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Abstract. In this paper, we study the energy efficient communication of
a fuel-powered UAV relay. Since the fuel-power UAV has separate power
supply for communication and operation, and the fuel can support hours’
flight, we focus on the energy efficient communication of the UAV. We
study two scenarios as a comparison, including the UAV working as a
one-way relay and a two-way relay. The non-convex optimization prob-
lem is solved using successive convex approximation (SCA) method and
difference of convex functions (DC) programming. The upper bounds and
lower bounds of the data rates are proposed to transform the problem to
an equivalent convex optimization problem. Numerical results show that
the proposed upper bounds and lower bounds of the data rates converges
to the same value. And the convergence of the objective function is also
shown. The differences of the UAV’s placement and power allocation as
a one-way relay and a two-way relay are compared in the discussion.
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1 Introduction

In recent years, the application of unmanned aerial vehicles (UAVs) on com-
munication networks has drawn wide attention [1,2,4]. Related studies focused
on the UAV-assisted communication networks and UAVs in cellular networks
[3,7,10]. Benefit from their high mobility, UAVs have bright prospect of work-
ing as relays or temporary base stations to build provisional communication
networks for disaster recovery and wilderness exploration.

Unlike electric UAVs, which have short flight endurance, and fuel-cell UAVs,
which requires high budget and long start-up time [5,6], fuel-powered UAVs have
mature technologies, long endurance of flight and are adaptable to different
environments. Fuel-powered UAVs are driven by internal combustion engines
(ICEs) [8]. Although they also have drawbacks, such as noise and relatively
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lower efficiencies, they are still irreplaceable when high load, long endurance
and low budget are required.

There are two categories of energy efficiencies related to UAV relays or base
stations, energy efficient operation and energy efficiency communication [11].
When it comes to electric UAVs, the energy efficient operation is quite impor-
tant because the communication module and operation are powered jointly by
electric, and the operation consumes much more energy than the communica-
tion. As for fuel-powered UAVs, the energy efficient communication should be
also considered, since the communication module is powered by batteries sepa-
rately. The mission time is related to both the communication and the operation.

As for studies considering the problems of energy efficiency of UAVs, most
of the studies focused on electricity-powered UAVs, of which the communica-
tion power and mechanical power are jointly provided by batteries [1,9]. The
influence of the UAV’s positions and communication power to the energy effi-
cient of communication module on fuel-powered UAV relays has been left as
unexplored questions. In this paper, we focus on the energy efficiency communi-
cation, related to the UAV positions. The UAV, working as a one-way relay and
a two-way relay, are both studied, as a comparison.

2 System Model

We consider a three node communication system, consisting of a UAV and
two ground nodes. The UAV flies at a fixed altitude as a relay. Denote the
ground nodes as Node 1 and 2, and the UAV as A. Use k to denote the
number of ground users, & = 1,2. The positions of the ground users are
(zk,Yk,0). The UAV’s position is (za,ya,H). The power from the ground
nodes is denoted as px. The power from the UAV to the two ground nodes
is denoted as pa . Suppose the UAV and the ground nodes have line of sight
(LoS) channels, the channel gains between Node 1 and Node 2 and the UAV are

|hail* = C’\/(xA —23)% 4 (ya —yr)> + H2 , where C and « are the path loss
at the reference distance, and path loss exponent, respectively. Then the data
rate of from Node k to the UAV and the data rate from the UAV to the Node
k are

Than? hoakl?
Ry = log, <1+pk|0A2’k||>,RA7kzlog2 (1+“|O_";”“|>, (1)

where o2 is the power of Gaussian white noise.
The energy efficiency of the one-way UAV relay can be formulated as

R
EE,= —2%
Pa, + Do

(2)

where pg is the circuit power of the communication module. Considering the
information causality constraint, we have

Rup S Rdowna (3)
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which means the information transmitted from UAV should be less than the
information received by the UAV. We consider the constraints of communication
power for the ground nodes and the UAV. The maximum power for a ground
node is denoted as Pg, while the maximum power for the UAV is denoted as
P,4. Then we have

p1 < Pg,pa2 < Pa. 4)

The problem for power allocation and UAV’s position is formulated as

max FF, (5)

P1,PATAYA

s.t.(3),(4)

The energy efficient problem of two-way relay is similar to the one way relay
situation:

2

1 Rag
EE, ==Y Ak 6
T2 ; PA + Po (©)
s.t.(3),
K
vk < Pg, ZPA,k < Py (7)
k=1

3 The Position and Power of the UAV

The energy-efficient problems are non-convex because of the non-concave objec-
tive functions and the constraint (3). To find the optimal power allocation scheme
and the UAV’s position, we refer to the successive convex approximation (SCA)
method and difference of convex functions (DC) programming method.

We introduce the slake variables 7, for the energy efficiency. According to
the SCA method, we consider the convex constraints

il ™)+ 560, +1n (55" +p0) + —= Spay < (Ray), (8)
k

P +po
Ray < RA,kv 9)
where RAJC, is the lower bound of R4 j, we have
RAk—IOgQ (1+’7A k) RkA log, <1+'7( )) ) (10)
where
6
A+ A f (Gasdy) < [(05 4600, ) €] (1)
A,k
- 1)
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. 2 . 2
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Then we derive an upper bound of R4 j as
(] 1) 6¢>A,k
Ray =log, (1+0.7) + v (14)
2 (1+065,")
where
(3—=1)
Pay C 1
I (65," + 64,0 ) +10(8;) = In ( = ) oy 0eans  (19)
g Pa g
< XF 4 XA, (16)
2 . 2
X = ( EL{ n_ :vk) + (ygfl) — yk) + H?, (17)

Ax =02, +02, +2 (o8 —a) oy +2 (10 — k) 00 (19)
According to SCA method, as for the one-way relay, in the jth iteration, n(j)

pg)27 pgj)a ’ygév 79,)47 1‘54), yg)v a‘nd ¢A’

0, = {5772,5“,2,51,1,5%72,571”4,5“,5%,5%1,9} are given by solving (P1)

. are updated. The update increment

~(7—1)
max + Oy P1
o1, k772 72 ( )

s.£.(8), (9), (11), (12), (15), (16)

Ra2<Ria (19)
PV 46, < Po (20)
P +0pas < Pa. (21)

The algorithm to solve the UAV’s position and power allocation is given in
Algorithm 1. In each iteration, (P1) is solved. With the algorithm converges,
the solution converges to the optimal solution of the energy efficient problem.
The way to solve the energy efficient problem of two-way relay is similar, thus
is omitted for simplicity.
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Algorithm 1. Trajectory and Power Solution for One-way UAV Relay

1: Initialize the iteration number j=0, and ﬁém, pff)Q, pgo), 71(40)2, 'yiojl, 0 yff), and
(0) .
Ak

2: repeat

3 Solve the convex optimization problem (P1) to obtain d1;.

4:  Update the variables ﬁéﬂ, pfj;, pgj), 71(4”2, 7??47 x?, nyf), and qﬁfj?k .
5 Update the iteration number j = j + 1.

6

: until The value of the objective function reaches a convergence

4 Numerical Results and Discussion

In this section, we show the numerical results of the proposed algorithms. The
ground nodes are fixed at (0,0,0) and (2000,0,0). The height of the UAV is
set to be H = 100 m. The communication system’s bandwidth is 20 MHz, and
works at 5 GHz. The parameter of LoS path-loss at reference distance is —46
dB, the path-loss exponent is set to be 2. The noise spectrum density is —169
dBm/Hz [10]. The circuit power is set to be 0.02 Watt.

Figure 1 shows the convergence of the proposed algorithms. Figure2 shows
the influence of available power for the ground nodes and the UAV. The results
imply that with more power available, the energy efficiency of the one-way relay
increases, while for the two-way relay, the energy efficiency increases first and
then keeps stable.

The upper bounds and the lower bounds of the data rates are shown in Fig. 3
and Fig. 4. With the algorithms converges, the upper bound of data rates, R Ak
and the lower bounds of the data rates R Ak, as well as the slake variables R Ak
converges to the same value. In fact, since we only focus on the energy efficiency
of the UAV, the power from the ground nodes is not specially considered. When
the available power for the ground nodes is limited, Rk, 4 and the upper bound
of R4, converge to the same value. But if the ground nodes have superfluous
power, the results of Rk’A may be higher than what is needed. This is because
we did not focus on the energy efficiency of the users, thus as long as it dose not
violate the information causality constraints, Rk, 4 is not specially minimized.
This part will be discussed in the future work.

The communication power from the UAV can be seen in Fig.5. The com-
munication power of the one-way relay decreases when more power is available,
because the UAV is near Node 2 to maintain better channel conditions. In Fig. 6
that with more power available, the UAV, as a one-way relay, moves to near
Node 2, while the two-way relay stays in the center between the two ground
nodes. This is because for the one-way relay, with more power available, Node 1
can transmit with higher power to the UAV to maintain the information causal-
ity, the UAV can move near to the destination node for better channel so as
to save its communication power. But as for the two-way relay, UAV needs to
communicate with both of the two ground nodes, thus neither moving to Node
1 nor moving to Node 2 helps to save energy.
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5 Conclusion

In this paper, we studied the communication systems with fuel-powered UAV
working as a one-way relay and a two-way relay, as a comparison. To maxi-
mize the energy efficiency of the communication for the UAV relay, we solve the
non-convex problem by referring to SCA method and DC programming. Results
show the convergence of the proposed algorithms and the efficiency of the upper
bounds and lower bounds of the data rates. The positions and communication
power of the UAV working as a one-way relay and a two-way relay are differ-
ent when the communication power supply increases. The future work will be
extended to the energy-efficient UAV trajectory design and power allocation for
multi-users, and multiplexing techniques will be also taken into consideration.
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