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Abstract

Fuel-powered UAVs have long endurance of flight, heavy payload and adaptation to extreme
environment. The mechanical operation and communication power are supported independently by fuel
and batteries. In the paper, we study the energy efficiency of the communication system with a fuel-
powered UAV relay. We consider a three-node communication network, consisting of a mobile relay, a
source node, and a destination node. The UAV relay is able to change its 3-D trajectory to maintain
high probability of LoS channels, receiving information from the fixed source node and transmitting
it to the fixed destination node. The power allocation scheme and UAV’s trajectory are designed to

maximize the system energy efficiency, considering the constraints of speeds, UAV’s altitudes, com-
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munication and mechanical energy consumption, the required data rates of the destination node and
information-causality. We solve the power allocation sub-problem by splitting the domain of variables
and transforming it into a convex optimization problem. And then a suboptimal scheme is provided to
design the trajectory based on successive convex approximation method. Numerical results show the
convergence of the proposed schemes and the performance of the proposed algorithms. The influences

of time slots, constraints of fuel, communication power and required data rates are discussed.
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Index Terms

Energy efficiency, power allocation, mobile relay, trajectory design.

I. INTRODUCTION

Since relays were introduced to improve the communication performance, studies have been
conducted to achieve better communication performance of communication systems [1]-[3].
Besides improving communication performance, mobile relays are efficient tools to deal with
temporary and urgent communication missions [4]. By timely adjusting the positions, mobile
relays help to extend the communication coverage [5] and decrease outage probabilities [6].

In recent years, unmanned aerial vehicles (UAVs) have drawn substantial attention. Unlike
other vehicles, the positions of which are constrained on the ground, the movement of aircraft
is more adjustable. There are several ways to power UAVs, such as fuel, electricity and new
energy sources [7]. Nowadays, electric UAVs are widely studied thanks to their economical
costs and easy manipulation. However, one main drawback of electric UAVs lies on their limited
endurance, i.e., less than 30 minutes. To lengthen UAVs’ mission time, scientists proposed fuel
cell-powered UAVs. A rotary-wing UAV equipped with a hydrogen cell can stay in the air for
hours [8]. Nevertheless, as a prospective solution, the fuel cell-powered UAVs still need high
budget and long start-up time [9]. Differently, internal combustion engine (ICE)-based UAVs,
which are directly powered by fuel, have advantages like high load, long duration of flight, and
adaptation to extreme environment, as well as drawbacks such as carbon dioxide pollution and
noise [10]. Despite their disadvantages, fuel-powered UAVs still occupy important positions in
agriculture [11] and military applications [12]. They are still irreplaceable in extreme environment
or when heavy load is needed. And scientists are working on the development of engines and
the exploration of new energy resources to improve the operation and control the pollution of
fuel-powered UAVs [13], [14].

As for the UAVs’ application in communication networks, UAVs can work as temporary
base stations or relays [15]-[17]. Some researches emphasized the throughput of UAV-enabled

relaying systems. In [18], the authors studied the data rate of a fixed-wing UAV-enabled relay,
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so as to achieve low outage probability when the UAV flew at a constant speed. In [19], the
authors maximized the uplink rate by controlling the course angle of a UAV relay. Error rates
and energy consumption were minimized for a UAV relay in [20]. In [21], the authors optimized
the position of a UAV to communicate with several moving units on the ground.

Other applications, such as transmitting information for meteorological observations and broad-
casting rescuing information in real time, can also be assisted by UAV relays. UAV relays have
high mobility and can provide an approach of constructing communication after disasters and
exploring unpopulated zones quickly. The long durance of UAV relays is necessary in a wild
detecting or disaster rescuing scenario, because it is inconvenient to charge the batteries of
UAVs frequently. Fuel powered UAVs become a possible choice. It’s worth mentioning that
fuel powered UAVs also need electric batteries to power the communication module and other
controlling modules. In addition, with their high mobility, UAVs have the advantage of providing
line-of-sight (LoS) channels [22].

The trade-off between throughput and energy consumption, i.e., energy efficiency, has been
widely studied in many communication scenarios [23]-[25]. It was mentioned that energy-
efficiency problems of UAV relays are classified into two parts, energy-efficient mobility and
energy-efficient communication [30]. The propulsion power of UAVs is much higher than the
transmission power of the antennas, thus is regarded as the main influence on the energy
consumption in electric UAVs [26]-[28].

Differently, on fuel-powered UAV relays, the energy efficiency of the communication module
should be considered, because the ICE is powered separately by fuel, which has high energy
density than batteries and can provide long time of energy supply [9]. To the best of the
authors’ knowledge, few researches have been conducted on energy-efficient communication of
fuel-power-UAV relaying systems. Fuel-powered UAVs also need batteries for communication
module. The batteries could be independent or rechargeable. Rechargeable batteries can be
powered by the engine kinetic energy or solar power. Because of these conditions, the challenges
of studying fuel-powered UAV communication lies on two types of energy supply, which makes
the designing of the communication schemes more complicated. In this paper, we study the

energy efficiency communication of a UAV relay. The UAV’s 3-D movement was deployed to
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maintain high probability of LoS channels. We also guarantee the data rate of destination node
above a certain level during. The mechanical energy consumption is considered as a constraint,

set according to the amount of fuel reserved for the period of communication.

A. Contributions

In this paper, we study a fuel-powered UAV relay. The relay establishes temporary com-
munication for two nodes on the ground, between which the communication is blocked. The
relay adjusts its 3-D trajectory to amplify and forward information from the source node to the
destination node. The source node and the mobile relay can both adjust their power allocation
schemes. Considering the data rate of the destination node, the power consuming constraints and
the mobility features of the relay, the energy efficiency maximization problem is formulated. We
solve the non-convex problem by dealing with power allocation and the trajectory separately.

The contributions of this paper are as follow:

o Maximizing the energy efficiency of the communication module of a fuel-powered UAV relay:
The key difference between fuel-powered UAVs from battery-powered UAVs is independent
energy supplies for operation and communication. In this paper, we consider the energy-
efficiency of the communication module on a fuel-powered UAV relay. The fuel consumption
is constrained and the data rate of the destination node is guaranteed above a threshold.

o Optimal solution for the power allocation scheme: We propose a novel energy efficient
power allocation scheme under a total energy consumption constraint and information
causality constraints. The power allocations for both the source node and the relay are
optimized. By discussing the bounds of the feasible domain, we transfer the non-convex
problem into a convex optimization problem.

e Designing the 3-D relay trajectory of the UAV: We study the positions and speeds of the
relay at all time slots in order to maximize the system energy efficiency as well as to ensure
wanted data rate for the destination node. The UAV’s mobility is deployed to maintain high
probability of LoS channels. The mechanical energy consumption of the UAV is constrained
by the fuel supply. We use slake variables and successive convex approximation method to

obtain a suboptimal solution for the UAV trajectory.
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Fig. 1. A rotary-wing UAV relay in a three-node communication system.

B. Paper Organization

We organize the rest of the paper in six sections. In Section II, the system is formulated in
a mathematical model. In Section III, we optimize the power allocation for given trajectory. In
Section IV we design the trajectory of the relay using successive convex approximation method.
In Section V, the iterative algorithm is proposed to solve the joint problem. The convergence
and complexity of the proposed algorithm are discussed. In Section VI, we present simulation
results to demonstrate the performance of the proposed algorithm. The influence of length of
time slots, fuel supply, communication energy and required data rates are discussed. Section VII

includes the conclusion of the paper.

II. PROBLEM FORMULATION
A. System Model

In our system, we consider a three node communication system, the relay in which is a
fuel-powered rotary-wing UAV. We assume that the nodes work in orthogonal frequency bands,
and are not interfered by each other. The UAV relay, denoted as M, amplifies and forwards
the received information from the source node A to the destination node B. As shown in
Fig. 1, A and B are fixed on the ground. We assume that they cannot communicate directly
because of topographic reasons, and they are L, meters away from each other. The buffer of M
is large enough to store the received data during the communication. To study the continuous

communication process, we divide the time of communication 7" into K slots. Denote the length
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of a time slot as A¢, we have

T = KAt. ey

The time slot should be small so that the change of the UAV’s positions during a time slot is
much shorter than the distance of the UAV to the ground users. We use the positions of the
UAV at the beginning or the end of the time slots to compute the data rates during the time slot.
When there are K time slots from 1 to K, there will be K + 1 sampling nodes of time between
and on the two sides of all time slots, denoted as k£ = 0, --- , . When referring to positions of
the UAYV, subscript £ indicates the kth node of time. When referring to speeds, the subscript &
means the average speed during the kth time slot, i.e., the period between the (k — 1)th and the
kth time nodes. At the kth node of time, the position of the relay is (xy, yx, 2 ). The positions
of A and B are (0,0,0) and (Lo, 0,0) respectively. The distance between A and M and M and

B are
Lantg = /%5 + Yi + 2, @)
and
ise =\ (Lo —20)* + 9 + 2, 3)
respectively.

B. Channel Model

Since the strength of air-to-ground (A2G) channel is the high probability of line-of-sight (LoS)
[19], UAV-enabled communication is helpful to transmit high frequency signals, which suffer
from significant attenuation in non-line-of-sight (NLoS) channels. Referring to the probability
LoS model in recommendation document by the International Telecommunication Union (ITU)
[31], the probability of LoS is related to parameters of circumstances, i.e., construct area pro-
portions, building quantities and heights. There is a precise approximation of the ITU model
raised in [32] which is widely used in studies considering A2G channels [33]-[36]. Referring
the LoS probability model [32], the possibility of LoS can be written as a Sigmoid function of

the angle of elevation,
1

“ T+ agexp[—Bo (71— ao)]’

Pros (1) “4)
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where o and [, are S-curve parameters, different in suburban, urban and dense urban envi-
ronments. 7 is the elevation angle of the A2G channel. The LoS probabilities versus elevation
angles are shown in Fig. 2.

Considering the large-scale fading effects h; and the small-scale fading effects h, of the A2G

channel, the channel model at time £ is formulated as
H = hjh,. &)

The large scale fading for the A2G channel model is represented as

|h ‘2 CLoSliaLa PLOS' (77)
l pr—

CNrosl™ ™, 1= Pres (1),

where Cp,s and Cyp,s are the path loss parameters for LoS and NLoS channels respectively.
oy and ay are path-loss exponents for LoS and NLoS channels, respectively, usually ranging
from 2 to 6.

The average received signal to noise ratio (SNR) is expressed as

pt|Hk’2 :ptE’HkP
NoB NoB ’

E[SNR,] =E { (6)

where B is the bandwidth, p; is the communication power from the transmitter A or M. N is

the noise power spectral density. Then the received data rate is

HEA o

R, = Bl 1
k 032( + NoB

For simplicity of presentation, we use the average data rate per reference bandwidth Ry /B.
Since the small-scale fading coefficient is independent with the large scale fading coefficient,

using property of small-scale fading that
E [|h)*] =1, ®)

we have

E [|Hel*] = Pros (1) CLosl™ " + Pxros (1) Cnposl™*N

C (0] —(any—a —Q
= | Ppos (n) + (1 = Pros (1)) é“ Sp-len—ar) | 0, ]—oL
LoS
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Fig. 2. The LoS probability in suburban, urban, dense urban and high-rise urban.

~ CLoSliaL

€))

Pros (n)+ (1 — Pros (1)) CCNL—LO‘;SZ_("N_O‘L) is approximated to be 1 [29], [37], [38]. The approx-
imation makes sense when Py,g is high enough and the signal power from the NLoS channel is
negligible. For instance, when the elevation angle is larger than 20°, the LoS probability is higher
than 99% in suburban area. C'y .5 is smaller compared to Cp,g, and also ayy is usually higher
than oz, making the NLoS power even smaller. To maintain LoS channels for the communication,
we set that the altitude z;, k = 0, - - -, K, should satisfy

2k 2k

> sinn, l > sin 7). (10)

Lant MB.k
where 7) is the constraint of elevation angle, large enough to maintain LoS channels with
probability one for the communication of A to M and M to B. The UAV starts to work after
its altitude satisfies (10). Here we need to mention that for a deeper investigation, the accurate

channel model and data rates related to elevation angles are momentous but quite complicated,

and are left as future work.
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C. Mechanical Energy Consumption

The mechanical energy consumption of aircrafts is calculated according to the trim condition
of the force during the flight [39]. We assume that the UAV moves with nearly constant speed
in each time slot. The acceleration power can be omitted when the acceleration is small and
the time of acceleration is much shorter than the time of steadily flying [40]. Denote the level
component of the UAV’s speed as v, , the vertical speed as v, ;. The total mechanical power in

time slot £ is [39]-[41]

W3/2 Ul4k vl2k
Poa sy Uck) — 1 1 —7 " 5.3
votalk (Vik, V) = (1 +¢) VoA \/ +4v;‘; 207 an

3 2 3
+ 5/)Sbladevtip (1 + gvl’k) i poSbladevl’k

8 V5 2 + W,
where W, p and A are the weight of the aircraft, the density of air and the area of rotor disc,
respectively. c is the incremental correction factor. vy, is the induced velocity in hovering state.
0 is the profile drag coefficient. p is the density of the air. Sp,q. is the total blade area. vy, is
the speed of the rotor blade tip. r,; is the fuselage drag ratio.

The fuel consumption is

K
_ Zkzl Ptotal,kAt
CpMfuel ,

my (12)

where ¢, and 7y, are the heat of combustion of the fuel and average thermodynamic efficiency
of the gas turbine respectively. Note that along with the burning of fuel, the weight of the
aircraft decreases. This influence is usually considered in studying the persistence of a fuel-
powered aircraft [39] by solving (12) as a differential equation. In our model, we assume that
the weight of UAV keeps stable during a short period. This is reasonable because, for instance,
for a 17-Kg UAV with an average fuel consumption of 4000cc/h, the weight loss after flying for
10 minutes is less than 3% of the total weight of the UAV. When the model is applied to much
longer duration, one may refer to the UAV’s handbook and use the empiric number to estimate
the average fuel consumption and update the UAV’s weights. As for the mobility of the UAV,

the speed at horizontal projection in time slot k is

Uk = \/(%H —a)” + (yer1 — wr)’/At. (13)
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The vertical speed at k is

D. System Energy Efficiency

Ve k = (Zk+1 — Zk) /At

10

(14)

Based on the A2G channel and fuel consumption problems discussed in subsections A, B and

19a  C, we formulate the problem of maximizing the average energy efficiency during each time slot

195

K pMkCLos
1 10g2 |:1 + l]%lB,kNoBi|

?

=1 pM,k: + Pe
z . Z .

b > sinn, b > sinn, Vk
AM LB,k

I < Iapp—1,k=1,--

RMB,k Z R())k = ]-7' : '7Ka
Pak = 0,pvp > 0,VE,
Ul,k Svo,k: 1,' . -,K,

,Uc,kgvcak:lf"a[(?

'aK7

\/(Ul,kJrl — Ul,k)2 + (Ve g1 — Uc,k)2 < Umaz A,

k=1, K—1,
Hmin S Zk S Hma:mv}fu

my < my.

(P1)

(15a)

(15b)

(15¢)

(15d)
(15¢)
(15f)
(15g)

(15h)

(151)
(15))

(15k)

196 In (P1), p. is the circuit power consumption of the communication module. p4 and p,; denotes

197 the communication power forwarded by A and M. (15a) and (15j) are the constraints of the
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UAV’s heights. (15b) are information causality constraints. /4y and Iyp ) are

k
p4,iClLos
]AM,k = AtBlog, [ 1+ a77 , (16)
; ’ lAM,kNoB
k
Lupie =Y AtBlog, |1+ M , (17)
i=1 lMB,kNOB

respectively. Note that considering the processing time of the UAV relay as well as for simplicity
of computation, we use the positions at the beginning of time slot £ to compute [457,—1 and
Ran k-1, and we use the position at end of time slot & to compute [y, and Ryp k. Thus we
have Rapp,k=0,---, K —1, Rypg,k =1,---, K [38]. Here the subscripts k of R4y and
Ryp are corresponding to 43, and [y, 5. For concision, we omit AtB in (16) and (17) in the
following discussion.

Since one of the main differences between fuel-powered UAVs and battery-powered UAVs is
that direct-fuel-driven UAV's have independent power supplies for propulsion and communication.
The energy consumption of the UAV relay not only depends on the communication module, but
is also related to the amount of fuel. Constraints (15¢) and (15d) represent the communication
energy, supplied by the battery, and constraint (15k) means the limitation of the fuel consumption.
(15e) is to guarantee the required data rate of the receiving node. (15g) and (15h) give the
maximum level and vertical speeds. (151) are the constraints of acceleration.

Note that (P1) is non-convex due to the non-convex objective function and non-convex con-
straints (15a), (15b), (15e) and (15k). To solve (P1), we decouple the problem into two parts:
communication power arrangement for A and M and trajectory design of the UAV. For simplicity,

1/K in the objective function of (P1) is omitted in the following illustration.

IIT. POWER ALLOCATION FOR FIXED RELAY TRAJECTORY

Firstly, in this section, we need to clarify that x € [-] means = belongs to the closed interval
[-]. When the trajectory of the relay is given, xy, y, 2 are fixed, and l4p, and [y, are fixed.
Denote |Hani|? = CLos /%> We Write pay as a function of R pyp:

(28amk — 1) NoB

(18)
| H ans k|

pa (Ramp) =

May 24, 2020 DRAFT
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Similarly, according to (7), denote |H MBM2 = Cros/l% Bk the relationship between pj, and

Ry can be written as
(2faEr — 1) NoB

R = (19)
Pm ( MBJc) |HMBk|2
Then, the power allocation sub-problem is formulated as:
- R
MB,k
ma : , P2
RA]W,kyR}](MB,k ; Py (RMB,k) + De ( )

s.t.(15b)-(15f).

The objective function of (P1) is non-concave. To solve (P1), we analyse the convex property

of the objective function by splitting the feasible region of the variables. First of all, we define

RMBk
E(R = : , 21
(Bapi) py (BB i) + pe @b
K
E(Ryp) =Y _ E(Rups). (22)
k=1

Although E (Ry;p) is strictly quasi-concave, the prove of which is shown in Appendix A, the
sum of several quasi-concave functions is not guaranteed to be quasi-concave. To identify the
convex properties of F (Ry/p), we look at its first-order derivative.

OF (Ryp) _ Pet Py (Rvpr) — Rubk Par (RyvBk)
ORMB K (pavr (Rvsge) + Pe)’

where p), (Ryvpy) is the first derivative of py; (Rayp ). Denote the numerator of (23) as

ﬁ (RMB,k)

; (23)

B(Ruypr) = pe+ par (Rarsx) — R - oy (Rus) - (24)

Lemma 1: (R py) has a unique positive root. Denote the root of 5 (Rap ) as EMB,ka

8 (Rusi) =0. 25)

It can be proved that EMB’k > (0 and

B(Rupr) >0, 0<Rypi < ﬁMB,k;

B(Rupr) <0, Rupk > JSLMB,k-
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Proof: Please refer to Appendix B.

13

According to Lemma 1, we find that for Rypx < éMB,k, E (Ryp ) is monotonically in-

creasing, and for Ry/p > }N%M B.k» B (Rypk) is monotonically decreasing. Using the dichotomy

method, éM B,k can be solved. Splitting the feasible region of (P2) at EM B,k» we find Lemma 2.

Lemma 2:

E (RMB,k;> iS

concave,

Rypr < Ry

monotonically decreasing, Ruypr > Ry

Proof: Please refer to Appendix C.

Ry is the constraint for the minimum data rate required by the destination node. We compare

Rurp, with Ry and find that:

a). if éMB,k < Ry, E (Ryp) is monotonically decreasing, because Ry/p should be larger

than R, and thus is larger than ]ADLMB,k.

b): if éMB,k: > Ry, we have

concave,

FE (RMB,k) 1S

monotonically decreasing,

Ro < Rupr < RuBk

Ryigr > RuBk

Since for different time slots, the UAV’s positions may change, thus the channel coefficients

are different. There might be some Ry B, satisfying condition a) and others satisfying b). We

denote the “k” in éMB,k with condition a) as k = a, while the “k” with condition b) as k = b.

Denote the optimal solution for (P2) as R}, representing {R}‘w Bk}kK: L

Theorem 1: Ry, = Ro, Ry, € [RU,EMB,Z,].

Proof: Please refer to Appendix D.

Theorem 1 means that after solving EMBJC, we can identify £k = a, and get the optimal

Ry = Ry directly. The work left is solving R}, p

Rypypy < EMBJ]. Then we rewrite (P2) as (P2’).

May 24, 2020

max
RanvnsBymBb

Ry

; Pm (RO) + De

t2

RMBb

pu (Rupp) + P’

b Note that £ (Ryp) is concave for

(P27)
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st Iypa+ Iipe < Lamig-1, k=1, K, (26a)

K—1

ZPA (Ramyi) < Eua, (26b)

k=0

ZPM (Ro) + ZPM (Rvpi) < Eu, (26¢)
a b

Ry < Rupyp < EMB,IH (26d)

RAM,k Z OJ vk7 (266)

where I}, 5, = > aciy Fo. and Ifpy = > bepx) Barpp. a and b are both integers.
Property 1: (P2’) is a convex optimization problem.

proof: We have proved in Appendix C that E (Ryp ) is concave for Ry < Rypp < }A%MB,Z,.

The objective function of (P2) is the sum of a constant > —%0__ and some concave functions
a pa(Ro)+pe
> —Bmpb_Since adding is a convexity preserving operation, the objective function of

PM (RJ\/IB,b)+pc
(P2) is concave. Obviously, constraints (26a)-(26e) are convex constraints. So (P2') is a convex

optimization problem. |
The optimal data rates of a can be solved without operating the iterative procedure, and the
number of independent variables of (P2) has been reduced from 2K to K + B, where B is the
number of b.
The convex problem (P2’) can be solved using Lagrange Multiplier Method. Let Ay, k =

1,--- K, ¢ and & represent Lagrange dual variables. The Lagrangian dual function of (P2’) is

L ({RAMa RMB,b} ’ {A7 C? 5}) = Z % + Z RMB’b
‘ b

— Pm (Ro oy (Ryvgp) + De
K K-1
+ Z Me (Tanr—1 — Iipa — Inppyp) + € | Ba— Z pa (Ranmk)
k=1 k=0

)

+& | Em — ZPM (Ro) — ZPM (RuBp)
a b (27)

2« In each iteration j, after giving the dual variables, update R4p, and Ry/pp to maximize

265

L{Rawm, RMB,b} 1A, ¢, €)} by solving

OL ({Ram, Rupp} i {N (&)}
ORAM k

=0, (28)
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266

L({Ran, Rupp};{N (€)}

=0. (29)
ORMB
267 Then we have
K
; Nl Hank]?
g = 1 Lo ’ =1, K

s where R, i 18 the updated R4y after the jth iteration. The analytical solution of (29) is hard
269 to derive, but

8[/ ({RAM,RMB,b};{A7C7§)} — ﬂ(RMBk _Z)\
ORMBWb (par (Ryog) +pc i=b

épM RMB b) (31)

270 1S monotonically decreasing. This can be proved by looking at the second-order derivative:

2L ({Ran, Rupat;{N, ¢ &)} _ O*E (Rupyp)
O?Rypp (3R%\/[B7b

32E<RMB,b)
R g,

— &py (Rurbp) - (32)

271 In Appendix C, we have proved that is negative. ¢ and p), (R B,») are both positive.
222 Thus the second-order derivative of L ({Ranr, Rupp};{X, (,€)} about Ry/p, is negative. Let
o Rip » denote the root of (29). Denote R}, By as the updated Ry/p, after the jth iteration,we
27s can update R}, » DY

Ry, = max [Ry 5, Rol - (33)

According to the Karush-Kuhn-Tucker Conditions (KKT conditions), the dual variables are

updated using gradient method:

‘ +

M = W =00 (Laasir = Tipa = Thipa)| h=1 K, (34)
- K—1 +

C(j+1) — g(]) _ 8%)4_1 (EA — ZPA (RAM,k)>] , (35)
_ B +

€(j+1) §(J +2 (EM ZpM (Ro) — ZPM (RMB,b)>] ; (36)
i b

275 where [z]" means max {z,0}. Qi, k=1,--- K+ 2 are the interaction steps for A, ( and &

276 respectively The steps should satisfy:

J J
}5509 _OZQ_OOk_l LK+ 2. (37)

7=1
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Algorithm 1 Design of Communication Power for Given Trajectory
1: Initialize the number of time slots /', the minimum data rate R, and the maximum energy

consumption £, and FE),. Initialize the relay trajectory {«,y, z} for each time slot &£ and
the circuit power consumption p.;

2: Initialize the maximum iterative number J and the Lagrange dual variables A,  and &;

3: Obtain éMB,k by solving 3 (Rap k) = 0 with the method of bisection;

4 if Ryrp s < Ry then

55 Rupr = Ro;

6: else

7. Record the time number k for ]:?M Bk 1n b;

8. end if

9: repeat

10 Find {Ran, Ry} = argmax L ({Ranr, Ry}, {N, (€});

11:  Update A, ¢ and ¢ with (34), (35), (36) subject to A >0, ¢ > 0 and & > 0;

12: until The dual variables reach a convergence or j = .J

13: Output p4 and pg;

Algorithm 1 outlines the procedure of finding the optimal solution of (P2’). The time com-
plexity of finding the root of 5 (Ryp ) is O (KJy), where J; is the maximum iterations of
the bisection method or the Newton method and K is the time slot number. If the number of
}AéM,k < Ry is A in all, and the number of ﬁMJC > Ry is B, the time complexity of the Lagrange
Multiplier method is O (J3K (B.J; + K)), where .J; is the maximum iterations to update Rz,
using the bisection method, and J3 is the maximum iterations for Algorithm 1 to converge.
R)/p, can be determined in the forth and fifth steps in Algorithm 1, thus, are not enrolled in

the iterative updating procedure. So the time complexity of Algorithm 1 is O (J5K(BJs + K)).

IV. DESIGNING OF TRAJECTORY FOR GIVEN POWER ALLOCATION

After solving the power allocation problem, we design the trajectory of M. When the power

transmitted by A and M are fixed, i.e., p4 and p;; are already given. For simplicity, define
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hvsr = puiCr/ (NoB) and han i = parCr/ (NoB). To design the trajectory {x,y, z}, we

formulate the sub-problem as (P3).

logy [ 14+ —tame
K 2 ( [z,%+(L—:ck)2+y,%]TL

max P3)
{wvyvz} k=1 pM,k + pC
s.t.zg > /22 + a2 + yisinn, Vk, (38a)
5 > \/zk — ) + yZsinny, Vk (38b)
k
haB,i
S log, [ 1+ M. o
i=1 (224 (L — 2:)° + y?]
k-1 b
S Zlogz 1+ AN o 7k: 17"'5K7 (380)
=0 (27 4+ 27 +y7]
h
log, | 1+ HEk o | =R k=1, K (38d)
[+ (L — x)" + 4]
(zr — Tp1)’ + (e — o)’ <AL k=1, K, (38¢)
2k T Rk—1 < UCAtak: 17"'7K7 (38f)
(Vi — Vip1)® + (Ve — V1) < a2 AP k=1, K —1 (38¢)
Hmin S Zk S Hmamv]{:a (38h)

K
Z (1 + C) W_S/Q 1+ ifk _ UZ_Q’k
p V2oA\ ot 207

6 pShiade Vs 3v? TaPSbiade V)
Z [ eVtip (1 n 2z,k) N Lk + W
k=

Vtip 2

< mQCpT]fuel/At. (381)

(P3) is non-convex because of the non-convexity of the objective function and constraints (38a)-
(38d) and (381). To solve (P3), we introduce some slake variables and then use successive convex
approximation method.

To deal with the non-convex objective function, we introduce slake variables {I_lMB}, satis-
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290 fyin g

— h
Rupr <logy, | 1+ “wé — | k=1 K (39)
(27 + (L — ) +47]
US- =~ .
201 Next, we denote Poper; = (1+ ) %‘—%, Phovery = (Spsbl“% and P, = T—d% for concise

202 representation in the subsequent analysis. To deal with the non-convex constraint (381), we use

203 the equality 14+ 2 —/x =1/ (\/ 1+ + \/E) to rewrite the first term of (38i) in the following

4] 3/2 Ul4k Ulzk Phoveri
1+c Vit 555 = : : (40)
( ) V2pA 4ot 202 \/ T
1 + L.k

294 form,

ULk

1 2
dvy, 2vj,

Then we rewrite (38i) as constraints (41)-(45) by adding slake variables m, n, p, and g, denoting

sets of my, ng, Pk, qx, kK =1, - -, K respectively.
K 3v? -
|:Phover,imk + Phover,b (1 + UTM) + vaik + W/Uc,k:| S mOCpnfuel/Ata (41)
k=1 tip
1
my > —, 42)
ng
2 gk
ng < /P + 202" (43)
U,
a
<l+-—= 44
Pk = + 41)%) ( )
(x), — xk—1)2 + (Y — yk—1)2
< ) 45
Qe < A (45)
Then (P3) can be rewritten as (P3')
K E—
R
max _MBk (P3")

z,y,z,Ryp,mn,p,q —1 PMk + De

s.t.(38a), (38b), (38e)-(38h), (39), (41)-(45),

k k—1
_ hauss
E Ry, < E logy | 1+ S = | k=1 K, (46a)
i—1 =0 (27 + 2 +yi] 2

Rypy > Ro, k=1, K. (46b)

205 (41)-(45) form a tight lower bound of (38i). If (38i) is satisfied with equality, constraints (41)-

206 (45) are always satisfied with equality. Here is a brief explanation using reduction to absurdity.
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2 2
(zk mk—l)A‘;(yk Yk—1) _One

As an assumption, for example, (45) is not active, which means g <
can always increase ¢, to make (45) an equality. Analogically, py,n; can be increased in (44)
and (43) as well, then one can always reduce m; to make (42) satisfied with equality. Then the
left side of (41) becomes smaller. This leads to a contradiction with the premise that (38i) is an
active constraint. So (41)-(45) form a tight lower bound of (38i).

The non-convex constraints for (P3’) are (38a), (38b), (39), (44), (45) and (46a). They are all
in the form of a difference of two convex functions. The problem can be solved sub-optimally
with successive convex approximation [1].

After iteration [ of the successive convex approximation method, we update the positions of

the UAV {«,y.z} and the slake variables g by
q =q""'+Ad (48)

For simplicity, we use llA_]\}’k and lgj\}’k to represent the distance of A to M and the distance
of M to B after the (I — 1)th iteration. And we use quM,k and A}, g to imply the increment

of the square of distances after the [th iteration, i.e.,
o = [+ )+ )] )
fs = [(Bo )"+ ) + ()] 50
Alprs = (Azh) + (Agh)? + (M) + 205 Axl + 27 Ayl + 22102, (51)
Alypr = (Azh) + (Agl)” + (A20) = 2 (Lo — 217) Axl + 257 Ayl + 2257 AL (52)

First, to make (38a) and (38b) convex, using the inequality (A + m)% < Az 4 %A*%x, x>0,

we obtain the upper bound for the right side of (38a) by letting A = (lf;]\lm k)2 and z = A} M.k

and obtain the convex constraints

1 _
A AZL > sing [zg—ﬂg,k T (Agm)] VE, (53)
Similarly, we slake (38b) to convex constraints
1 _
A4 AL > sing {zg;}% (™ (Aﬁwm)} VE. (54)
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Since a/2 > 1, log, (1 + %) is convex for x > 0 because its second-order derivative is
T 2

positive. Its first-order Taylor expansion at zy can be used as a lower bound:

A A —FA
logy | 1+ —7 ) > logy [ 1+ — | + o (x — ) .
€2 x,y° In2 -z <x02 + A)

(55)

Note that the symbols A, x and z( are used temporarily in (55) for succinctness. They are

irrelevant with the ones appearing in our system model. In (39), by letting A = hypy, v =

(I555)" + Al g, and zo = (I575)°, we have:

where D!, k=

RMBk <RMBk+DMBkAMBk7k 17"'7K7

*7h1\[B k
In2-(U 5, k) [(rbn)” L+hMB,k]'

Similarly, we transmit (46a) as:

where DAM =

?
L

K
Z}_%MB (Riars + DhprpDlapsn) k=1, K
=1

%

1§
o

_7hA]\/I k
In 2 (llAM lc) [(lfél]\l k) L"'hAMJC]

(56)

(57)

Next, referring to the inequality function that z? > 22 + 2z (v — 1), We transfer (44) to

convex constraints by replacing the right side of the inequality function with their lower bound

as
-1 -1
+2¢ 7T Ag!
pe< 1+ ) + 2, % .

4vh

And (45) can be transferred to convex constraints
- L Azb — Azt Ayk Ayi.,
g '+ Ag < (v lkl) "’2“;,1@1—&5 + (v lyk1> +2v l s AL , VE,

where vijkl = (xﬁC ! xk 1) /A, v = (yfc yk 1) JAt.

(58)

(59)

Then, we can find a suboptimal solution for the non-convex function (P3) by solving (P4).
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(P4) is a convex problem, because the objective function is concave and all the constraints
are convex. We can solve it using the CVX toolbox in MATLAB. By updating the solu-
tions iteratively, the solution of (P4) converges to a suboptimal solution of (P3). The suc-
cessive convex approximation method to solve (P3) is summarized in Algorithm 2. The con-
vergence of the successive convex approximation method can be proved similarly as in [38].
Since CVX toolkbox uses the interior point method, the complexity of solving problem (P4) is
O (K351og (1/€)) [42], where € is the convergence tolerance. Then the complexity of Algorithm
2is O (J4 (K3?log(1/€))), where Jy is the iteration time of the outloop of Algorithm 2.

Algorithm 2 Suboptimal Trajectory Solution for Fixed Power Allocation

1: Initialize the UAV’s trajectory {x°, y°, 2°}, q". Set the maximum iteration 1,,. Let [ = 1;

2: repeat

3 Use {a™t,y' 27!}, ¢! in (P4 and obtain the converged solutions
Ax, Ay, Az, Ry s, m,n,p, Ag;

4. Update {z',y', 2'}, ¢' by (47) and (48).

5. Update the iteration time [ = [ + 1.

6: until The value of the objective function reaches a convergence or [ = [,,

V. JOINT POWER AND TRAJECTORY DESIGN

In this section, based on the results in Sections III and IV, a jointly iterative algorithm is
proposed in Algorithm 3. Algorithm 3 works by solving the two convex problems (P2’) and (P4)
iteratively. For initialized trajectory, Algorithm 1 finds the power allocation scheme for all the
time slots. When the power allocation scheme is given, Algorithm 2 works to design the trajectory
of the relay. The convergence of Algorithm 3 needs .J5 iteration. Based on the complexity of Al-
gorithms 1 and 2, the complexity of Algorithm 3 is O ((JsK (BJy + K) + JyK351og (1/¢€)) J5).

Then we prove the convergence of Algorithm 3. Denote the objective function of (P1) after
the tth iteration as EE ({p%,, Phust,{x", y', 2'}). Since Algorithm 1 converges to the optimal

solution of (P2), and Algorithm 2 converges to the suboptimal solution of (P3), we have

EE ({piar-phin} {=" v, 2'}) = BE ({par. Pust . {2" 9", 2'}) . (61)
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Also, after running Algorithm 2, we have

EE ({pi. piis ), (= v, 27 )) > BE ({p. P}, {=' 9", 2'}) . (62)
Consequently,

EE ({PhuPhip} 2™y 2 )) = EE ({Par Pust {2 ', 2'}) . (63)

Thus E'FE is non-decreasing with the iterations. Since F'E will be not larger than its optimal

value, Algorithm 3 converges to a global or local solution for (P1).

Algorithm 3 Jointly Communication Power and Relay Trajectory Design
1: Initialize the UAV’s trajectory {x,y, z}. Set the minimum data rate R, and the maximum

electric energy consumptions £4 and E),, the maximum fuel consumption mg. Set the
channel coefficient C';, and o, the noise power spectral N, the bandwidth B, the circuit
power p., the maximum speed vy, v. and the height constraints H,,;,, H,.q, Initiate the
iteration ¢ = 0, set the convergence tolerance e.

2: repeat

3:  For fixed trajectory, use Algorithm 1 to decide the power allocation for A and M;

4. Use the power allocation results given in step 3 to solve the trajectory of M using

Algorithm 2;

5. until The result reaches a convergence or the iteration time reaches the upper limit.

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical results are shown to illustrate the performance of the power allocation
and trajectory design schemes. The parameters of the channel models are listed in Table I [38]
[33]. The parameters of the UAV movement and mechanical power are listed in Table II. Without
additional illustration, the numerical results are solved based on Table I and Table II.

We show the convergence of Algorithm 3 and the influence of the length of time slots to
the solutions. The UAV starts from above the source node and ends above the destination node.
The maximum communication power is less than 13dBm for A and M. The fuel consumption is

be less than 0.035kg. Other parameters are set according to Table I and Table II. As shown in
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TABLE I

CHANNEL MODEL PARAMETERS.

Notation Meaning Value
Lo Distance between A and B 2000m
T Total time 100s
Qo Parameter in (4) for suburban 4.88
Bo Parameter in (4) for suburban 0.429
B Bandwidth 20MHz
No Noise spectrum density —169dBm/Hz
F Frequency 5GHz

CrLos Path loss of parameters in LoS —46dB

CNLos Path loss of parameters in LoS —53.4dB
ar Path loss exponent in LoS 2
an Path loss exponent in NLoS 2.7
n Elevation angle constraint 20°
Ry Minimum data rate constraint for B 12Mbps

Fig. 3, the average energy efficiency decreases when the intervals are larger. The results seems
to contradict with intuition, but they make sense. There are two ways in which At influences
the results. Firstly, the UAV is assumed to fly at constant speeds during each time slot. When
At increases, the UAV changes its speed for less number of times during the whole mission.
This restricts the movement of the UAV. Another influence of At is the distance approximation
error to solve the data rate. There are K time slots and A + 1 nodes, including K — 1 nodes
between the time slots and 2 nodes on the two sides of the total time 7. As we assumed in
II-D, the positions of the UAV at the beginning of each time slot are used to compute [4,, and
R Ay during the time slot, and the positions of the UAV at the end of the time slot are used
to compute [y;5 and Ry, during the time slot. When the UAV moves from above A to above
B, the approximated path loss is smaller than what it should be. This makes the approximated
Rap and Rjy,p higher than the actual R4, and R);p during the time slot, and thus increase
the energy efficiency.

In the related work, we could find that time slots were chosen to be several seconds, for

example 0.5s, 1s and 2.5s [38], [43], [44]. Since the time slot influences the approximation
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Notation Meaning Value
c Incremental correction factor in (11) 0.1
W UAV weight 20 x 9.8N
p Air density 1.225kg/m®
Vp, Induced velocity in hovering 5.0463m/s
1) Profile drag coefficient 0.012
Shiade Total blade area 0.2m?
rd Fuselage drag ratio 0.6
Vtip Speed of rotor blade tip 250m/s
Cp Heat of combustion of fuel 43.5MJ/kg
Nfuel Average thermodynamic efficiency of the gas turbine 0.45
() Maximum horizontal speed 30m/s
Ve Maximum vertical speed 6m/s
Qmaz Maximum acceleration 2m/s>
Hoaz Highest height constraint 1000m
Hoin Lowest height constraint 200m

of distance of the UAV and ground users, thus influencing the data rates. We have derived a
bound for the approximation error of data rates related to the length of time slots. Referring to
the inequality (55), the bound for the absolute estimation error of data rate can be derived as
follows.

During each time slot, the maximum change of distance [ caused by the UAV’s movement
during the time slot is defined as Al, Al < v,,,.At. Denote 6 as the angle between the speed
and [, 0 < 6 < 7. For simplicity, let p represent the power transmitted from the transmitter A

or M. Then we define the absolute estimation error of data rate as

PtClLos PtCLos
=|1 l+—— | -1 1 : 64
e =l Og?( +laNOB) Og2< N (l+Alcos€)aNoB) | ©4)
Without loss of generality, suppose Al cos6 > 0, then we have
PtCros P:CLos
=1 1+—= -1 1 . 65
= 08 ( + ZaNOB> 082 ( T U+ Alcosh)” NOB> (65)
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Referring to the inequality (55), since o > 1, we have

tCrLo
log, | 1+ PtClLos > log, | 1+ DiLos ) Wi - Al cos@
2 (14 Alcos§)* NgB ) = 2 1°NoB) In2-1(1* + p,Cros/NoB) ‘
(66)
Thus the estimation error is bounded as
aptCLoS
NoB Vmaz AL (67)

e <
“In2-1(l* + pCros/NoB)
Thus for certain channel condition, the approximation error of data rates are related to the length
of time slots At, the maximum speed of the UAV, v,,.., and the geometry distance of the UAV

to ground nodes, /.

45 T T T T T T

40

35

30 [

25 -

20

Average energy efficiency (bps/Hz/Watt)

0 f‘,‘» L L L L L
0 1 2 3 4 5 6 7
Iteration

Fig. 3. Convergence of Algorithm 3 and influence of At.

To show the performance of the proposed algorithm, we use the global optimal tool MultiStart
in Matlab as a comparison. MultiStart solves non-convex problem by searching from a large
number of starting points and choose the best result, to increase the possibility of finding the
global optimal result. It can be seen that the proposed sub-optimal algorithm can achieve close
results compared to MultiStart in Fig. 6. The line with diamond markers shows the simulation
results computed according to (7). The LoS channel has Rician fading, with Rician factor k£ = 10,

and the NLoS channel has Rayleigh fading. It shows that (9) approximates the channel well.
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To see the influence of the fuel weight, we consider the UAV to start from above the source
node and end above the destination node. The average communication power consumption is
16dBm. The fuel supply is set to range from 0.029kg to 0.039 kg. The time slot length is 2s.
The UAV’s altitude is constrained to be lower than 1500m. Fig. 4(a) shows the 3D trajectory of
the UAV. Fig. 4(b) shows the vertical plane of the trajectory at y = Om. In Fig. 5, v; is the total
velocity, which is the vector sum of vertical velocity and the horizontal velocity. v; means the
speed on the level plane. v, is the vertical speed. When the fuel supplied is set to be too short,
re., 0.029kg and 0.032kg, the UAV takes more time to decrease to save fuel, even when the
channel condition is worse. This happens because we do not consider the energy consumption
before the communication starts. The UAV cannot travel with the highest level speed or hover
because it would be more energy-consuming [29]. When more fuel is available, the UAV is able
to decrease and increase its altitude, to get closer to the nodes A and B. Fig. 5 also shows that
the UAV is also able to travel with higher speed or hover for longer time. Fig. 6 shows that the
energy efficiency increases and when the fuel supply increases. Then it stays at a constant value

because the fuel is enough for the UAV to obtain good trajectory and speeds.

1300

1400 —o—0.029kg
—4—0.032 kg
1200 —+— 0036 kg 1200 -
—B—0.039 kg

—6— 0.029 kg
—4%—0.032kg | 1
—+—0.036 kg
—>—0.039kg | |

1100 |

1000
— 900 -

4
Voo

800 -

400 700 TPy

2000 600 -

500 -

400

I I I
0 500 1000 1500 2000

(a) 3D trajectory (b) Trajectory on vertical plane

Fig. 4. Trajectory of the UAV.
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Fig. 5. Speed versus time
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Fig. 6. Influence of the fuel weight.
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414 Fig. 7 shows the influence of available communication power. The maximum fuel consumption

#1518 0.035kg. We consider three benchmark schemes. Benchmark scheme 1 is fixing the UAV above
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(800m. Om) and designing the height of the UAV. Benchmark scheme 2 is fixing the UAV above
the midpoint of A and B, which is (1000m,0m), and benchmark scheme 3 is fixing the UAV above
(1200m,0m). Proposed scheme 1 is fixing the UAV’s starting point and ending point above the
source node and destination node respectively. Proposed scheme 2 is not fixing the UAV’s starting
node and ending node. As shown in Fig. 7, proposed scheme 2 achieves higher energy efficiency
than the benchmarks and proposed scheme 1. When the average communication consumption
is less than around 12.8dBm, both the two proposed schemes 1 and 2 achieve higher energy
efficiency than the three benchmarks. The results implies that with fewer communication power,
the average energy efficiency benefits more from the UAV’s movement.

Further, it can be seen from Fig. 7 that before the energy efficiency reaches a constant value,
the slopes of the three lines of baseline schemes 1, 2, and 3 are different. To discuss this, we first
prove that when the UAV’s position is fixed, the optimal communication energy for all the time
slots are the equal. This is because the UAV stays stationary and thus the channel coefficients
for all time slots are stable. As proved in Property 1, the objective function of (P2’) is concave.

Thus according to Jensen’s inequality,

f<m1+---+xzv) 2f(fl)Jr"'+f(931\f)

N N : (68)

the maximum

w can be established when x; = --- = zy. Using contradiction,

suppose there exist two time slots k; and ko, the optimal data rates satisfying Ry r, < RuB i,

Ryig kg +RMB Ky and

and Ranp, < Ramp,- Then one can always make Rypr, = Ryupr, = 5

Ramvig, = Ramp, = M without violating the constraints, and making the objective
function larger. Thus the optimal solution should be equal data rates R, and Ry, p for all time
slots, and consequently, equal p4 and pj, for all time slots. The results in Fig. 8 and Fig. 9 are
consistent with the analysis.

Then we explain the line slopes. Now that the power and data rate in all time slots are equal,
we use footmarks 1, 2, and 3 to represent baseline schemes 1, 2, and 3, for example, R4 18
the data rate at any time slots of baseline scheme 1. The channel condition of A to M is better
than that of M to B in baseline scheme 1. Achieving the same data rate R45s; = R, requires
less power from A than from M. Thus with equal power supply for A and M, the information

causality constraints can be always satisfied. The energy efficiency depends on the power from
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(69)

As for baseline scheme 3, the channel of M to B is better. The information causality constraints

(15b) is active. Thus the bottleneck for the data rate at M is the received information from A.

We have

Ryrps = log, (1 + Pr3

So the relationship of p4 3 and pys 3 is

Bringing (71) into (72):

we have

CLo
oS )~ og,
NoB

la
MB.3

palip

Pm3z = —5

EEscheme3 -

EEscheme3 -

AM

ot (14 s
J5) pM’3lMB,3NoB

)

Pm,3 + Pe

«
pA,BlMB,3

1o
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log, (1+ 2 Guss )

a
ZAM

)

C(Lo
I+ paso— 5

S

AM,3N 0

) |

(70)

(71)

(72)

(73)

As for baseline scheme 2, it can be regarded as a special case of baseline schemes 1 or 3

with ly;5 = L4y, thus we have

EEschemeZ -

10g2 (1 + Paz2 Z%EZﬁUB) lOgQ (

MB,2

Cros

1 _'_pM,Zla

NoB

)

PA2 + Pe

P2 +pc

(74)

When the communication power constraints for A and M are set to be equal, denote £y =

Ey = E.If A or M consumes all the available power, it will be

pyy = E/N,pas=E/N.

Thus (69) can be derived as

(73) can be derived as
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(76)

(77)
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(74) can be derived as
ClLo
logy (1+ E/N =2tz )

E/N + p,.

The numerators of the equations (76), (77) and (78) are similar. But the denominator of (77)

EEschemeQ -

(78)

has an extra %—5 Since for scheme 3, gfj is smaller than 1, the energy efficiency grows faster
when the abscissa axis F increases. This explains the different slopes of baseline schemes 1, 2
and 3 in Fig. 7.

Note that equations (76), (77) and (78) only represent the situation when A or M communicate
with all the available energy. Fig. 7 also shows that when the communication power gets larger,
the energy efficiency in schemes 1, 2 and 3 do not keep increasing. According to Lemma 1, for
given trajectory, the energy efficiency increases first and then decreases when ;5 increases. So
is not always the most energy-efficient choice to communicate with as much power as possible.

So, when the communication energy supply gets larger, the optimal energy efficiency would

increases and then stays constant.
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Fig. 7. Influence of communication power constraints.

Fig. 8 shows the communication power allocation versus time. We set the average commu-

nication power constraint as 14dBm. Fig. 8 (a) shows the power transmitted by A. Fig. 8 (b)
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presents the power transmitted by M. For benchmark scheme 1, the communication power from
A is lower than them with benchmark schemes 2 and 3. For benchmark schemes 2 and 3,
the communication power from A are coincide, both using the highest achievable power. For
proposed schemes 1 and 2, A transmits data to M with more power at the beginning, then it
decreases the power transmission when the M gets further from A. In Fig. 8 (b), M communicates
with the maximum achievable power to B for benchmark schemes 1 and 2. As for benchmark
scheme 3, since the UAV is far from A, the bottleneck is the received data from the source node.
Although M has surplus communication power, it dose not have data to transmit. In proposed
schemes 1 and 2, the UAV communicates with more power at the beginning because it needs to
satisfy the demand of minimum data rate for B. When the UAV moves near the destination node,
it communicates with less power. Fig. 9 (a) shows the received data rate at M. Fig. 9 (b) presents
the data rate at B. The data rate in benchmark schemes 1 and 3 are the same. The positions of
benchmark schemes 1 and 3 are symmetrical about the midpoint. For benchmark scheme 1, the
bottleneck is the power from M to B, while for benchmark scheme 3 the bottleneck is the power
from A to B. Corresponding to Fig. 8 and Fig. 9, the trajectory and placement of the UAV for

benchmark schemes and proposed schemes are shown in Fig. 10.
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(b) Communication power from M

Fig. 8. Communication power from the source node and the UAV.
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Fig. 10. Trajectory of the UAV.
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Fig. 11. Influence of RO.

In Fig. 11, the influence of the constraint R, is shown. We set the fuel supply as 0.036kg.
The maximum communication energy for A and M are both 13 dBm. With the required data
rate of the destination node increasing, the energy efficiencies of benchmark schemes 1-3 do not
change. Because for benchmark schemes 1-3, the source node or the UAV always communicates
with constant communication power, which can also be seen in Fig.8 and Fig. 9. As for proposed
scheme 1, when the required data rate of B increases, the average energy efficiency decreases.
This is because to guarantee the required data rate, the UAV needs to consume more energy
when the channel condition is not well. For proposed scheme 2, with the required data rate
increasing, the average energy efficiency decreases with small scope. The UAV is able adjust its

trajectory as well as starting and ending positions and fits the requirement better.

VII. CONCLUSION

In this paper, we investigated the power allocation and UAV’s trajectory to maximize the
energy efficiency of a fuel-powered UAV relay under the constraints of communication power
and fuel consumption. The minimum data rate for the destination node was guaranteed. We
solved the non-convex optimization problem by considering the power allocation and trajectory

of the UAV separately. The power allocation sub-problem was transferred to an equivalent convex
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sos problem and solved by Lagrange Multiplier Method, which was summarized in Algorithm 1.
s« A sub-optimal trajectory design solution was proposed using successive convex approximation
sos method, which was summarized in Algorithm 2. On the basis of the two algorithms, the problem
soe  was solved iteratively according to Algorithm 3. Numerical results show the convergence of the
so7  proposed algorithm, and the influences of time slots, fuel supply, communication power, and
sos required data rates. The approximation error of data rate was derived to represent the influence
so9 Of time slots. The subsequent work can be extended to designing the height and elevation angle

sto - of the UAV in more complicated channel conditions and considering more ground users or UAVs

=

s11 with interferences.

512 APPENDIX A
513 PROOF OF QUASI-CONCAVITY OF E (Ryp )

514 It can be proved that £ (R p ) is quasi-concave if and only if it has a strictly convex a-

s15 sublevel set, which is defined by
Sa = {RM,k >0 | E (RMB,k:) > a}. (79)

516 When a <0, S, is a strictly convex set because of the non-negativity of £ (Rypx)-

517 When a > 0, S, is rewritten as

Se ={Rmpr >0 |pm (Rupk) o+ pea — Rypr < 0}. (80)

sis Since py (Ryp ) is strictly convex for Ry gk, S, is a strictly convex set as well.

=

sie As aresult, £ (Rypy) is proved to be strictly quasi-concave.

520 APPENDIX B
521 PROOF OF LEMMA 1

522 From the definition of 3 (R ), we have

B (Rupr) =pe+0m (Rupr) — Rubk -p/M (RyvBk)

<2RMB,k _ 1) N,B n2 - QRMB’kNoB
|Hrsl? MEk |Hyrp i |?

(81)

=pct
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s23 The first-order derivative of 3 (Rap ) is

5/ (RMB,k) = _RMB,k 'p/](/[ (RMB,k) . (82)

524 The first-order and second-order derivatives of pys (Ryp ) are both positive:

In2 - 28mB.x Ny B

P (Rupi) = oo 0, (83)
525
” l'I’LQ 2 . QR]MB”CN B
Par (RuvBg) = ( )|H AE = > 0. (84)
MB,

526 Substituting (84) into (82), we find that 3’ (Rympr) is always negative, thus [ (Rypy) is
sz monotonically decreasing. Then we consider the positive and negative characters of 3 (Rypx).

s2s  For a brief representation, we use R to represent [2y/p  here. Using L’Hopital’s rule, we have:

B(R) |r—0=pe >0, (85)
529
B(R) |r-o
_ i PetPu(B) - Ropy (R)
R—o0 R
. R)—R-py (R))’
R—o0 R
R _9R _ 2 9R
~ m NoB 2%In2—-2%"In2—- R(In2)"-2 R
= —R?.py, (R) <O0.

s Note that ()’ means the first-order derivative and (-)” means the second-order derivative. Since
sst [ (Rumpy) is continuous and monotonically decreasing, it must go through the X positive half
s2 axis. Thus the root EMBJC is positive. So we have 5 (Rypx) > 0 for 0 < Rypr < EMB,k, and

533 5 (RMB,k:) < 0 for RMB,k: > EMB,Iw

534 APPENDIX C
535 PROOF OF LEMMA 2

536 To prove that the objective function £ (R p) is concave, we need to prove that the Hessian
s matrix is non-positive, which is the second-order derivative of E (Ry/p k).
538 As shown in (23), the first-order derivative of E (R p ) is

OE (Ryp) _ Petpu (Rupr) — Ry - Py (Rus k)
ORMB (par (Rarpi) + pe)’

; (87)
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Then the second order derivative of E (R p ) is:

O*E (Rui) _ (RMB k) P (Ruye) + 2%]2
(

OR%py [par (Rassg) + el (88)
28 (Ryp) [pa (Rupk) + pe) - pas (Ruis ) Vi
[prv (Rursor + pe)] ’
When Rypr < Rurpr. we have proved that 5 (Ryp,) > 0 in Appendix B. So %

MB,k

is negative. So the Hessian matrix of £ (Ry/p) is negative definite. £ (Ry/p) is concave if the
range of Ryrp 1s set to be Ry p i < EMB,;C.

In addition, as for Ry/p . > }N%MB’k, we have proved that 5 (Ryp ;) < 0 for Ry > }NQMB’I{J in
Appendix B. So the first order of E (R),p) is negative. So E (Rj/p) is monotonically decreasing

for RMB,k > RMB,k-

APPENDIX D
PROOF OF THEOREM 1

We prove Theorem 1 using reduction to absurdity.

a: Suppose that for k = a, the optimal solution is R}, , > Ro. Then one can always find a
Rypa satisfying Ry < Ryp. < Rjp, without violating any constraints of (P2). Referring
to Lemma 2, we know that F (R)/5,) is monotonically decreasing for Ry, > Ro. So
E (Ruypa) > E (R}yp,), which means that R}, is not the optimal solution for £ (Ryp.q).
The inference violates the assumption. The assumption is wrong. Results should be R}, 5 , = Ro.

b: Suppose that 37\43,5 > éMB’b. Then one can always find a RMB,b, satisfying éMB’b <
Rupy < Rjp, without violating any constraints of (P2). Referring to Lemma 2, we have
E (Rypp) monotonically decreasing for Ry, > éMB,b. Then we have F (RMB,I,) > F (R}k\437b).
It violates the assumption that R}, is the optimal solution, thus the assumption is invalid. The
optimal value should be R}z, € [RO, R B’b]

So Theorem 1 is proved. The optimal results for E (Ryp,q) is Ry p, = Ro; the optimal

results for E' (Rypp) is Rypy, € [Ro, fN%MB,b]
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