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ABSTRACT This paper investigates a multi-unmanned aerial vehicle (UAV) enabled wireless communica-
tion, where a number of ground nodes (GNs) are scheduled to communicate with UAVs in the presence of
jammers with imperfect location information. Considering different quality of service (QoS) requirements
for a wide range of applications, we aim to improve the minimum throughput, the average throughput,
and the delay-constrained minimum throughput of all GNs, respectively, via the joint design of UAVs’
trajectories, GNs’ scheduling and power allocation. However, the formulated optimization problems are
difficult to solve due to the non-convex and combinatorial nature. To overcome this difficulty, we propose
two block coordinate descent (BCD) based algorithms to solve them sub-optimally with the aid of slack
variables, successive convex approximation (SCA) technique and S-procedure. Numerical results show that
our proposed algorithms outperforms the benchmark algorithms and offers a considerable gain in the view
of different QoS requirements, giving a certain practical significance.

INDEX TERMS UAV communications, trajectory optimization, anti-jamming, robust design, QoS

requirement.

I. INTRODUCTION
With the advantages such as wide coverage, on-demand
deployment and line-of-sight (LoS) channels, unmanned
aerial vehicles (UAVs) have attracted increasing attention
in numerous applications such as remote surveillance, pho-
tography, agricultural irrigation, traffic control, cargo trans-
portation and telecommunications, etc [1]-[3]. To support the
various usages of UAV, wireless communication is of great
significance. Because in any UAV-enabled application, either
the UAV’s control and non-payload communication (CNPC)
to ensure reliable and safe flight mission or the payload com-
munication relating specific missions need to be guaranteed.
Specifically, with the fully controllable UAV mobility,
the communication distance between the UAV and the
ground nodes (GNs) can be significantly shortened by proper
trajectory design, thus improving the performance of the
UAV-enabled wireless communication system. Motivated by
this, extensive efforts have been done by properly designing

The associate editor coordinating the review of this manuscript and

approving it for publication was Xujie Li

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

the trajectory of UAV [4]—[7]. In [4], the minimum throughput
of all GNs was enhanced via joint trajectory and transmit
power optimization. In [5], the sum throughput of all GNs was
improved by joint trajectory, transmit power and bandwidth
optimization subject to the propulsion energy constraint.
In [6], the UAV-enabled mobile relaying communication sys-
tem was investigated, wherein the throughput of the source
GN to the destination GN was optimized. In [7], the energy-
efficiency of the UAV was studied, wherein the tradeoff
between propulsion energy and throughput was derived.
However, the broadcasting nature of radio propagation
makes the wireless communication particularly vulnerable to
security threats, e.g., eavesdropping and jamming. To com-
bat eavesdropping attacks, physical layer security (PLS) has
been widely studied in the terrestrial networks [8]-[15], and
recently, plenty of works have been done for UAV com-
munications with the UAV’s trajectory design and com-
munication resources allocation. In [16], a UAV-enabled
wireless network consists of a source UAV node, a destination
GN and a eavesdropper GN was investigated, wherein the
secrecy throughput was enhanced via joint trajectory and
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power allocation optimization. In [17], a dedicated UAV was
deployed as a friendly jammer to degrade the reception of the
eavesdropper and thus to enhance the secrecy performance.
In [18], the UAV-relayed wireless networks with caching was
introduced. In [19] and [20], the secrecy energy efficiency
was considered, where the UAVs were regarded as a user and
a relay, respectively.

Nevertheless, most of the works concerning PLS in UAV
communication assume that the attackers’ location is per-
fectly known, which is impractical for most application
scenarios. In [21] and [22], the eavesdropper’s location infor-
mation was partially known, the lower bound of the secrecy
rate was derived to evaluate the worst case performance and
the UAV’s trajectory and resource allocation were jointly
optimized. In [23] and [24], the impacts of uncertain location
of eavesdroppers was properly tackled via a robust algorithm
so that the secrecy performance was significantly improved.

Meanwhile, extensive works have been done to combat
jamming attacks in UAV-enabled communication [25]-[30].
In [25], a UAV was statically deployed to relay the message
against a jammer. In [26], by formulating the competitive
relations between the UAV and the jammer, a position strat-
egy of the UAV was proposed to enhance the system per-
formance. However, without providing sequential trajectory,
[25] and [26] explored little facility of UAV’s maneuver-
ability and flexibility. Thus, by taking spatial retreats into
account, in [27] and [28], a trajectory optimization algorithm
was investigated to combat jamming signals where the UAV
would fly away from the jammers while executing communi-
cation tasks. In [29], the UAV’s trajectory and communication
resources were jointly designed to guarantee the coexistence
with the jamming signals from the terrestrial D2D GNs.
Nevertheless, these works assumed that jammers’ location
was perfectly known. Though a robust optimization method
was studied in [30], where one UAV needed to maintain
the communication quality in the presence of an adversarial
jammer with uncertain location information, however, con-
sidered little about the joint optimization of trajectory and
communication resources for multiple UAV.

Particularly, in the multi-UAV enabled communication,
the communication resources allocation for various UAV-GN
pairs need to be tackled. In [31], a joint trajectory, power
allocation and user scheduling algorithm was applied to mit-
igate the interference of system users. In [32], the UAV to
UAV communication was investigated via joint trajectory
and power optimization wherein the UAVs shared the same
frequency. In [33] and [34], orthogonal frequency division
multiple access (OFDMA) mode and time division multiple
access (TDMA) mode were applied to avoid the interfer-
ence of system users, respectively. Consequently, with the
possible interference caused by system users, the jamming
attacks from a adversarial jammer is more challenging in the
multi-UAV enabled communication and has not been fully
investigated.

Moreover, wireless communication systems have gradu-
ally evolved to aim not only for high throughput, but also
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FIGURE 1. Multiple GNs are scheduled to communicate with multiple
UAVs in the presence of multiple jammers with uncertain location.

for supporting highly diversified applications with heteroge-
neous QoS requirements. However, existing literature solely
investigated a single QoS metric of the UAV-enabled com-
munication system consists of multiple users, e.g., the min-
imum throughput of multiple users [4], [31] and the aver-
age throughput of multiple users [5]. Although the delay-
constraint system performance metric was introduced in [33],
the distinction and relation of these QoS metrics has not
been analyzed so as to provide better guarantees for the
diverse QoS requirements. To the best of our knowledge,
the robust anti-jamming trajectory and communication design
in multi-UAV enabled communication concerning different
QoS requirements is still an open problem, which motivates
this work. In this paper, we study a multi-UAV enabled
communication system where multiple GNs are scheduled to
communicate with the UAVs in the presence of multiple jam-
mers with imperfect location information, as shown in Fig. 1.
The main contribution are summarized as follows.

o We formulate a general optimization framework for
the multi-UAV enabled communication in the pres-
ence of jammers with imperfect location information,
which considers UAVs’ trajectories, jammers’ uncer-
tain location region, the GNs’ scheduling and trans-
mit power allocation. To provide different QoS guaran-
tees, three different optimization objectives are consid-
ered, i.e., maximizing the minimum throughput of all
GNs (MMT), maximizing the average throughput of all
GNs (MAT) and maximizing the minimum throughput
of all GNs with delay constraint (MMTD).

« We propose a robust algorithm to solve the formulated
problems which are non-convex and thus challenging
to solve. Specifically, for MMT and MAT problems,
we first divide the origin problem into three sub-
problems that can be solved in an iterative manner by
leveraging the block coordinate descend BCD) method.
Then, the successive convex approximation (SCA) tech-
nique and slack variables are applied to settle the non-
convexity of the sub-problems, and penalty term is
introduced to handle the binary variables. Meanwhile,
the infinite number of variables caused by the jammers’
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imperfect location information is settled by applying
the S-Procedure. Particularly, the MMTD problem is
solved via a parameter-aided BCD method since the
conventional BCD method severely limits the freedom
in optimization.

o Numerical results show that the proposed robust algo-
rithms can improve the system performance signifi-
cantly as compared to the benchmark algorithms for
MMT, MAT and MMTD problems. Moreover, with
different QoS requirements, the proposed robust algo-
rithms can offer a considerable gain from their respec-
tive emphases, e.g., MAT can reach much higher sum
throughput and minimum throughput than MMT if the
worst case of GNs is acceptable in any application,
giving a certain practical significance.

The remainder of the paper is organized as follows:
Section II introduces the system model for the multi-UAV
enabled communication system in the presence of multi-
ple jammers. Based on this model, Section III formulates
three optimization problems with different QoS consideration
while Section IV, V and VI propose efficient alternating
algorithms to solve them, respectively. Numerical results are
provided in Section VII. Finally, Section VIII summarizes the
whole work.

Il. SYSTEM MODEL

We consider a multi-UAV enabled wireless network as shown
in Fig. 1, where K > 1 GNs are scheduled to transmit data to
U=>1 (K >U)UAVswhile M > 1 jammers are sending
interference signals to jam the legitimate communication. Let
K, M and U denote the the set of GNs, jammers and UAVs,
respectively, where |[K| = K, |M| = M and |U{]| = U.
Without loss of generality, 3D Cartesian coordinate system
is considered. Thus, the location of each GN k € K and
jammer m € M can be denoted as g = {xx, yk, zx} and g, =
{Xn, Ym>» zm}, respectively. Considering the uncertain location
region in 3D space, e.g., jammers mounted in skyscraper or
mountain, we formulate the uncertain region of the jammers’
location as a hemisphere. It is assumed that only the estimated
location of jammers can be obtained, i.e., centre of the hemi-
sphere, which is denoted as gu; = {Xm;, Ymg . Zm; }. Hence,
we have

Xm =Xmg +AXp, Yy = Ymg + AYm, Zm = Img + Az, (1)

where (Ax;, Aym, Azy) € &y 1s a continuous set of possible
estimated errors, which satisfies the condition

en = {Ax2+ A2 + 82, =00 Az z 0}, @
where Q,, is the radius of the hemisphere corresponding to
jammer m.

Each UAV u € U is dispatched to fly from a given start
point ¢ to an end point ¢ over a finite time period 7.
However, the infinite number of variable T caused by its
continues nature will make the optimization problem hard to
be formulated. Thus, we divide T into N equal time slots
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dt so that T = N x dt. If dr is sufficient small, the tra-
jectory of each UAV can be approximately denoted by the
combination of discrete locations at each time slot, i.e., Q 2
{quln] = {xulnl, yulnl, zu[nl}, Vu, n}.

Considering the limited mobility of UAV, we have the
following constraints as

qul0] = g5, 3)

quIN1 = ¢, )

Iguln] — quln — 111 < Vinaxdt, )
Hupin < zy[n] < Hmax,vns (6)

where Vpax denotes the UAV’s maximum flying speed, and
Hpmin and Hpax denote the minimum and maximum flying
altitude respectively.

Frequency reuse technique is applied that the total spec-
trum is divided into U orthogonal channels [35]. At each time
slot, one GN can associate with at most one UAV, and one
UAV can associate with at most one GN. This is practically
corresponding to the applications that the GNs are regarded
either as ground controllers for the UAV surveillance mis-
sion or ground sensors in the UAV-supported data collection
mission. Let S 2 {sk,u[n], Vk, u, n} be a binary variable
that denotes the scheduling of the communication process.
sk.u[n] = 1 indicates that the GN k communicates with the
UAV u at time slot n, and s; ,[n] = O, otherwise. Then,
we have the scheduling constraints as

seuln] € {0,1},  Vu, k,n, )
> skulnl <1, Vkon, 8)
ueld
Z Skulnl <1, Vu,n. &)
kel

Considering the limited energy capacity of the GNs, let

P 2 {Px[n], Vk, n} be the transmit power of GN k at time
slot n. Then, we have the GNs’ power constraints as

1
]v Z Pilnl < Ppean, Yk, (10)
neN

Pk[n] SPpeaks Vksnv (11)

where Pyoqn and Ppqr denote the average transmit power and
the peak transmit power, respectively.

Due to the rare blockages in the air, the communication
from the GNs and the jammers to the UAVs are both assumed
to be LoS channels for simplicity. Hence, the channel power
gain from the GN k to the UAV u at time slot n can be denoted
as

gkulnl = Bollquln] — qill ™, Vk,n, (12)

where By is the channel power gain at the reference distance
1 meter, and « is the path loss exponent. Similarly, the channel
power gain from the jammer m to the UAV u at time slot n can

be denoted as
gmuln]l = Bollguln] — gull™®, Vm,n, (13)
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Thus, the achievable throughput from the GN £ to the UAV
u at time slot n is given by

Prlnlgkuln]

Z ngm,u[n] + o2
meM

. Yu,k,n,

Realn] = log, | 1+

(14)

where P,, denotes the transmit power of the jammer m, and o2
denotes the power of additive white Gaussian noise (AWGN)
at each UAV.

lll. PROBLEM FORMULATION

Considering the various QoS requirements in diverse mis-
sions, we aim to maximize three different performance met-
rics, i.e., MMT, MAT and MMTD, by jointly optimizing the
GNs’ scheduling S, the GNs’ transmit power P and the UAVs’
trajectory Q.

A. MAXIMIZING THE MINIMUM
THROUGHPUT OF ALL GNS
Malicious jamming attacks may lead to serious performance
decline of some specifical GNs. For example, a GN relating
vital information has to be kept away form the flight area
due to the terrain restrictions or the threat of armed attack.
The long distance between these GNs and the UAV may
lead to severe decline of performance. Thus, maximizing the
minimum throughput of all GNs so as to ameliorate the GN
with worst performance is of the most priority in such fairness
sensitive applications. Then, we formulate the MMT problem
as follows.

Based on (14), the throughput of each GN over the flight
time period T can be denoted as

Pr[nlgk,ulnl
Rie=) > sculnllog, [1+ : | v,
neNueld Y Pugmulnl+o

meM
(15)
Then, we have the optimization problem formulated as
max min Ry (16a)
S,P,Q kekC
S.t. qu [0] = q;tart’ (16b)
@ulN1= g3, (16¢)
lguln] — guln — 11|l < Vimaxdt, (16d)
Huin < zyln] < HmaX,V”h (16e)
sk,u[n] € {07 1}3 Vuv ks nv (16f)
D skulnl < 1,Vk,n (16g)
ueld
> skuln] <1, Vu, n, (16h)
kek
1 .
~ 2 Pilnl = Prean, ¥, (16)
neN
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Pi[n] < Ppeak, vk, n. (16j)

B. MAXIMIZING THE AVERAGE
THROUGHPUT OF ALL GNS
However, fairness is not always essential to be emphasized
to ameliorate the GN with worst performance. In some cases,
maximizing the average throughput of all GNss is usually the
main focus. For example, in the scenario where abundant
GNss relating to the same task work together to collect the
information, to maximize the average throughput of all GNs
is of the most importance.

Then, we have the average throughput of all GNs over the
flight time period T as

_ ! Py[nlgk uln
R,= X Z ZZSk,u[i’l]Ing 1+ S P al] 107

neNkeKueld

meM
7)
and the optimization problem is formulated as
max R,
s,P,0
s.t.  (16b) — (16)). (18)

C. MAXIMIZING THE MINIMUM THROUGHPUT OF ALL
GNS WITH THE DELAY CONSTRAINT

In the multi-UAV enabled wireless networks, the number of
UAVs is usually much less than that of GNs. Thus, even
some GNs can access to certain UAV at some time slot,
they can hardly associate with UAVs all the time. However,
in some delay constrained applications, transmission from the
crucial GNs with higher delay priority need to be guaranteed
first, i.e., such GNs need to associate with UAVs all the
time rather than transmit the information within a short time.
For example, a centre controller with networks’ continuously
updated global information need to communicate with UAVs
during the whole mission.

Hence, we introduce a parameter 6, 6; € [0, 1] to denote
the delay demand of user k [33]. Specifically, at each time
slot n, 6 fraction of GN’s average throughput over N slots is
delay-constrained and the remaining 1 — 6 fraction is delay-
tolerant. Then, the delay constraint of user & at time slot n can
be expressed as

1
riln] > ﬁekRk, vk, n, (19)

where

Pi[nlgr,uln]

Z ngm,u[n]+02
meM

relnl=) sc.ulnllog, |1+ Vk, n,
ueld

(20)

which means that at any time slot 7, at least 6 fraction of the
average throughput needs to be satisfied for GN k. We aim
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to maximize the minimum throughput of GNs while satisfy-
ing the delay constraint. As such, we have the optimization
problem formulated as

max min Ry
S,P,Q ke

s.t. (16b) — (16j), (19). @21)

IV. PROPOSED ALGORITHM FOR MMT

Due to the non-smooth objective function (16a), coupled
optimization variables S, P and @, the binary constraints
(16f), (16g) and (16h), the non-convexity of (15) along with
the infinite number of estimated errors of jammers’ location
&m, problem (16) is difficult to be optimally solved. Thus,
to handle the non-smooth objective function, a slack variable
n is introduced and problem (16) can be reformulated without
losing optimality as

max 7 (22a)
S,P,0.n
s.t. R >n, Vk, (22b)

(16b) — (16)).

However, problem (22) is still difficult to solve. To decou-
ple the optimization variables, the BCD method can be
adopted and thus the original problem can be divided into
three sub-problems that can be efficiently solved. This moti-
vates us to propose an alternating optimization based algo-
rithm to solve (22) sub-optimally, by iteratively optimizing
one of S, P and O with the other two being fixed at each
iteration until convergence is reached. Then, we focus on
dealing with the three sub-problems.

A. SUB-PROBLEM 1: OPTIMIZING TRANSMIT POWER
WITH GIVEN TRAJECTORY AND SCHEDULING

For given trajectory Q and GNs’ scheduling S, to handle the
unknown estimated errors &,,, we consider the worst case that
jammers are always in the closest position to the UAV's within
the uncertain region. Then, problem (22) can be expressed as

max 7 (23a)
P.n
Prnlgk,un
.t 1 1+ ———— ) >n, Vk,
S Z Zsk,u,n (0}25) < + Iu,n > =1
neN ueld
(160), (16)), (23b)
where
Iu,n = Z ngm,u,n + 02» (24)
meM
gmun = Po([[guln] = Gmg | — Qum) ™" (25)

It is a standard convex optimization problem, which can be
efficiently solved by some existing algorithms such as the
interior point method with CVX [36].
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B. SUB-PROBLEM 2: OPTIMIZING SCHEDULING WITH
GIVEN TRANSMIT POWER AND TRAJECTORY

To tackle the binary variables S, we relax it into continuous
variables § 2 {0 < Sk.uln] < 1,Vk, u,n}. Thus, for given
transmit power P and trajectory @, problem (22) can be
transformed as

max 7 (26a)
S.n
s.t. Z Zsk u[n]log, (1 + M) >n, Vk,
neN ueld u,n
(26b)
0 <Skuln] <1, Vk,u,n, (26¢)

(169), (16h).

Through such relaxation, the objective value of problem (26)
provides an upper bound for that of the origin sub-problem.
However, this method usually leads to undesired user
scheduling and association when 5 ,[n] doesn’t have evident
tendency towards O or 1. We note that Ek,,,[n]2 > Skuln], 0 <
Skulnl < 1,Vu, k, n, is equivalent to (16f). Then, inspired by
this binary nature, a penalty term is introduced to the objective
function (26a). Hence, problem (26) can be reformulated as

max n+ A Z Z Z (sk W] — 5k u[’ﬂ)

neN kek ueld
s.t. (16g), (16h), (26b), (26¢), 27)
where A is a nonnegative constant to ensure Sk ,[n]

approaches to 0 or 1.

Nevertheless, the term 52 k[n] makes the objective func-
tion in problem (27) a convex function, and a maximization
problem with a convex objective function is intractable to
be optimally solved. Thus, with the property that the con-
vex function’s first-order Taylor expansion provides a global
under-estimator at the feasible point, we have

.l = 25, Inlsaln) - (5, [n]) (28)

where sf ,[n]is the feasible point of §¢ ,[n] . Then, we derive
a lower bound of problem (27) as

max n+A Z ZZ(ZAY’ [n]5k u[n]«(sf n]) Sk.u n])

neNkeKueld
S.t. (16g), (16h), (26b), (26¢). 29)

Problem (29) is a standard linear programming (LP) problem,
which can be solved via CVX [36].

C. SUB-PROBLEM 3: OPTIMIZING TRAJECTORY WITH
GIVEN SCHEDULING AND TRANSMIT POWER

For given GNs’ scheduling S and transmit power P, prob-
lem (22) can be expressed as

max 7

30
na (30a)
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Py n8kulnl
s.t.ZZsk,,,,nlogz 14 5 Pn M[n]_l_az >0, VK,
neNueld meM mEm.u

(16b), (16¢), (16d), (16e).

Problem (30) is non-convex due to the term g ,[n] =
Bollguln] — qill =, Vk, u and g uln] = Bollguln] — gmll =,
Vm, u. Thus, by introducing two slack variables L =
{Lic.uln), ¥k, u, n} and I = {I,[n], Yu, n}, problem (30) can
be rewritten as

(30b)

max 1 (31a)
Q’L7I’77
1
S.t. Sk.u.nlO (1 + —) >n, Vk,
ZNZ 08 U Lttt ) =
neN ueld
(31b)
Pingruln] = L u[nl™", Yk, u,n, 3lc)
> Pugmulnl +0* < Llnl, Vu,n, (31d)

meM
(16b), (16¢), (16d), (16e).

The equivalence of (30) and (31) can be proved by
contradiction. Particularly, when Py ,follquln] — qill™% =

Liuln]™ ' Vhk,u,n and Y Ppupollquln] — gmll ™ + 0% =

I,[n], Yu, n hold, proble%eé/[O) and (31) share the same opti-
mal solution. If the constraints (31¢) and (31d) hold with
inequalities when the optimal solution of (31) is obtained,
we can always decrease Ly ,[n] and I,[n] to improve the
objective value. Thus, problem (30) and (31) can achieve the
same optimal solution.

In the next step, we focus on dealing with problem (31).
Note that constraint (31b) and (31d) are still non-convex,
we resort to the following lemma by applying SCA.

Lemma 1: Constraint (31b) is lower bounded at the feasi-
ble point (L] [n], 4 [n]) by

Rip (Liuln], Iu[n])
= Skanlogy(1 + 1/LL [mf[n])
+ Sk oAk uLe.ulml— L [0+t B uln —E [n),
(32)
where Ay, = —logye/(L]  [n]+(L] ,[n)*}[n]) and By, =

—logye/(Ey[n] + (T n)?L, ,[n]).

Proof: Since f(x,y) = logy(1 + 1/xy) is a convex
function, its first-order Taylor expansion provides a global
under-estimator at a feasible point (xf , )f ), i.e.,

logy (1 4 1/xy) > logy(1 + 1/5/y)
— (x — xlogye/( + (M)
— (v =Y logye/F + H2).  (33)

Thus, by applying x = Li u[n] ,y = I,[n] , Lemma 1 is
proved. ]

Then, we introduce slack variable D = {dy, u[n], Ym, u, n}
to deal with the non-convexity of constraint (31d) that

dmuln] < llqulnl — g, Ym, u, n, (34)
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and

dmuln] =0, Vm,u,n. (35)

Then, the constraint (31d) can be transformed into a convex
form as

> PuBodmulnl ™ + 0% < Ln), Vm,u. (36)
meM

Hence, (31) can be equivalently written as

max 7 (37a)
Q.L1.D,n
st Y Y Rp (Liulnl. Lulnl) = 0, Vk, (37b)
neN ueld
dm,u[n) < llquln) = gull*. ¥m. u, n, (37¢)
dm,u[n] >0, Vm,u,n, (37d)

(16b), (16¢), (16d), (16¢), (31c), (36).

Problem (37) and (31) have the same optimal solution for
the constraint (37c) should hold with equality when the opti-
mal solution of both problem are obtained. Otherwise, d,, ,[1]
can be increased to enhance the value of objective function
of problem (37) until the equality of the constraint (37c) is
obtained.

Note the term g, in (37¢) contains infinite number of vari-
ables due to the constraints of jammers’ uncertain location (1)
and (2). Then, with (1) and (2), (37¢) is reformulated as

AX2 + Ay2 4+ A2, — Q2 < 0,Vm, (38)
and
2
_(me + Axpy — xu[n]) - (ymE + Aym — )714[”])2
—(zmp + Az — za[n])’ + dpuln] <0, Vm,u,n,  (39)

Then, according to S-Procedure [37], since there exists
a point (Afcm, Ajzm,AEm) , e.g., (Afcm, A)Azm,Aﬁm) =
(0,0,0) , making Ax2 + Ay% + AZZ — Q% < 0,
the implication (38)—(39) holds only if there exists & 2
{&nln] = 0, Vm, n} such that

@ (xulnl, yulnl, zulnl, dmulnl, Enlnl) =0,  ¥m,u,n, (40)
where
@ (xu (1], yulnl, zulnl, dm ulnl, Em[n])
Emn]+1 0 0 xmp —xulnl
0 Emln] +1 0 Ymg — yuln] (41)

X([n] Y[n] Z[n] Qc[n]

and X[n] = Xmg — Xulnl, Y[n] = Ymg — yulnl, Z[n] = Img —
zulnl, Qcln] = —Q%&ulnl + ¢y uln, and
Cm,u[n]
= X (1) = 2Xmp X[+ Y [1] =2y Yuln]
32, + 2 =2z zln) + 2, — dalnl, Ymoun,
42)
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Further, with the first-order Taylor expansion of the convex
function, the lower bound of the term x,f [n], yﬁ [n] and zﬁ [n]
in (42) can be obtained and (42) can be transformed as

Emuln] = — (xg [n])2 + 2 [n]xaln] — 2 xaln]
2
x2, = (V) + 2 [nlyiln] = 2y il
2
+y515 - (Zi[n]) + Zzi[n]zu[n] — 2Zmp zuln]
+ Zran —dmulnl, Vm,u,n (43)

3 Finally, by substituting ¢, ,[n] into Q.[n] in (41) as
Qcln] = —Qi%‘m [n] + Cpm,u[n], problem (37) is rewritten as

max 7 (44a)
O,L.1.D.t n
s.t. ® ([, yulnl, zulnl, diulnl, &nlnl) =0, Vm, u, n,
(44b)
Enln] >0, Vm, (44c¢)

(16b), (16¢), (16d), (16¢), (31¢), (36), (37b), (37d).

where

@ (xulnl, yulnl, zulnl, dmulnl, &nlnl)

Emln] + 1 0 0 X — Xu[n]
_ 0 Enln] +1 0 Ymg — Yuln]
a 0 0 Enn] +1 Iimg — Zuln]

X[n] Yn] Z[n) Oclnl

(45)

Problem (44) is a semidefinite programming problem and
can be optimally solved by CVX [36].

D. OVERALL ALGORITHM

In conclusion, the proposed algorithm divides the original
problem (16) into three sub-problems by applying the BCD
method. Specifically, sub-problem 1 is a convex optimiza-
tion problem as (23). With the assist of penalty term and
SCA technique, sub-problem 2 is solved in a standard LP
form as (29). With the introduction of slack variables, SCA
technique and S-Procedure, sub-problem 3 is solved as a
semidefinite programming problem as (44). We solve them in
an iterative way until the fractional increase of the objective
function is below a small threshold w. The obtained solution
of each sub-problem is nondecreasing over iterations while
the value of the original problem is finite. Thus, the proposed
algorithm is guaranteed to converge. The details of the pro-
posed algorithm are presented in Algorithm 1.

V. PROPOSED ALGORITHM FOR MAT

Note that the optimization problems MAT and MMT share
the same optimization constraints (16b)-(16j) and differ in the
objective function, i.e., (18) and (16a). Thus, we can directly
formulate the three sub-problems and solve them in a iterative
manner.
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Algorithm 1 The Proposed Algorithm for Solving Prob-
lem (16)
1: Initialization: set i = 0, an initial feasible solution
(SO, PO, Q).
2: Repeat
3 With given $© and Q¥ , update P to PU*D by
solving sub-problem 1
4. With given PP and Q¥ , update @ to SU*D with
obtained S by solving sub-problem 2
5 With given U1 and POV  update Q¥ to Q0+
by solving sub-problem 3
6: Updatei <—i+ 1
7: Until The fractional increase of the objective value is
below a small threshold .

A. SUB-PROBLEM 1: OPTIMIZING TRANSMIT POWER
WITH GIVEN TRAJECTORY AND SCHEDULING
Based on (24) and (25), we have

1 Prlnlgk,un
mgx e 3 30 Y ssdogs (14 Pk

neN kekK ueld
s.t. (160), (16)). (46)

which is a convex optimization problem that can be efficiently
solved by CVX [36].

B. SUB-PROBLEM 2: OPTIMIZING SCHEDULING WITH
GIVEN TRANSMIT POWER AND TRAJECTORY

With S 2 {0 < Skuln] < 1,Vk, u, n}, penalty term is also
introduced to the objective function. Then, we formulate the
optimization problem as

1 5 P
max — Z Z Z Suk[n]log, (1 + —“’k’ngu’k’”)
S K Iu,n

neN kek ueld
2
TR0 (25i,u[n]3k,u[n]—(5£,u[nl) —Ek,u[n]>
neN kekK ueld
s.t. (16g), (16h), (26b), (26¢). 47)

which is a standard linear programming (LP) problem that
can be solved via CVX [36].

C. SUB-PROBLEM 3: OPTIMIZING TRAJECTORY WITH
GIVEN SCHEDULING AND TRANSMIT POWER

With the lower bound derived in Lemma 1 and S-Procedure,
we have the optimization problem as

man% Z Z Zth (Lkulnl, I[n])

neN keN ueld
s.t. (16b), (16¢), (16d), (16e), (31c¢), (36), (37d), (44b), (44c).

(48)

which is also a semidefinite programming problem that can
be optimally solved by CVX [36].
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D. OVERALL ALGORITHM

The proposed algorithm for MAT also divides the origi-
nal problem into three sub-problems by applying the BCD
method. The obtained solution of each sub-problem is nonde-
creasing over iterations while the value of the original prob-
lem is finite. Thus, the solution is guaranteed to converge.
Hence, the MAT problem can be solved with Algorithm 1 as
well.

VI. PROPOSED ALGORITHM FOR MMTD

Note that the optimization problems MMTD and MMT only
differ in the constraint (19), which is non-convex thus makes
the MMTD problem more intractable. Thus, similar to prob-
lem (22), we first formulate the MMTD problem without
losing optimality as

max 7
S,P,0.n

s.t. (160) — (16)), (19), (22b). (49)

Note that r¢[n] and Ry jointly make (19) non-convex. Hence,
to facilitate the development of trackable sub-problems,
we convert problem (49) as follows,

max 7 (50a)
S,P,0.n
1
s.t. ri[n] > ﬁekn, vk, n, (50b)

(16b) — (16j), (22b).

Comparing problem (50) with (49), the feasible solution of
problem (49) is a subset of that of problem (50). However,
they can obtain the same optimal solution when the GNs
achieve the equal average throughput. This can be verified
by contradiction since otherwise, the optimal value of (49)
can be further improved by allocating more resources to the
GN with a lower throughput within the total transmit power
and scheduling constraints.

Note problems (50) and (22) only differ in (50b). Thus,
by adding constraint (50b) into the three sub-problems for-
mulated from problem (22), we formulate the three trackable
sub-problems of MMTD.

A. SUB-PROBLEM 1: OPTIMIZING TRANSMIT POWER
WITH GIVEN TRAJECTORY AND SCHEDULING

For given trajectory Q@ and GNs’ scheduling S, (50b) can
be written as (51b), and the optimization problem can be
formulated as

max 7 (51a)
Py
Pr[nlgkun 1
st Y Skunlog, |14 — >—6kn, Vk,n,
1%:/1 w082 Z ngm,u,n+(72 N
meM
(161), (16)), (23b). (51b)

which is a convex optimization problem that can be efficiently
solved by CVX [36].
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B. SUB-PROBLEM 2: OPTIMIZING SCHEDULING WITH
GIVEN TRANSMIT POWER AND TRAJECTORY

With § 2 {0 < 5¢uln] < 1, Vk, u, n}, (50b) can be written
as (52b), and the optimization problem can be formulated as

max . Y3 (25’;,u[n]:vk,u[n] = (5f..m) z—ik,u[n])

S.A.n neNkeKueld

(52a)
P 1
st 3 Skalnllogy (14— P’”;g"’“’"Jer =0k Yk n.
masm,u,n
ueld meM
(52b)

(16g), (16h), (26b), (26¢).

which is also a standard linear programming (LP) problem
that can be solved via CVX [36].

C. SUB-PROBLEM 3: OPTIMIZING TRAJECTORY WITH
GIVEN SCHEDULING AND TRANSMIT POWER

Similarly, (50b) can be written as (53b), and the optimization
problem can be formulated as

max
O,L1.Dn
(53a)
| P n8k,uln] 1
- ZSk’M’nIO& - > Pugmulnl+o? ZNQM, Vi, m,
ueld meM ’
(53b)

(16b),(16¢),(16d),(16e)(31¢)
(36).(37b),(37d), (44b), (44c).

However, constraint (53b) is non-convex. Thus, with the
introduced two slack variables L = {Lk,u[n], Vk, u, n} and
I = {I,[n], VYu, n}, the lower bound derived in Lemma 1 and
S-Procedure, we have the optimization problem transformed
as

max 54a
Q.LI.D.E 7 7 (542)

1
s.t. Rip (Li.u[n], Lu[n]) Zﬁé’krl, Vk,n,  (54b)

(16b),(16¢) (164 (16¢),(31¢),(36),(37h),
(37d),(44b),(44c).

which is a semidefinite programming problem that can be
optimally solved by CVX [36].

D. OVERALL ALGORITHM

The three sub-problems can also be optimally solved respec-
tively. However, employing Algorithm 1 directly for our
MMTD problem will lead to unsuccessful update of the
UAVs’ trajectories, which can be observed from the delay
constraint (53b), i.e., for given Py , and sk, ,, since prob-
lem (53) aims to increase n by optimizing UAVSs’ trajectory
q[n], the right hand side of (53b) is expected to increase in
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each iteration. Nevertheless, for any GN k that have met con-
straints in (51b) or (52b) with equality in the latest iteration,
the only way to improve the value of 5 in the current itera-
tion is to either increase gi ,[n] or decrease Y Ppgm.u[n]

in (53b). This observation implies that the %%AGS location
g[n] needs to be changed to decrease the distances from
the UAV to all GNs while keeping the UAV in a proper
location that enables the P,,g,, ,[n] non-increasing. Hence,
the freedom of optimization for trajectory is severely limited,
which will lead to an ineffective iteration of UAV’s trajectory
optimization.

To tackle this issue, a parameter-aided block coordinate
descent algorithm is introduced. Denote 9,2”"’) as the tem-
porary delay constraint ratio for GN k in any iteration and
initialize it as 9,?”, which is lager than the desired 6. In each
iteration, 6, is made gradually decreased with a prede-
fined step size 6,7 > O until the desired value of 6
is achieved, through which n can be increased after each
iteration while the constraint (53b) will be relaxed due to
the decrease of Qliemp . Thus, the UAVs’ trajectory updates
in a more effective way compared to the conventional BCD
method. What’s more, the proposed algorithm generates a
feasible solution for the original problem (50) for the desired
0, will be eventually reached. The details of the proposed
algorithm are summarized in Algorithm 2. The number of
iterations required for starting from the initial 0,?“' to the target
O is denoted by I.oyns-

Algorithm 2 The Proposed Algorithm Based on Parameter-
Aided Block Coordinate Descent Method for Solving
Problem (50)

I: Initialization: set i = 0, 6" = 6/ and Iooun, thus

Gstep . GIf”i—(Jk
k - ICUMnf :

2: Repeat
With given S and Q¥ , update P to PU*D by
solving sub-problem 1
4. With given PD and Q¥ update S to SU*D with
obtained S by solving sub-problem 2
c 0™ = max{0 — (i + 1), 6}, Vk
6:  With given Qlie'"p , SCHD and PE+D ypdate Q¥ to
Q(H'l) by solving sub-problem 3
7: Updatei < i+ 1
8. Until Gliemp = 0, and the fractional increase of the
objective value is below a small threshold .

VIIi. NUMERICAL RESULTS

In this section, numerical results are provided to evalu-
ate the performance of our proposed algorithms. Note that
Algorithm 1 and Algorithm 2 both optimize the blocks of
variables alternatively and share the same robust optimiza-
tion process, we first verify Algorithm 1 for MMT that
jointly optimizes UAV’s trajectory, GNs’ transmit power and
scheduling (Joint robust optimization) for problem (16) along
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with the following three benchmark algorithms, i.e., robust
trajectory optimization without GNs’ scheduling and trans-
mit power optimization (Robust trajectory optimization),
nonrobust trajectory optimization without GNs’ schedul-
ing and transmit power optimization (Nonrobust trajectory
optimization), fixed trajectory, GNs’ scheduling and trans-
mit power for initialization (Fixed initialization). Specif-
ically, the “Nonrobust trajectory optimization is a spe-
cial case of the ‘“Robust trajectory optimization” while
assuming Q,, = 0. The “Fixed initialization” allocates the
transmit power and scheduling equally and the UAV’s tra-
jectory is a straight line from the start point to the end
point.

The parameters are set as follows. The flight time 7' =
20s and the time slot dr = 0.5s. Without loss of gener-
alityy, U = 3 UAVs are lunched for the mission, whose
start and end point are set as (0,0, 50) and (500, 0, 150)
for UAV 1, (50, 100, 120) and (450, —100, 70) for UAV 2,
(50, —100, 70) and (450, 100, 120) for UAV 3. There are K =
6 GNs whose location are set as (100, —200, 0), (200, 50, 0),
(400, 200, 0), (100, 200, 0), (300, —50, 0), (400, —200, 0),
respectively. There are M = 2 jammers whose estimated
location are (100, —50, 0) with Q1 = 30 and (400, 50, 0)
with 0, = 110, respectively. The minimum flying altitude
Hin = 50 and the maximum flying altitude H,,,, = 150.
The maximum speed of UAVs V = 60m/s. Unless other-
wise specified, the power of jamming signal P,, = 0.4 W,
the average transmit power pyeqan = 0.2 W. The peak transmit
power Ppegr = 0.5 W. Each UAV-GN pair is allocated
with a unit bandwidth. The noise power spectrum density
is -169 dBm/Hz. The channel power gain at the reference
distance dp = 1 mis By = —30 dB. The path loss exponent
o = 2. The penalty term A = ﬁ The convergence
threshold u = 1073.

Fig. 2 shows the trajectories of three UAV's of our proposed
algorithm “Joint robust optimization”. The start points have
been labeled with “UAV1”, “UAV2” and “UAV3”. The
“Fixed initialization™ algorithm is used here to initialize the
feasible point of the variables, i.e., UAV 1 associates with
GN 2 in the first half of the whole flight time slots and
associates with GN 5 in the rest time slots, and so are UAV
2 associates with GN 4 and GN 6 and UAV 3 associates with
GN 1 and GN 3. All the GNs’ transmit power are equally
allocated as Pi[n] = Puean, Yk, n. Trajectories of UAVs are
line segment from the start point to the end point. This is
intuitively reasonable for that the start point and the end point
of UAV 1 are closer to GN 2 and GN 5, respectively. The same
reason is for UAV 2 and UAV 3. It can be seen that the UAVs
fly in a curve to resist the jamming signals and hover in some
specifical location due to the GNs’ scheduling and transmit
power allocation. However, such illustration for trajectories
of UAVs can not reveal the impact of our proposed algo-
rithm ““‘Joint robust optimization” in deep. Hence, we study
the impact of the robust design of our proposed algorithm
by leveraging the ‘“‘Robust trajectory optimization” and the
“Nonrobust trajectory optimization”.
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FIGURE 2. UAVS' trajectory of our proposed “Joint robust optimization” algorithm in different view.
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FIGURE 3. Three UAVs’ distance to jammer 2 of “Robust trajectory
optimization” and “Nonrobust trajectory optimization”.

As shown in Fig. 3, we compare the UAVs’ distance to
jammer 2 of the “Robust trajectory optimization” and the
“Nonrobust trajectory optimization” during the whole flight,
respectively. It can be seen that the distance to jammer 2 of
UAV 1 and UAV 2 in the “Robust trajectory optimization™
are always larger than that in the “Nonrobust trajectory opti-
mization” . This is because jammer 2 has a broader range of
the uncertain region than jammer 1 so that the UAV have
to fly farther to combat the jamming signals. Particularly,
the distance to jammer 2 of UAV 3 in the “Robust trajectory
optimization” is smaller than that in the “Nonrobust trajec-
tory optimization” in the first half of the flight time for that in
certain locations, UAV 3 is relatively closer to jammer 1 and
farther to jammer 2. In other words, the impact of jammer 1 is
greater than jammer 2 to the corresponding communication
links. Thus, UAV 3 has to fly farther from jammer 1 to combat
the jamming signals. Through this, the robust design in our
proposed algorithm is verified.

Then, to verify the GNs’ scheduling and transmit power
allocation, we first illustrate the UAVs’ flying distance at each
time slot (relative speed) of the three algorithms. In Fig. 4(a),
it can be observed that UAVs fly with the speed that with a
smooth change. This is because in the ‘“Nonrobust trajectory
optimization”, UAV 1 and UAV 2 are mostly hovering in a
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FIGURE 4. UAVs' flying distance at each time slot (relative speed).

certain location with a relative low speed in the middle of
the time slots so as to achieve a optimal system performance.
In Fig. 4(b), UAV 2 flies close to GN 4 with a decreasing
speed until reaching the optimal location associated with
GN4. Then, UAV 2 speeds up to avoid the jamming signals.
The same process is applicable when UAV 2 is associated
with GN 6. This is because in the ‘“Robust trajectory opti-
mization”, due to the aggravated jamming threat caused by
jammers’ uncertain regions, UAVs have to communicate with
the corresponding GNs in their respective optimal location.
In Fig.4(c), the relative speed of UAVs changed sharply
in certain location. This is because in the ‘“Joint robust
optimization™, the trajectory can further be optimized to
achieve a better system performance owing to the adjustable
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FIGURE 5. GNs’ scheduling and transmit power with UAVs. (a) UAV1.
(b) UAV2. (c) UAV3.

GNs’ scheduling and transmit power allocation. Specifically,
the transmit power can be allocated as much as possible
to the UAV-GN links in their respective optimal location,
for that a intermediate speed is neither optimal for legitimate
transmission nor jamming resistance.

InFig. 5, the details of GNs’ scheduling and transmit power
allocation for the three UAVs in the “Robust trajectory opti-
mization” are illustrated. It is shown that UAV 1 is associated
with GN 1,2,3,5,6, UAV 2 is associated with GN 1,3,4,5,6 and
UAV 3 is associated with GN 1 and 3 during the whole time
slot. All GNs are allocated with diverse transmit power. This
is because the trajectories of UAV 1 and UAV 2 are closer to
GNs than UAV 1 at most time slot so that UAV 1 and UAV
2 can serve more GNs to achieve a better system performance.
Specifically, combining the observation in 4(c), when UAV
1 and UAV 2 are at the time slots with a relatively low
flying speed, the associated GNs allocate maximum transmit
power to achieve optimal system performance, which further
verifies the scheduling and power allocation design of our
proposed ““‘Joint robust optimization™.

Two more benchmark algorithms are introduced to eval-
uate the ‘““Joint robust optimization”, i.e., joint robust tra-
jectory and GNSs’ transmit power optimization with GNs’
scheduling set as the “‘Fixed initialization” (Robust trajectory
and power optimization) and joint robust trajectory and GNs’
scheduling optimization with GNs’ transmit power set as
the “Fixed initialization” (Robust trajectory and scheduling
optimization). In Fig. 6, the maximum minimum throughput
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FIGURE 6. The maximum minimum throughput of all GNs of our
proposed algorithm and benchmark algorithms.

of all GNs of our proposed algorithm ‘“Joint robust optimiza-
tion” along with benchmark algorithms when P, = 0.4
and P,, = 0.6 are illustrated, respectively. It is observed
that “Fixed initialization” initialized by intuition is of the
lowest efficiency. ‘““Nonrobust trajectory optimization” opti-
mizes the trajectory of UAVs to improve the system per-
formance without handing the uncertain region of jammers,
which brings slightly gains. “Robust trajectory optimiza-
tion” further improves the system performance compared
to the “Nonrobust trajectory optimization’, which validates
the robust design of our proposed algorithm. Particularly,
the “Robust trajectory and scheduling optimization™ out-
performs the ‘“Robust trajectory and power optimization™.
This is because the optimization of scheduling of GNs is
a passive way to optimize the trajectories of UAVs, and
the optimization of GNs’ transmit power is highly suscep-
tible to the distance between GNs and UAVs, which makes
it contributes less to the maximum minimum throughput.
However, the joint trajectory, GNs’ scheduling and transmit
power allocation design outperforms all the benchmark algo-
rithms and enhance the maximum minimum throughput sig-
nificantly, which further verifies our proposed ““Joint robust
optimization”.

To verify the performance of Algorithm 2 and compare the
system performance of different QoS requirement, we apply
Algorithm 1 and Algorithm 2 into sub-problems of MAT
and MMTD, respectively. Fig. 7 shows the iteration of our
proposed algorithms for MMT, MAT and MMTD. It is illus-
trated that the corresponding algorithms converge to the
optimal solution after a number of iterations. Fig. 8 shows
each GN’s throughput derived by MMT, MAT, and MMTD
problems. It can be observed that MAT improves the average
throughput of all GNs significantly, but the throughput of GN
3 is much lower than that in MMT. On the contrary, MMT
enhances the performance of GN 3 so that the minimum
throughput of GNs is higher than that in MAT and performs
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FIGURE 7. The iteration of our proposed algorithms for MAT, MMT and
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FIGURE 8. System performance of our proposed algorithms for MAT, MMT
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ineffectively in enhancing the average throughput of all GNs.
However, MAT can reach much better performance both
in sum throughput and minimum throughput than MMT if
the worst case of GNss, i.e., GN 3, is acceptable. Moreover,
to guarantee the delay demand for GN 3, we set 63 = 0.5,
0" = 1 and I.punw = 20 in Algorithm 2 for MMTD.
It is illustrated that although the delay constraint of GN 3 is
guaranteed, both the average throughput and the minimum
throughput of all GNs are decreased, which implies that the
delay consideration for the GNs causes large system cost.
Hence, Algorithm 2 is verified. Base on the above discussion,
optional algorithms can be provided for diverse applications
with specifical QoS requirements, giving a certain practical
significance.

VIIl. CONCLUSION

In this paper, we investigate a multi-UAV enabled wireless
network where the energy constraint GNs are scheduled
to transmit information to the UAVs with trajectory prop-
erly designed in the 3D space while a number of jammers
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with uncertain location sending jamming signals. By apply-
ing BCD method, SCA technique and S-Procedure, a joint
UAVs’ trajectory and GNs’ scheduling and transmit power
allocation optimization algorithm is proposed. Three QoS
consideration, i.e., MMT, MAT and MMTD, are proposed
to provide guarantees for different applications. Particularly,
a parameter aided block coordinate descent method is applied
for MMTD problem. Numerical results show that our pro-
posed robust algorithms can significantly improve the corre-
sponding QoS requirement of the multi-UAV enabled wire-
less networks compared to the benchmark methods.
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