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Energy-Efficient UAV Relaying Communications to
Serve Ground Nodes

Shakil Ahmed, Student Member, IEEE, Mostafa Zaman Chowdhury Senior Member, IEEE, Yeong Min
Jang, Member, IEEE

Abstract—This letter studies the energy-efficient unmanned
aerial vehicle (UAV) communications to support ground nodes
(GNs). The system considers the UAV working as a relay while
there is a base station (BS) on the ground. We analyze the
UAV energy consumption model to design the energy-efficient
UAV trajectory path. We formulate the energy-efficient UAV
relaying communication, which considers both throughput and
UAV propulsion energy consumption. We optimize joint transmit
power of UAV and BS; UAV trajectory, acceleration, and flying
speed to maximize the energy-efficient UAV relaying problem.
We also introduce a constraint named as information causality
constraint (ICC). The main idea of ICC is to guarantee that
the UAV receives information from BS in any time slot and
forward the only received information to GNs in remaining time
slots. The formulated energy-efficiency maximization problem is
not convex. Thus, we solve it sub-optimally using the iterative
method. Finally, we present the simulation results to validate the
efficacy of the proposed algorithm.

Index Terms—UAV relay, energy-efficiency, information causal-
ity constraint, sub-optimal.

I. INTRODUCTION

ECENTLY, unmanned aerial vehicles (UAVs) have be-
come an emerging paradigm to support the fifth genera-
tion and beyond high-speed wireless communication networks.
UAVs can be deployed quickly and cost-effectively as a mobile
relay for enlarging coverage and up-gradation of network
connectivity. Besides these substantial applications, the UAV
communication system encounters many new challenges, par-
ticularly how efficiently and optimally it can use onboard
energy because UAVs are fundamentally limited by fixed
energy supply. The energy-efficiency of the UAV is the total
information bits, which are transmitted to the ground nodes
(GNs) during the UAV flight time normalized by the total UAV
propulsion energy consumption during that time [1]. Moreover,
the UAV relay is required to make sure that it forwards the
received data from the base station (BS) to the GNs. This
constraint is called information causality constraint (ICC).
Researchers have considered various approaches to design
energy-efficient UAV networks. Unfortunately, little research
has been performed to guarantee the received information is
only from BS, while the energy-efficient UAV relaying com-
munication is designed. For example, authors in [1] proposed
an algorithm to improve the physical layer security using
UAV working as the relay. However, they did not investigate
the energy-efficient scenario. On the other hand, authors in
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[2] studied UAV optimal trajectory path to design energy-
efficient UAV communication considering single GN in the
system. Their proposed model considers that the UAV works
as an aerial BS. However, they did not consider remote UAV-
GNs communication, resulting in inefficient UAV relaying
communication. Robust resource allocation via joint transmit
power of UAV and BS; UAV trajectory location optimization
in the presence of uncertain eavesdroppers is proposed in [3].
Though ICC is considered in [3] to support the remote GNis,
the model does not consider the energy-efficient UAV relaying
communication.

In this letter, we design energy-efficient UAV relaying
networks, which jointly optimizes the UAV and BS transmit
power; the UAV trajectory path, acceleration, and speed.
We propose an iterative algorithm to design energy-efficient
UAV relaying communication. To make sure the GNs receive
information from the BS via the UAV, we apply ICC in the
maximization problem. We also study the UAV propulsion
energy consumption model to design energy-efficient UAV
relaying communication. We solve the maximization energy-
efficient problem considering both throughput and UAV en-
ergy consumption. We solve the maximization problem sub-
optimally until it converges. We validate the improved perfor-
mance of the proposed algorithm via simulation results.

II. SYSTEM MODEL

We consider a wireless communication system, having one
BS and one UAV to serve multiple static GNs, for the outdoor
environment in a rural area with few obstacles. The set of GNs
is defined as U, where Y={1,2, 3, ...,U}. U is the total number
of GNs. In the proposed system, the BS establishes a link to
the UAV, and UAV establishes the links to the GNs. UAV
flies at a fixed altitude such that it can avoid all tall obstacles.
The UAV knows the locations of the GNs and the BS. We
consider the frequency division multiple access (FDMA), half-
duplex, and decode-and-forward (DF) relaying strategies in
this letter. The system also considers no direct communication
links between the BS to the GNs due to the tall obstacles.
We assume that the effects of shadowing and multi-path are
negligible.

The UAV serves the GNs in 0 < ¢ < T time horizon due to
its limited resource, where 7' is the UAV flight time. However,
the UAV flies a sufficiently long time so that it can guarantee
a better quality of service. Without the loss of generality, our
proposed system fits the two-dimensional coordinate system
for the BS, the UAV, and the GNs. We define the locations of
the BS, and the UAV as (xy, yp) and (x(t),y(t)), respectively.
The fixed location of GN w, where u € U, is (24, Yu)-



1) Data rate calculation: The UAV flight time is continu-
ous, which is discretized in this letter to avoid complexity.
The continuous-time 7' is divided into N number of the
equal, static, and small-time slots, p, where p = % The
BS to the UAV channel gain can be expressed as cy[n] =
COEDE +(ﬁy°[n]7yb)2 THT Bo defines the channel power gain
at reference distance dyp = 1 m. H is the altitude. The data
rate between the BS and the UAV can be expressed as
rp[n] = logy(1+ ypp[n]e[n]), n = 1,2,...,N — 1, where
v = % o? defines the Additive White Gaussian Noise
(AWGN) power at the receiver. py[n] is the BS transmit
power in n time slot. Similarly, the channel gain between the
UAV and GN u is cu[n] = s The
data rate between the UAV and the GN u can be expressed
as ry[n] = logy(1+ ypu[n]eu[n]), n = 2,3,..., N, where
pu[n] € R4 defines the UAV transmit power in n time slot.
The BS sends information to the UAV in any time slot. Then
the UAV forwards the received information to the GN u during
remaining time slots. By applying ICC [1], it can be expressed
as follows:

>

From (1), the BS does not transmit information to the UAV
at the last time slot, i.e., r,[IN] = 0. Moreover, the UAV does
not transmit information at the first time slot as the BS might
send information to the UAV at that time, i.e., r,[1] = 0. It
can be written as 7, [1] = r,[IN] = 0. The initial and the final
UAV locations are (z[2],y[2]) and (z[N],y[NN]), respectively.

2) UAV energy consumption: The propulsion energy con-
sumption is defined as the amount of energy consumed by
UAV during flight time [4]. Energy consumption due to the
networking to GNs is negligible compared the propulsion
energy consumption. UAV energy consumption for GN u can

be expressed as:

5 ﬁlau[]ll2> Ak

Suln] = w1 2
] (“”“ I T @ o) 5 @

where o and (3 are constants, depend on UAV welght, wing
area, air density, etc. Ak is the kinetic energy and expressed
as im(|| va[N] || — || v,[0] ||?), where m is the mass of
UAV. v, [n] is the UAV speed. g is gravitational constant and
ay[n] is the UAV acceleration.

7] ZZru[i], n=23,..,N. (1)

III. OPTIMAL ENERGY-EFFICIENT UAV RELAY
The energy-efficiency maximization problem is:

DOMID ST (1)

(3a)
alnlyln] o[l pulnlvufnlauln] U SN 5, 0]
8.t || 'UU[TL] ||§ Umaz, W =2,3,...,N, (3b)
|| vuln] > Vimin, n=2,3,..., N, (3c)
|| a’u[n] ||§amax7 n:273,...7]\/v7 (3d)

1
(x[n+1]—=z[n]) + (y[n+1]-y[n]) = pvu+§p2au[n], (3e)
0 < pp[n] < pp*®, (3f)
0 < pu[n] < py'*”, (32)

(1)

where 7,,[n] is the UAV-user, u rate and d,,[n] is defined in (2).
The UAV flying speed constraint is defined in (3b) and (3c),
while (3d) is the UAV acceleration while flying. UAV mobility
constraint [5] is deifned in (3e). Moreover, (3f) and (3g) define
the BS and UAV transmit power constraints, where p}*** and
pir®® are the maximum BS and UAV power, respectively.
However, the optimization problem in (3) is not convex. Thus,
we apply a sub-optimal solution approach [6], which can solve
(3) iteratively. First, we fix the UAV location and acceleration
to solve the transmit power of BS and UAYV, and speed. In the
second step, we optimize the transmit power of BS and UAV,
and speed, using the optimal UAV location and acceleration.
We keep repeating the process until it converges.

A. Sub-optimal solution 1

We first optimize the transmit power of the UAV, p,[n], the
BS, py[n], and UAV speed, v, [n] for an initial fix UAV position
(z[n],y[n]) and acceleration, a,[n]. Thus, we reformulate (3)
by removing the constraints that are related to UAV trajec-
tory location and acceleration. The reformulated maximization
problem can be written as:

Zu 1 Zn 2Tu [’I”L]
Pu [n] pb 'Uu[n] Z u=1 Zn 2 [n]
st (3¢) — (39), (1), (3b), (3¢).
The standard optimization toolbox cannot solve (4) as it is

not a convex problem because of (1), (3b), (3c), and (4). We
reformulate ICC in (1) by introducing a variable.

“4)

n—1 n

mli] 2y mlil, (5)
i=1 i=2

ru[n] > Tu[n]. (6)

where 7,[n] is newly introduced variable. We can rewrite (4)
as follows:

m Zu 1 Zn QTu[n]
Puln]py[n] 1)u[n] Tu[n] Zu 1 Zn 2 [n]
st (3e) — (39), (3b), (3¢c), (5), (6).

We replace UAV to the GN w data rate from 7,[n| to 7,[n]
in (7). However, (7) with its constraints is not yet soluble due
to the non-convex denominator, 22;2 0y[n] and UAV speed
constraint in (3c). We also introduce a slack variable, g, [n] in
the denominator of (7). Thus, the reformulated optimization

problem is:

)

St Yoy Tuln

max ) (8)
Pu [n]vpb[n]7v'u [n]vTu[ ]7qu Zu 1 Zn 9 (S,ﬁew [n]
s.t. g[n] > Vmin,n =2,3,..., N, 9)

| va[n] < gzn],n=2,3,..., N,
(36) - (39)7 (3b)7 (5)7 (6)

where

(10)

ar®ln] = (a ||vu[n]||3—|*ﬁ +

MW) +2%
qu[n] P

9%qu[n]



The optimization problem is still a fractional problem,
which cannot be solved using the standard optimization tool-
box. We apply the classical Dinkelbach method [7]. This
process guarantees the convergence and hence, the locally
optimal solution is achieved.

pu[n],pp[n], vu[n] Tuln X:IZ |:7'u -\ 5new[ ]:|’ (12)
st (3e) — (39), ( )7 (5), (6), (9), (10).

where ); is a new numerical value that can be iteratively up-
dated as (7,[n]/07°" [n]). Now, (12) and its related constraints
are convex, which is now soluble using the standard convex
optimization software, such as CVX [8].

B. The UAV trajectory design

Now we determine the UAV trajectory and the UAV ac-
celeration using the solution fo the UAV and the BS transmit
power, and the UAV speed from Section III-A. The formulated
UAV trajectory optimization problem from (3) is:

VD St SN )
X U N
[nlylnlauln] Y7 > 0y (0]
s.t. (1), (3d), (3e).

Here (13) with its related constraints is not a convex problem
because of the fractional nature of the objective function and
(1). We can tackle the non-convexity of the UAV trajectory
design by introducing the slack variables. Thus, it is reformu-
lated as follows:

(13)

S Sy il

11D DD ST )

st (z[n]—xu)? 4+ (y[n] —yu)* +H? — g[n] <0,
(1), (3d), (3e).

and r9[n] = log, < + 757[;[] ]>. g[n] is the

(14a)

z[n],y[n],au[n].g[n

(14b)

where v = %

slack variables defined as g = [91], g[2], 9[3]; ---, g[N]]T. Now
we use (5) - (6) to reformulated (1) as follows:
n—1 n
Tpli] > ZTu[z}, (15)
i=1 i=2
ru[n] > T [n]. (16)

where 7,[n]| is the variable. However, (15) - (16) are not
convex problem. Introducing the slack variable, (15) can be
reformulated as:

Zm’}[i] > mlil a17)
(z[i] — zp)* + (y[i] —wp)® + H* — h[n] <0.  (18)

where r'[i] = log, <1 + Wiffi[]i]) and h[n] is newly added

slack variable. Slack variables, h[n] can be expressed as h £

[R[1], h[2], h[3], ..., A[N]]T. Now let’s reformulate (17) using
the first order Taylor series expansion at feasible point h/[i]:

where rhf[ ) = 1B l]) Thus, using (19), (15) can be

hii]
reformulated as:

vpo[i] (R[] — hli]) i
;m Sg{hf oLt +7pb[])ln2+rl}’l [i]|.

Similarly, we address the non-convexity of (16). First, we
add a new slack variable m[n]:

ra [n] = muln],

(z[n] — zu)? + (y[n] — yu)? + H*> —m[n] < 0.

(20)

2y
(22)

where r"'[n] = log, (1 + W) Now let’s reformulate (21)

using the first order Taylor series expansion at a feasible point
7[n]
m’ [n].

Vpu[n](mf[ ]_m[n]) 'rmf n rMin
Il + ypafnz T e Sl

S+ (23)

+ ’Ypu[“]

il |- Thus, using (23), (16) can be

where 7 [n] = g
reformulated as fo lows.

. Ypu[n](m! [n] —m[n))
) < [ T Do

We reformulate (14) as follows:

25125”[@ 5)
Alnlasln) 32y 320 bl
e, 3, (0, (53, G

Using the first order Taylor series expansion, (25) is refor-
mulated as follows:

+ 7 n]].

(24)

z[n],y[n],7u[n],m

s.t. (3d),

ST [l - sl
Y temt Yones Suln]

)

(26)

z[n],y[n],7u[n],m[n],h[n],ay[r]

s.t. (3d), (3e), (18), (20), (22

), (24).
_ puL ki) N
where s[n| P T pu i) W2 However, optimization

problem is still a fractional problem, which cannot be solved
using the standard optimization toolbox. We apply the classical
Dinkelbach method as follows:

>3 -

l,aw [n]u

max
z[n],y[n],7u[n],m[n],hn

J=Aidu[n]

27)

st (3d), (3¢), (18), (20, (22), (24).

Thus, (27) is a convex problem and shares the same
solution with (13), which we can solve using the standard
optimization software, such as CVX. We encode the approach
in Sections III-A and III-B in an efficient algorithm to solve the
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Fig. 1: UAV trajectory design.

Algorithm 1 Solution for (3)

L: IHPUtting : (xuayu)’ (l'b,yb), (x[n}ay[n])’ and au[n]

2: Seti+— 1+ 1.

3: Initialize : z[n] = 2;_1)[n], y[n] = yu-1)[nl, puln] =
Pui—p[n], po[n] = po1y[nl, valn] = vi![n], and
aufn] = ai~[n]

: Optimization:

. repeat

Solve (12) under given UAV trajectory, acceleration.

Solve (27) for optimal UAV/BS power, and speed.

: until convergence

energy-efficiency optimization problem in (3) sub-optimally.
We employ successive convex optimization in the algorithm.

The objective value of (3) and its solutions, such as (12)
and (27) are increasing over iterations and thus, (3) is finite.
Moreover, the solution of the proposed algorithm 1 can be
converged to a sub-optimal solution [9] with polynomial time
solution and complexity O[I(4N + KN)3®], where I is the
iteration number.

IV. SIMULATION RESULTS

Here we present the simulation results of the proposed
algorithm and compare it to the UAV having a fixed trajectory.
We consider multiple GNs in the system, while the random dis-
tribution of the GNs is a Poisson point process. The location of
the BS is (490,55) m. v = 80dB, p)** = p"*® = 10dBm.
Fig. 1 shows the UAV path planning and energy-efficiency is
illustrated in Fig. 2. Due to ICC, the UAV chooses an optimal
path hovering between the BS and the GNs in Fig. 1. This also
intuitively makes sense because the UAV is required to hover
close to the BS to receive the information and then required
to hover close to GNs to send the received information. We
present the UAV energy-efficiency versus UAV flight time in
Fig 2. Our proposed algorithm has better performance for
different UAV altitude. We achieve better performance as ICC
makes sure the UAV only forwards the received information
from BS at each time slot. Moreover, the proposed algorithm
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Fig. 2: energy-efficiency.

is energy-efficient even for higher altitudes compared to the
other scheme.

V. CONCLUSIONS

In this letter, we design an energy-efficient UAV relaying
communication to support the GNs for a given UAV flight
time. We apply the ICC to make sure that the UAV only
forwards the received information from the BS to the GNs in
remaining time slots. We impose the UAV propulsion energy
consumption model to design the energy-efficient UAV relay-
ing communication. We solve the formulated energy-efficiency
maximization problem by proposing an iterative algorithm
due to the non-convexity, which solves it sub-optimally. The
algorithm solves the maximization problem sub-optimally and
iteratively until it reaches the optimal global solution. Finally,
we show the results to prove the supremacy of the algorithm.
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