular networks *
Multi-user

1 Introduction

In recent years, the application of unmanned aerial vehicles (UAV) on communi-
cation networks has attracted widespread attention. The potential of UAV relays
has already been mentioned in release 15. At present, relevant researches focus
on UAV-assisted emergency communication and temporary communication. In
release 17, the requirement for cellular networks to enable UAVSs’ connection has
been mentioned. Benefit from their high mobility, UAVs connected to cellular
networks have broad prospects as cooperative relays to enhance communication
performance.

Recent studies of UAV systems are usually about the design of trajectory
and the power allocation [2,4,6,9], where the UAVs are dedicated relays or base-
stations [11]. The UAV’s control and backhaul relay is usually not considered.
With the tension of spectrum resource, UAVs in cellular networks usually have
limited time and frequency resources, while the control and back-haul links of
UAVs should have guaranteed data rates so as to keep the safety of UAVs’
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operation. However, how to multiplex the UAV’s control and backhaul relay
when the UAV joins a cellular network is still not widely studied.

There are some researches about NOMA techniques for UAV’s connection
to cellular networks. In [5], the authors studied the interference of base stations
(BSs) to UAVs, and designed a cooperative NOMA scheme for BSs and the
UAV. But the research did not consider other ground users, which is usually not
ignorable. In [7], a cooperative NOMA scheme for a multi-user UAV enabled
communication system is studied. The UAV works as a macro cell BS, but the
UAV’s control link is not considered. In [10], the authors studied a downlink
full-duplex UAV relaying system, the UAV works as a relay between the base
station and the users. Differently, we study an uplink communication system
consisting of direct links between the base station and the UAV, and the base
station and the users. The control and back haul link between the UAV and
the base station is also considered to guarantee the UAV’s control and relaying
mission’s.

2 System Illustration

2.1 System Model

Base station

Fig. 1. The system model.

We consider a half-duplex uplink communication system, consisting of a bases-
tation, a UAV and multiple ground nodes. The UAV flies at a given altitude and
works as a decoding and forward relay. Since the UAV is connected to cellular
networks as a special user, its position is given because of requirements of mis-
sion. Suppose there are K users sharing the same spectrum resource. The power
transmitted from the ground nodes at time slot ¢ is denoted as py, ¢ The power
from the UAV to the BS is denoted as py. The control and backhaul power from
the BS for the UAV is denoted as pg. The noise power spectral density is No,
and the bandwidth is B.



Multi-user UAV Relayed Networks with Control and Back-Haul Links 677

Denote the channel between the UAV and user k as hyouk, the channel
between the BS and the user k£ as hy2p 1, and the channel between the BS and
the UAV as hyap. Since there are line of sight links in the air-to-ground (A2G)
channel, we consider h,op, and hyap as Rician channel, and the direct link
between the BS and users h,2p i as Rayleigh channel. Then we have

_ plarge ; small
huzu,ke = Pk Praat ks (1)
large; small
huap = hUQB hirsg” (2)
and
_ plarge 3 small
hu?B,k = hu2B,khu2B,k~ (3)

where h!979¢ denotes large scale fading, which is influence by the distance and
frequency. h*™%!! is the small scale fading. hzglgl,i and himal are with Rician

distribution, and h;glglfc is with Rayleigh distribution.

2.2 Proposed NOMA Scheme

The half duplex communication procedure is divided into two time slots. The
proposed NOMA scheme is:

e In the first time slot, the UAV receives information from the users in a NOMA
group, which is decided in advance according to NOMA grouping schemes [1,
3]. The BS transmits control information to the UAV. All the NOMA users
and the BS share the same spectrum resource.

e In the second time slot, the user transmits information to the BS directly,
since the channels between users and BS are usually not blocked completely.
The users share the same spectrum resource. In the meantime, the UAV
transmits back-haul information to the BS, using the same spectrum.

Since the control and backhaul channel and the users’ channel share the same
spectrum resource, the decoding procedure at the UAV node is designed accord-
ing to the channel with the users and the BS. Firstly, we sort the channel gain
by descending order as

‘hu2U,a1|2 Z e Z |hUQB,aj|2 Z e Z ‘huQU,aK+1|2- (4)

Similarly, as for the second time slot, the BS should first sort the channel gain
as

lhu2B oy |* >+ > |hoapp, | = > [huaB b, | (5)

where a; and b; denotes the number of users, i.e., a; = k. And we have a; =0
and b; = 0 for the channel between the UAV and the BS. The indexes for the
user’s order is necessary, because the order of a user’s channel to UAV and the
order of the same user’s channel to BS is usually different. But the UAV and
the BS both needs to decode the information according the decrease order of the
channel gains. After the decoding procedure at the second time slot, the BS will
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need to pair the received information of a user from the relay and the information
of the user from the direct link. In fact, in the simulation procedure, we found
that this sorting procedure can be finished by multiplying a matrix, which will
be not increase much complexity. Note that the channel gains |hUQB,ak|2 and
|hv2p b, |> are possibly listed at the head of the list because the UAV-to-BS
links usually have better channels when the UAV is closer to the BS.

Table 1. Tables of parameters in the proposed NOMA scheme.

Time slot Num/item | BS UAV | Users

Time slot 1| Power PB — Pu2U,k,1

Channel | hy2p,1 | hu2,1 | hu2u,k,1

Time slot 2 | Power — pU Pu2B,k,2

Channel | hy2p,2 | hu2B,2 | hu2B,k,2

The parameters for the proposed NOMA scheme is given in Table 1. At time
slot 1, the UAV receives information from the ground users and the BS. The
ground users and the BS shares the same spectrum resource. According Shannon
theory, the spectrum efficiency between the user k and the UAV at time slot ¢
are denoted as Ry k¢, and is given by

Pu k1 | hu2v k1 |2
] (6)

R, =1 1
2Uk,1 = 1082 ( i Lyovuk1 + NoB

The spectrum efficiency from the BS to the UAV Rysp+, and from the UAV to
the BS Ryap,+ are both
pulhs|?

: (7)

R =1 1+ —
U2B,t 0go ( + Toaprs + NoB

Note that as for (7), the interference at time slot 1 and time slot 2 are different,
because at time slot 1, Ryop,1 is the control data rate to the UAV, the interfer-
ence consists of the users’ information to the UAV; as for time slot 2, Ryap 2 is
the back-haul link from the UAV to BS, the interference of which consists of the
data of the direct link from the users to the BS. The spectrum efficiency from
the users to the BS is given by

Duk,2|Ru2B k2

2
R =1 14— |, 8
w2B,k,2 = logy ( + Tusnn + NOB> (8)

Then at time slot 1, at the UAV relaying node, the interference is the received
information from the users with lower channel gain than the user k in (4).

AR 4+1

Lovka= Y Bialhal?, 9)

j:ak+1
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similarly, at time slot 2, at the BS, the interference is

br i1
LyoB.k2 of Iyap ko = E Di2lhj2
J=bri1

2, (10)

Note that in (9), p;1 and ﬁj,l represent pg or pyou,j,1 and hyoy,; Or hyap,; in
(4). And in (10)7 ]A)'j)g and hj72 represent pPu or quB’j’Q and hugB)j or hUQB)j n

().

3 Mathematical Problem Formulation

Considering the communication quality for each users, we maximize the mini-
mum achievable rate per Hz of the users, under the constraints of the available
power of users, the UAV and the BS. In addition, we also guarantee the quality
of the UAV’s control and back-haul data rates. The problem is formulated as

Ruovk1 + Ru2B k2 i

max min k=1,--- K (P1)
Pu,k,t,PUsPB 2
s.t. Ru2p,1 2> RBackhaul, (11)
K
RUQB,Z > Z Ru2U + RBackhaul; (12)
k=1
2
Zpu,k,tgpu,kvkzla"' 7Ka (13)
t—1
pu < Py, (14)
pB < Pp, (15)

where (11) is the channel capacity constraint of the control link from the BS to
the UAV. (12) is to guarantee the users’ data all transmitted to the BS through
the UAV relay, as well as ensuring the back-haul data of the UAV transmitted
to the BS with required data rates. (13), (14) and (15) are the constraints of
power consumption. The problem (P1) is a non-convex problem because of the
objective function, (11) and (12), which is hard to be solved. In the next section,
we propose the suboptimal solution to design the power allocation scheme of the
users, the UAV and BS iteratively.

4 Solution Approach

Since the problem (P1) is a non-convex problem, we iteratively solve it refer-
ring to difference of convex functions (DC) programming [8]. According to
DC programming, the minimization of the difference of two convex functions
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q(z) = f(x) — g(z) can be approached iteratively by solving its convex upper
bound q(z) = f(z) — g (z) — Vg(2®)T (z — 2V). After using slake parameter

R, min, the problem (P1) is given by

max Ry min
Pu,k,t,PUPB

s.t. (13), (14), (15)
1
Ru min a _Ru ub a
, + 2( 2u k1) + 3
Riackhaut + (—Ruap1)" <0,
K

b b
Rbackhaul + Z R32U7k,1 + (_RUQB,2)H S 07
k=1

1
(_RUQB,k,2)ub S 0) k= [ 7Ka

(19)

where [-]“ is the upper bound according to DC programming. For example,let

arg+1
F(puk1) = —logy | D Bialhjal* + NoB |,
Jj=ak
ar+1 "
g(pur1) = |—logy | D BialhjalP+ NoB ||,
J=ar41
then the derivative of g(py k1) is
1) o [lhak+1’1|27-.. 7‘haK,1 2]T
Vg(p%/ﬂ) - a4+l ~() (7 9 )
In2 (Zj:akﬂ pjalhjal? + NOB)

where [ is the iterative index. Then the upper bound of —Ryap k1 is

(—Ruzvk,1)"" = £(Puk,1) — g(pg,)m) - Vg(pg,)m)(pu,m - pg,)kyl)

Similarly, as for the upper bound of R,2p k2, let

br+1 "
f(puk2) = —log, Z pj2lhjol® + NoB |,

Jj=bk

br+1 "
g(pur2) = |—logy | Y Pialhjal*+NoB ||,

J=br+1
then the derivative of g(py k,2) is
Uhbe o2l s [ 2f*]T

In2 (Z?ibﬁil Bjalhjal? + NoB)

!
Ve(p) o) =

(20)

(21)

(23)
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Then the upper bound of —R,2p k2 is

(—RuzB,k,Q)uP = f(pu,k,2) - g(psi)k,g) - Vg(pg,)k,g)(pu,k,z - pg’)k,z)- (27)
Since the function of spectrum efficiency form can be expressed as the dif-
ference between two log functions, other upper bounds can be derived similarly.
Note that the upper bounds of the functions are all convex. Accordingly, the
problem (P2) is a convex optimization problem, which can be solved efficiently
using CVX tools or interior methods in Matlab. Then the power allocation algo-
rithm is proposed is Algorithm 1

Algorithm 1. Design of power allocation for UAV NOMA communication sys-
tem

1: Initialize the iteration number [ = 0, and the initial values of py k¢, pU, pPB.

2: repeat

3:  Solve the convex optimization problem (P2), the solutions of the variables are

used to update pgﬁt),pgﬂ), and p(BlH);
4:  Update the iteration number [ = [ + 1.
5: until The value of the objective function reaches a convergence

5 Numerical Results and Discussion

In this section, we show the numerical results of the proposed algorithms. In
the system, we consider a square place with length 1000 m and width 1000 m.
At the studied time slots, the UAV’s position is given as (400 m, 200 m, 100
m). The base-station is fixed at (0 m, 500 m, 0 m). The number of users is 4.
Their positions are given randomly in the area of (500 m, 1000 m) for z, (0 m,
1000 m) for y, and z = 0 m. The communication system works at 5 GHz with
the bandwidth of 20 MHz. Thus the parameter of large-scale path-loss factor at
reference distance is —46 dB, the path-loss exponent is set to be 2. The noise
spectrum density is —150 dBm/Hz.

We consider OMA scheme as a comparison. As for the OMA scheme, in
the first time slot, the UAV also receives information from the ground users
and receives control data from the base station. But all the users requires sepa-
rate spectrum resources. As for the second time slot, the UAV transmits received
information as well as control and back-haul data to the BS. And the users trans-
mit data with their separate spectrum resources. For both of the two schemes, we
optimize the power of users, BS and UAV to maximize the minimum spectrum
efficiency of users. The channels of users to UAV and UAV to BS are Rician
channel, with the Rician factor of 5. The channel between users and BS at the
second time slot is Rayleigh channel.

Figure 2 shows the convergence of the proposed algorithms.
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Figure 3 shows the influence of the available power of the ground nodes. The
minimum back-haul data rate per Hz of the base-station is set to be 0.02 bps/Hz,
the maximum transmitted power from the base-station for the control and back-
haul information to the UAV is 0.02 Watt. The maximum communication power
consumption for the UAV is 0.02 Watt. As can be seen from the Fig.3, with
more power available, the minimum spectrum efficiency of the users increases.
Also, the results show that the proposed NOMA scheme outperforms the OMA
shceme.
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Fig. 2. The convergence of the proposed algorithm.
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Fig. 3. The influence of the available power for ground users.



Multi-user UAV Relayed Networks with Control and Back-Haul Links 683

0.3

—6— NOMA
—<&— OMA

0.25

o
[

0.15

o
o

Achievable spectrum efficiency (bps/Hz)
=
O

0 : ¢— € 4
-160 -155 -150 -145 -140 -135 -130 -125 -120
NO (dBm)

Fig. 4. The influence of noise power spectral density.

Figure 4 shows the influence of noise power. The maximum power from each
user is set to be 0.01 Watt. The spectrum efficiency decreases with the increasing
of noise power spectral density. It is observed that with the channel condition
getting worse, the achievable spectrum efficiencies of NOMA and OMA schemes
are both getting worse.

6 Conclusion

In this paper, we studied a cellular network with a UAV and multiple ground
users. The UAV communicates with the BS to receive and transmit control and
back-haul information as well as works as a relay to enhance the communication
performance of ground users. To maximize the spectrum efficiency, we designed
the power allocation scheme by solving the non-convex problem using DC pro-
gramming. Numerical Results show the convergence of the proposed algorithm
and prove that the cooperative NOMA scheme can achieve better spectrum effi-
ciency than the OMA scheme. The future work will be extended to user grouping.
Also, the influence of the UAV’s dynamic trajectory will be studied in following
work.
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