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Abstract

It is predicted that the use of unmanned aerial vehicles (UAVs) in communication
systems will be more extensive in future generations of wireless telecommunication
networks, due to their facilitating advantages. In this paper, a UAV-based wireless com-
munication system is considered in which a UAV is employed as a relay to connect two
ground users. These two disconnected users make a communication pair. Our aim is
to maximize the minimum achievable information rate for the communication link
between the transmitter and receiver, by cooperatively optimizing UAV trajectory and
transmitter and source power allocation. Motivated by the above, we formulate the
optimization problem. The solving process is complicated because of the non-convex-
ity of the formulated problem. To overcome this difficulty, we convert the main prob-
lem to some sub-problems by fixing some constraints and solving them with iterative
algorithms such as successive convex optimization and reaching the solution for the
main problem. Simulation results show the capability of the proposed algorithm.

Keywords: UAVs, Relay, Optimization, Power allocation, UAV trajectory,
Communication

1 Introduction

By increasing mobile users in 5G and also the expansion of Internet of Things (IoT)
applications in future communication systems, communication networks face a high
amount of data traffic that is out of available terrestrial base station’s capacity. To over-
come this challenge and coverage improvement of communication networks, relaying is
an effective technique [1, 2]. As most of the communication systems are wired, conven-
tional relaying systems are based on static relaying. But it is costly to set up a terrestrial
base station wherever there is a demand. So due to cost reduction, device miniaturiza-
tion, and other advantages, unmanned aerial vehicles can be employed as demand-based
relays in wireless networks. In addition to relaying, UAVs can be used in other appli-
cations such as power transfer[3], data collection[4], information broadcasting, cargo
delivery, traffic monitoring, and emergency situations for example disaster management.
In all these applications, there are two types of problem definition approaches. In one
branch, the goal is to find the optimal hovering points for static UAVs. In other words,
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only node placement is in question[5, 6]. On the other hand, it is desired that the maxi-
mum mobility of the drone is used to design the optimal trajectory for it. In addition
to mobility, UAV-based communication systems benefit from on-demand deployment
and also the line-of-sight channel between UAV and considered ground transmitter or
receiver[7]. According to[8] and 3GPP [9], for the moderate altitude of UAV for example
more than 50 meters, the LOS probability is more than 90 percent. So, the channel may
be less affected by shadowing, fading, and multipath propagation. Since the horizontal
placement of the UAV can be changed, the channel between the UAV and ground nodes
has variation. Motivated by this, UAV can get closer to the objective area and achieve a
better communication channel with more gain. As discussed in [10, 11], another param-
eter of a UAV’s placement is its altitude that influences the coverage probability and
system sum rate. Based on practical applications, various research endeavors have been
dedicated to UAV-aided wireless networks in the last decade. In most of them, UAV is
considered as a mobile base station or mobile relay to serve some ground nodes in a
geographical area. In [7, 12], the deployment of UAV as a flying base station for a desired
geographical area with both downlink users and device-to-device (D2D) users is ana-
lyzed, and the optimal height of the UAV is obtained by maximizing the coverage prob-
ability. In [13], an efficient resource allocation and trajectory optimization in NOMA
wireless network are studied. A heuristic algorithm based on matching and swapping
theory is used for user and UAV time scheduling, and the optimized power and trajec-
tory are derived by solving a non-convex optimization problem. Considering UAV as a
mobile relay as an extensive issue of researches mentioned in [14, 15], the authors in
[16] investigated a communication network with a UAV as a relay and multiple ground
pairs as the source and destination aiming to minimize the total energy consumption by
jointly optimizing time and power allocation and UAV trajectory. So energy minimiza-
tion is an important factor in designing UAV-enabled systems. Though initial attempts
for designing energy-efficient UAV communication was appropriated to fixed-wing
UAV-enabled communication system by maximizing its energy efficiency in bits/Joule
[17], authors in [18] investigated energy-efficient communication design for rotary-wing
UAVs in a multi-user situation. In [19-21], the scenario of multiple UAVs deployed as
areal base stations and relays, respectively, was studied. Another influential role of UAV
relaying is in crisis management. In natural disasters, IoT coverage will be extremely
affected, due to the destruction of communications infrastructure. In such cases, hav-
ing an emergency communication network can be a crucial factor in getting rid of the
status quo. UAVs can be applied to implement public safety scenarios to support disaster
alleviation measures [22—24]. Since UAV relaying face the challenge of malicious attacks
including eavesdropping, the security issue of UAV networks is critical to have a pro-
tected communication. The authors in [25] considered boosting physical layer security
by using a mobile relaying system, in which a UAV acts as a mobile relay and flexibly
regulates its location to enhance the desired wireless communication security. In [26—
28], an optimization problem has been formulated to maximize the minimum average
secrecy rate over all receivers by jointly optimizing UAV trajectory and transmit power.
Lu et al. [29] uses UAV for reducing data traffic pressure by carrying mobile edge com-
puting (MEC) servers on UAVs. A secure communication design is proposed the Dual-
UAV-MEC system.
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The major contributions of this paper are presented as follows:

« This paper introduces a UAV-relayed communication system supporting one discon-
nected communication pair and finds the maximum achievable transmission rate by
cooperatively optimizing UAV trajectory and source and relay transmission power.
So a non-convex optimization problem is created.

+ To make the problem tractable, we partition the main problem into two sub-prob-
lems and solve them by successive convex optimization techniques. Then, an overall
algorithm is produced to solve two sub-problems alternately.

+ The advantage of our method is that sub-problems have fewer constraints than the
main problem. So the complexity and convergence speed is more.

+ We obtained the optimized trajectory and transmission power and observed that
power is inversely related to link distance between two nodes.

+ Furthermore, we compared the results of our proposed algorithm with fixed power
and trajectory manner and saw more rate is gained in the proposed method.

The rest of this paper is organized as follows. In Sect. 2, our desired UAV-relayed sys-
tem model and the problem formulation are introduced. Section 3 proposes the iterative
algorithm based on SCO. In Sect. 4, we present the simulation results to verify the effec-
tiveness of the proposed algorithm. Finally, we conclude this paper in Sect. 5.

2 System model and problem formulation

Consider the scenario that in a disaster (or any reason that destroys the communication
infrastructure) area, two disconnected ground nodes that are at a distance of L meters
apart cannot communicate with each other due to long distance or severe blockage.
Thus, a UAV relay is deployed to establish a communication link between source and
destination defined by A and B, respectively. We assume that A and B are located on the
ground with known fixed locations and the flight height of the UAV from the ground is
constant and equal to H in a period of T s. The horizontal coordinates of A and B and
UAV are (0, 0, 0), (L, 0, 0) and (x(2), y(¢), H), respectively. The analytical model of such a
system is shown in Fig. 1.

Note that we assume this scenario for real-time applications such as building inter-
connection in emergency situations; therefore, the amplify-and-forward (AF) strategy is
more suitable than decode-and-forward (DF) due to less complexity. For ease of analysis,
the time horizon T is discretized into N equal time slots. The parameter N should be
chosen large enough or in other words the elemental slot length be small enough, so that
the position of UAV is approximately constant at any time slot. Thus, the trajectory of
UAV over T can be rewritten as (x[#n], y[n]),Vn = 1,...,N. But increasing N will bring
more computational complexity. In fact, while choosing the value of N, we should con-
sider a tradeoff between the accuracy and complexity [19]. Motivated by AF protocol,
the UAV transmits data to B, as soon as received it from A. We partition each time slot
into two hops. Sending data from source to the UAV happens in the first hop. Before
formulating the problem, for easy access to the symbols used in the article, we first intro-
duce our notation in Table 1.
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UAV(x(),y(t).H)

A(0,0,0) B(L.,0,0)
Fig. 1 Analytical model of the UAV-relayed wireless system

Table 1 Definitions of a subset of commonly used symbols

Symbol Meaning

T Flying time

N Number of time slots

v Maximum speed of UAV

Paln] Transmission power of A

Xn] The transmitted signal to UAV

Z1[n] The noise observed at UAV

haulnl Channel between UAV and A

daylnl Distance between A and UAV

g Reference channel power at the distance dp = Tm
GIn] Scaling parameter

Pyln] Transmission power of UAV

husln] Channel between UAV and B

Z>[n] The noise observed at B

dus Distance between UAV and B

Pa Average maximum transmission power of A
Py Average maximum transmission power of UAV
o2 Power of the noise

The received signal at UAV in the nth time slot can be expressed as:

Yylnl = / PalnlhaulnlX(n] + Z1[n] (1)

where P4[n] is the transmission power of A. X[#x] is the transmitted signal to UAV and
Z1[n] ~ N(0,02) is the power of additive white Gaussian noise (AWGN) observed at
UAV. hyy[n] represents the LOS channel between UAV and source. Considering the
free-space pass loss model and ignoring the Doppler effect caused by UAV mobility, the
channel power gain from source to UAV can be expressed as:
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where o illustrates the reference channel power at the distance dy = 1m. As we see, the
channel power depends only on the UAV-user distance. For the second hop, the UAV
scales the received signal and broadcasts it to the destination with gain G[#] as follows:

_ Pyln]
Gl = \/PA[n]hAu[n] +o? ®)

where Py/[n] is the transmission power of UAV. Thus, the signal received at B can be

written as follows:

Yg[n] = Glnlv/ huglnlYulnl + Zs[n] (4)
where Z;[n] ~ N (0, 0%) is the power of additive white Gaussian noise at destination. The
following equation shows the channel gain of UAV-B link:

o
@lnl — L)2 + y2[n] + H? (5)

hypln] = aodyn] =

In the above expressions, dy7[#] and dyp[n] are the link distance between source and
UAYV, and UAV and destination at time slotn. Considering (3) and (4), the corresponding
signal-to-noise ratio (SNR) at the destination can be written as:

Pa[n)Py[nlhaynlhys(n]
(Palmlhau(n] + Pylnlhyglnl + o2)o?

yln] = (6)

The accessible information rate for the source to destination link at nth time slot can be

expressed as:
1
R[n] = 5 logy(1+y[n]), n=1,...,N (7)
The goal is maximizing the minimum of this rate by optimizing both source/UAV power

allocation and UAV trajectory. By defining P £ (P4[n], Py[n]) and W £ (x[n], y[n]), the
optimization problem can be formulated as:

(Pl):rlr)}%;( minR[n],n=1,...,N. (8a)
N L N L

st.Y Paln] < NPa,y  Pyln] < NPy (8b)
n=1 n=1

Py[n] >0, Pyn]>0,n=1,...,N. (8¢c)

2
(x[n + 1] — x[n)? + (yln + 1] — y[n])? < (VT> ,n=12,...,N—1 (8d)

Page 5 of 16
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where P, and P, are the average maximum transmission power of source A and UAV.
By defining V as the maximum permitted flying speed of UAV,% represents the maxi-
mum horizontal distance the UAV can fly in each time slot. Constraint (8d) implies that
the distance that the UAV travel in one time slot should not exceed its maximum value.
The max—min optimization problem is non-convex because the logarithmic objective
function is not convex. In our proposed method, we suggest an iterative algorithm to

solve this problem.

3 Proposed method

As we say, the main optimization problem is non-convex. To be more precise, the Hes-
sian matrix of objective function has a negative value relative to the optimization variables
including power and trajectory. This makes the problem intractable to solve. In this part,
we introduce two sub-problems and develop an iterative algorithm to solve them alter-
nately to achieve the solution for the main problem. In fact, separating the main problem
into two sub-problems facilitates the solving process by reducing the optimization variables
and their related constraints as a result. First, we solve the optimization problem with fixed
UAV trajectory and obtain the source/relay power allocation and then repeat with fixed
power allocation to obtain the optimal trajectory. Finally, the overall algorithm is proposed.

3.1 Power optimization with fixed UAV trajectory
By assuming the UAV trajectory fixed, the constraints reduce to ones that are only on
the power. Also, the varying channel is known due to the pre-determined trajectory. So,

the main problem can be written as the following form:

(P1.1): mlfglx minR[#n],n=1,...,N

)
s.t. (115) and (11¢)

The objective function does not change. So, the problem (P1.1) is still non-convex. To cope

with this non-convexity, we utilize iterative approximation helping from successive convex

optimization techniques. As mentioned in [30], any convex function is lower-bounded by

its first-order Taylor expansion. Motivated by this, we maximize the lower bound of our

objective function by optimizing the source and UAV’s power in each iteration. By con-
1

verting y [n] to S5n the convexity is done firstly, and then we can use Taylor approxima-
1

tion. We can write the Taylor expansion of the transmission rate at 0 8 follows:

f(@) > f(x0) + f (x0) (x — x0) , ¥x —

Riy1[n] = Ry[n] y’210g26< ! 1) R 1,....N (10)
n n] — — = mn=1,...,
= A T Gl + ) \ vl il bl

In the above expressions, / and [ + 1 indexes introduce /th and (/ + 1)th iterations. From
the equation of SNR calculation, it is obvious that y[#] is not convex with respect to
P4[n]and Py[n]. So, we can say that ﬁ is a convex function of P4[n]and Py;[n]. There-

fore, we can rewrite the above problem as:

(P1.2) : mgx min Ry 41(n],n=1,...,N. (11a)
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N N

st Pasaln] < NPy Y Pyyaln]l < NPy (11b)
n=1 n=1

Ppialn] =20, Pyjualnl=0,n=1,...,N. (11¢)

(P1.2) is a convex version of (P1.1) and can be efficiently solved by existing standard
convex optimization tools such as YALMIP. The optimal solution of (P1.1) is also lower-
bounded by the solution of (P1.2).

3.2 Trajectory optimization with fixed power
In this part, the trajectory optimization problem is solved for any desired source or
UAYV power. This problem can be summarized as:

(P1.3) : max minR[n],n=1,...,N
v (12)
s.t. (84)

Again, we face a non-convex optimization problem because of the non-convex objec-
tive function and should utilize successive convex optimization method to find its opti-
mal solution efficiently. We define {x;[n], y;[n]} and {x;,1[n], y;41[n]}, the final location
of UAV after /th and (/ + 1)th iteration. Since the non-convexity of the objective func-
tion is concerning {x[#], y[n]}, we present two new variables named s;[n] = m and
$o[n] = m. y[n]is convex with respect tos;[#] andsa[#], and first-order Taylor expan-
sion can be used to approximate it. Firstly, we rewrite the y[#] according to new vari-
ables as follows:

Py[n]Py[n]
(Palnlsa[n] + Pylnlsi[n] + o2s1[nlsa[n])o?

ylnl = (13)

Using Taylor expansion, we have

vig1lnl = yin] — Cilnl(sy1[n] — s1,[n]) — Dy[nl(syi41[n] — so4[1]) = Vipi4+1[7]

(14)
where C;[n] and D;[n] are the gradients of the y[n] at new variables which can be calcu-
lated by

2 4
Ciln] = Py[n]Pyln]l(Pylnlo” + o”sy[n]) ; (15)
(Palnlsaln] + Pylnlsi(n] + o2s1[nlsy[n]) "ot
2 4
Dy[n] = Py[nlPy(nl(Palnlo” + o%sy,1[n]) (16)

 (Palnlsaln] + Pylnls[n] + o2 [nlsyln]) o

From yj,[n], we have the lower bound of transmission rate as

1
Rppit1ln] = 3 log, (1 + yip,141[n]) (17)
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Now, the convex optimization problem for trajectory optimization for given source and
UAV power allocation scenario can be summarized as:

(P14) : mv2x minRj41[nl, n=1,...,N

2 s [(VT\?
st (xpp10n+ 11— xpa[n])” + yialn + 11 = ypa [n]® < N ) "= ,2,...,N—-1
(18)

The overall algorithm which contains the solving process of two sub-problems can be
given by below algorithm:

Algorithm 1 Overall Algorithm

: Let [ = 0 and initialize UAV trajectory and source/UAV power.

Repeat

: Solve (P1.2) and output optimal source/UAV power.

: Solve (P1.4) using the powers from the last step and output the optimal UAV trajectory.

: Update l =1+ 1.

. Until the increase of the objective value is less than the preordained threshold value or maximum
number of iterations has been reached.

7: Output Pa[n] , Py[n], z[n] and y[n] as results.

QU AR WN

Using the above algorithm, we could solve a non-convex problem by solving two sub-con-
vex problems in several iterations. The process is further clarified in the flowchart below:

As the flowchart shows, in the first step of the optimization problem, all the optimization
variables are initialized. Then, the first sub-problem is solved with a fixed trajectory and out-
puts the optimal power allocation. This power is considered as a fixed power for trajectory
optimization problems and after solving the second sub-problem, the optimal trajectory is
obtained. Note that YALMIP solves each sub-problem with several interior iterations until
results the optimal answer. After these steps, the convergence condition should be checked.
We define a convergence threshold € = 107°. If the difference of objective function value in
two consecutive iterations is lower than € or maximum iteration number reached, the loop will
be ended and the optimal power allocation and trajectory is gained. Otherwise, the iteration
number is updated, and the algorithm will be repeated until fulfilling the convergence condi-
tions. To guarantee the convergence of the proposed algorithm, Theorem 1 is presented.

Theorem 1 The overall algorithm is guaranteed to converge, and the result is a lower

bound of maximum information rate.

1 Proof

The results of problems (P1.2) and (P1.4) are named Ky and K, respectively. As we said by
using Taylor expansion and [ as iteration symbol, it can be verified that K ;1 > Ky and
Ky 141 = Ky The optimal values of (P1.2) and (P1.4) are nondecreasing over iteration I. If
we consider K3 as the result of the overall algorithm, we can conclude that K311 > K3 at
iteration l. This is because the result of the overall algorithm is obtained by employing K;
and K alternately. K3 in the overall algorithm is upper-bounded by the optimal solution
of (P1). So the convergence of the proposed algorithm is guaranteed. []
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4 Simulation results

This section provides simulation results to verify the performance of the proposed algo-
rithm. We assume the scenario that the distance between transmitter and receiver is
L = 2000 m. The altitude of the UAV is constant and equal to 100 meters. The band-
width of the communication channel between source and destination is 20 MHz. The
noise power spectral density is —100dBm/Hz and the value of «g is assumed 30 dB. The
maximum speed of UAV is 60 m/s. Another assumption is that the UAV flies from (0, 0,
100) to (2000, 0, 100) in 100 s. The maximum average transmission power at source and
UAV are the same and equal to 10 dBm.

For the first scenario with a fixed trajectory, we assume directional trajectory from (0,
0, 100) to (2000, 0, 100) with a constant speed of 20 m/s. Figure 2 is the output of power
allocation with fixed trajectory. It presents that when the UAV travels close to the source,
it should transmit data with much more power because the link distance to the destina-
tion is more. In this case, the transmit power of A is less. In other words, the transmit
power of A increases as the transmit power of the UAV decreases while traveling from

Let/=0
Initialize P & W

Solve first sub-problem
with fixed UAV trajectory

/)ptimal P /

Solve second sub-problem
with fixed power

I=1+1

Optimal W

Optimal P & W,

Fig. 2 Flowchart of the proposed algorithm
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Fig. 4 Optimized SNR and information rate for power allocation with fixed trajectory

source to destination. As shown in Fig. 3, in the middle of the trajectory at time 50 s, the
power of source and UAV is equal to 10 mW because of equal link distance.

Figure 4 shows the achievable signal-to-noise ratio and its equivalent information rate
for the optimized power with fixed trajectory situation. The optimized information rate
is about 3.97 bits/s/Hz.

In Fig. 5, we show the value of our objective function according to iteration numbers to
verify that the maximization procedure of the objective value is satisfied. As it is shown,
the value of objective function goes from 3.927 to 3.97 which is the optimized informa-
tion rate.

In the second phase, we check out the case that the power of A and destination
are fixed and equal to P = 10 mW in the whole time of flying. Figure 6 shows the

optimized x-axis of the trajectory in ten iterations. The UAV flies with its maximum



Nasrollahi and Mirrezaei J Wireless Com Network ~ (2022) 2022:9 Page 11 of 16

3.98 T T T T T T T T

3.97

@
o
X

Objective Function Value
w w
o o
S wm

3.93

3.92 Il Il Il Il Il Il Il Il

Iteration
Fig. 5 Objective function value versus iteration number

2000 T T T T T T T T T

1800

T

1600

T

1400 -

1200

T

—— Initial Trajectory

| —Iterl
1000 ; y Iter2

L —Iter3
800 ——Iter4

L Iter5
600 / —Iter6
400 - —Iter7

—Iter8

200 - / Iter9
—Iter10
- ]

0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Fig. 6 X-axis of optimized trajectory with fixed power allocation

T
\

Magnitude (m)

speed to a place near the middle of the trajectory and hovers there for the longest
time because the maximum information rate can be achieved there. The convergence
of the output can be seen obviously. Both x- and y-axis of the UAV for the last itera-
tion are plotted in Fig. 7. As we see, the optimal y-axis is equal to zero. The reason is
that it is favorable that link distance reaches a minimum and lower power consump-
tion we have.

In the following figures, the optimal information rate by the second scenario and the
value of objective function for the optimization algorithm are plotted. As we know, in
this scenario, the objective function is gained from Taylor expansion of information
rate. The value of converged objective function Ry,;41[#] in Fig. 8 is equal to 3.485
which is lower than its equivalent rate in Fig. 9. This results show that using Taylor
expansion gives a lower bound of our desired function. In Fig. 9, The information rate
increases while UAV flying from (0, 0, 0) and gets fixed, as the location of UAV is fixed
in Fig. 7 from 17 to 83 s. Figure 9 also indicates that when the UAV flies in the middle
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of the source and destination, the information rate has the maximum value. As you
can see, the UAV is in the middle of the ground nodes longer than other times. This
means that the UAV flies the most time where it has the highest rate.

In the above figures, only one parameter has been optimized. In this part, the results of
joint power and trajectory optimization are presented. In Fig. 10, the optimized trajec-
tory with x- and y-axis is plotted. Like the previous part, the optimal y value is equal to
zero due to minimizing link distance.

The UAV hovers for a long-time horizon from 17 to 83 s in the position of 900 m.
According to the expression for calculating information rate in (7), the information rate
reaches maximum in this place with pre-determined P, By and o2, With this optimized
trajectory, the power allocation scheme is shown in Fig. 11.
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90

100

It is explainable that for the time that the UAV hovers in the middle of its trajectory,
the power of source node A and UAV is almost equal. Before this time period, the UAV

transmit with more power because it is close to A and its distance to B is more. From

83 to 100 s, the transmission power of UAV decreases to 10dBm, and the transmission

power of A increases to 10 dBm due to different link distances. In the last step, we com-

pare the proposed algorithm with the case of fixed power and trajectory as a benchmark

to evaluate the efficiency of proposed method. In the fixed power and trajectory case,
the power of UAV and A are the same in the whole flying time, and UAV flies from (0,
0, 100) to (2000, 0, 100) with speed 20 m/s. As shown in Fig. 12, improvement of rate is

achieved by jointly optimizing power and trajectory.
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Fig. 12 Information rate with two power and trajectory scenario

5 Conclusion
In this paper, a UAV-based relaying system benefiting the UAV’s mobility is studied.

The minimum information rate of a considered wireless network is maximized via

optimizing both the source/relay power allocation and relay trajectory. To this end,
we propose two iterative algorithms for fixed trajectory and fixed power allocation
scenarios and find the optimal solution for the lower bound of the maximum rate.
According to the results of the proposed methods, an overall algorithm is derived
which jointly optimizes the power allocations and UAV trajectory alternately. Simu-
lation results demonstrate that a higher system rate can be achieved by considering
mobile relay compared to static relay which is operational for future real wireless net-
works in temporary situations. For future work, we can intend interference scenarios
and also NLOS channel caused by long buildings.
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