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Abstract. This paper studies a hybrid communication system, where
the full-duplex unmanned aerial vehicle (UAV) communicates with the
downlink users (DLUs) and uplink users (ULUs) simultaneously in the
presence of multiple jammers. To improve quality of service of both ULUs
and DLUs, we formulate an optimization problem, which maximizes the
sum throughput of downlink and uplink by jointly designing the UAV tra-
jectory , the scheduling of ULUs/DLUs, and the ULUs’transmit power.
Notwithstanding, the formulated problem is non-convex hence computa-
tionally insoluble. We propose a low-complexity algorithm that is based
on block coordinate descend and successive convex approximation tech-
niques to effectively solve this problem. Numerical outcomes demonstrate
that the proposed algorithm can improve throughput significantly com-
paring to the existing algorithm.

Keywords: Unmanned aerial vehicle (UAV) - Malicious jammer -
Full-duplex - Non-convex

1 Introduction

Due to the adaptable capability and high maneuverability, unmanned aerial
vehicle (UAV) has played an important role in the B5G/6G mobile network.
Because the line-of-sight (LoS) links [1] is dominant when UAV works in the
certain altitude, the channel path-loss is smaller than the one in the terrestrial
communication. In addition, full-duplex (FD) technique providing approaches
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for simultaneous signal transmission and reception (STR), will be promising to
combine with UAV to flexibly perform high-performance STR.

In [2], the FD secrecy communication for the UAV was studied, where the aim
of the reseachers was to maximize the UAV’s energy efficiency through jointly
optimizing the UAV trajectory and transmit powers during a given duration. In
[3], the authors studied FD UAV relaying multiple nodes to maximize the net-
work’s throughput by jointly optimizing the user scheduling, the UAV trajactory
and the UAV transmit power. In [4], FD UAV aided uplink and downlink commu-
nication system was studied, where the UAV simultaneously communicates with
ULUs and DLUs. An iterative algorithm has been propounded to maximize the
throughput of the system through optimizing the UAV trajectory, DLU/ULU
scheduling, and ULU transmit power. In [5], the authors studied the UAV that
simultaneously communicated with DLUs and ULUs and propounded an itera-
tive algorithm for throughput maximization through optimizing the communi-
cation scheduling, UAV transmit power and 3D UAV trajectory. The antecedent
researches, nevertheless, have not investigated the transmission among the FD
UAV, DLUs and ULUs in the existence of malicious jammers.

In this paper, we investigate FD UAV aided STR with time division Mul-
tiple Access (TDMA) manner in the existence of multiple malicious jammers.
To improve the performance under malicious jammers, we concentrate on maxi-
mizing the aggregate throughput of both DLUs and ULUs through jointly opti-
mizing DLU/ULU scheduling, the UAV trajectory, ULU transmit power. The
formulated problem is a non-convex problem hence computationally insoluble.
A low-complexity algorithm is proposed by utilizing both the block coordinate
descent (BCD) and successive convex approximation (SCA) techniques. Numeri-
cal results illustrate that our propounded algorithm’s performance is more effec-
tive than the existent solutions.

2 System Model and Problem Formulation

We suppose a UAV aided communication system, as demonstrated in Fig. 1, where
the UAV tends to transmit signal to Kp single-antenna DLUs and receive sig-
nal from Ky single-antenna ULUs under M malicious jammers. Define Kp =
{1,2,....Kp}, Kv ={1,2,....Ky } and M = {1,2,...,M } as the series of DLUs, ULUs
and malicious jammers, respectively. On the horizon, the location of DLU j is
denoted as w;, j € Kp, the location of ULU i is denoted as w;, ¢ € Ky, and the
location of jammer m is denoted as w,,,, m € M. The UAV is considered to fly at
a fixed altitude H. The total flight duration T is equally divided into N time slots
(TSs) 6. Let Qstqart denotes the start point while Q.p,q denotes the end point, and
the horizontal coordinate of UAV Q[n] at T'S n is supposed to satisfy the constrains:

HQ[’I’L]—Q[’H—HH SVmax57 n:172’3a"'aN7 (1)

Qstart = Q[O]a Qend = Q[N]a (2)

where Vi,ax is the maximum horizontal speed of the UAV.
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Fig. 1. Full-duplex UAV aided STR system under malicious jamming.

As shown in the 3GPP, The air-to-ground communication channel between
the UAV and the user is mostly influenced by LoS, particularly in rural and
suburban area [1]. Consequently, the channel power gains from the UAV to the
j-th DLU, ¢-th ULU, m-th jammer, respectively, can be given by

_ Bo .
s = Q] — wy Y € ©)
_ Bo ,
g’L,b - ||Q[TL] 7 ’I_Ul||2 + H27Z 6 ICU7 (4)
Bo

Q] P M )
where [y denotes the channel power gain at the reference distance and H is the
altitude of the UAV.

The channel model between the m-th jammer and j-th DLU is influenced
by Rayleigh fading, and the channel gain is set as hy, j[n] = Bod,,% 0 [7], where
dp,,; is the distance between the m-th jammer and the j-th DLU, p is a random
variable, and « denotes the path loss exponent. Also, the channel gain between
the i-th ULU and the j-th DLU is denoted as h; j[n] = fod; 0.

To mitigate interference, a TDMA protocol based transmission is considered
where the UAV can communicate with a DLU and a ULU over single TS. Such
a protocol has to satisfy:

Kp
Zx?[n] <1,V¥n, (6)
j=1

zd[n] € {0,1},Vj,n, (7)
Ky
fo[n] <1,Vn, (8)

zi[n] € {0,1},Vi, n, (9)
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where (6) and (7) denote the scheduling constrains of the DLUs, while (8) and
(9) denote the scheduling constrains of the ULUs.
The achievable throughput of the j-th DLU over TS n is given by

Do, ;1]
R4[n] = log,(1 + J )
’ SiU ¥ [n]Bod; Spiln] + Sy PnfBod,% + o2

(10)

where o2 denotes the value of white Gaussian noise power, p;, represents UAV
transmit power and P, is the transmit power of m-th jammer. Again, the
throughput of the UAV from i-th ULU is as follows

pi[nlgipn] 1
fb[n] + 2%21 ngm,b + 02 ’ ( )

where f,[n] is the self-interference over TS n from other ULUs to the FD UAV
[4]. pi[n] denotes the uplink transmit power of i-th ULU at TS n.

Define Xp = {zf[n],Vj,n}, Xu = {a}[n],¥i,n}, P = {pi[n],Vi,n}, Q =
{QIn],¥n}, then a throughput maximization problem subject to the UAV mobil-
ity constrains, the transmit power of ULUs constrains and the scheduling con-
strains is formulated as:

Ri[n] = logy(1 +

N Kp N Ky
d U
1 n] + n|RY[ 12
oo p 2 2 IR+ 2, 2 il (122)
s.t. 0 < pi[n] < Puax, Vi, n, (12b)

(1), (2),(6) = (9), (12c)

where P ax denotes the transmit power budget of ULUs.

3 Proposed Algorithm

By virtue of the non-concave objective function, the problem is non-convex and
is not solvable efficiently. Besides, the existence of the binary constrains (7) and
(9) makes the problem computationally intractable. Firstly, we transform the
constrains into the linear constrains [6], which can be expressed as follows

0 < 2f[n] < 1,Vj,n, (13)

0 <zf[n] <1,Vi,n. (14)

Subsequently by applying BCD, we propound an algorithm to solve the prob-
lem (12a) through alternatively optimizing Xp, Xy, Q, and P.
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3.1 Design for DLU Scheduling

We suppose that ULU scheduling Xy, UAV trajectory Q, and ULU transmit
power P have been given. And, the problem is given by

N Kp

max Z Z x? [n] R;-l [n] (15a)
n=1 j=1

s.t. (6),(13). (15b)

The problem (15) has satisfied the condition of the linear programming and
we can obtain the solution efficiently.

3.2 Design for ULU Scheduling

Similarly, we assume that DLU scheduling X'p, trajectory of UAV Q, and ULU
transmit power P have been given, the problem for DLU scheduling is written as

N Kp N Ky

max SN IR + Y 0> ai{n]RY ] (16a)
n=1 j=1 n=1:=1

s.t. (8), (14). (16b)

With respect to the variable z¥[n], the throughput of downlink R? [n] is non-
concave so that problem (16) cannot be solved effectively. In the sequel, we adopt
SCA to derive the lower bound with a feasible point {z;""},

pbgb,j) B &y Bod; ' pi [n]pygs,; 10gs L
T7n]” < T7[n|(T] [n] + pogs,;)

2 Rié[n) (17)

RY[n] > log,(1 +

where T7[n] = SR x"" Bod; "piln] + M P, 00d,, % 4 0. Then, the problem
(16) can be reconstruct as:

N Kp N Ky
max Z Z x? [n]Rf [n] + Z Z i [n| R} [n) (18a)
s.t. (8),(14). (18Db)

We can update the ULU scheduling Xy by optimizing problem (18).
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3.3 Design for UAV Trajectory

In like manner, with the given DLU scheduling Xp, ULU scheduling Xy, and
ULU transmit power P, the problem for the UAV trajectory is formulated as
follows

N Kp N Ky
max > Zx;i[n]R;l[n] +) qu [n)R¥[n] (19a)
s.t. (1), (2). (19b)

In the first part, the downlink throughput expression of problem (19) is non-
convex. Then, we take the first-order Taylor expansion at TS n ||Q"[n] — w;|| to
get the lower bound:

R 2 loga(1 + (e D) = 1ol ¢ (1Q0e] = s = @71 = wilF)
£ 3" (Rf[n), (20)
where
Iin] = Dj [n] log5
! (Dj[n] + |Q7[n] — w;|* + H)(||Q"[n] — w;|* + H?)
and
D;[n] = oo

SR @ [n] Body S piln] + oy PrfBody® + 02

The uplink throughput expression of problem (19) is also non-convex. Intro-
duce slack variables L; ;[n] and I;[n] then the uplink throughput expression is
rewritten as

_ 1
R [n] =logy(l + ————),Vn, 21
with additional constraints
pi[n]gip[n] > Lip[n] ', ¥n, (22)
and
M
foln] + Z Prngmsn] + 0? < In],Vn. (23)
m=1

However, the problem (21) cannot be solved effectively due to the non-
concave objective function and the non-convex constrains (23). To handle the
problem (21), we apply the following lemma to derive an approximate result.
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Lemma. With any given achievable point (LY ,[n],I;[n]), Ry should be lower
bounded by

v
Ly [nlIj[n]

)

RYY,[n] = log,( )+ Gin(Lip[n] — Ly p[n]) + vip(lp[n] — Iy[n]), (24)

o log$ o log$
where ¢ip = — iy e Ay 20 Yis = R TET D

Through introducing slack variable d,, [n], the constrains (23) can be substi-
tuted by

+2Pmﬁo '+ 0% < Lfn),vn, (25)

m=1
dm[n] < ||Q[n] — wm||* + H?, Vn, (26)
dm[n] > 0,Vn. (27)

Next, by taking the first-order Taylor expansion, we can derive the lower
bound of right hand side (RHS) of constrains (26)

=11Q"In] — wmll* + 2(Q"[n] — wim)" (Q[n] — Q"[n]) + H?,  (28)
then, the constrains (26) can be rebuilt as

dm[n] < Cfn)b,Vn, (29)

As a result, the original problem (19) is approached as follows:

N Kp N Ky

max SN 2o (Rn) + Y 0> a (30a)
n=1 j=1 n=1 i=1

s.t. (1), (2), (22), (25), (27), (29). (30D)

Solve the convex problem (30) to update the UAV trajectory Q.

3.4 Design for ULU Transmit Power Control

With the given DLU scheduling Xp, ULU scheduling Xy;, and the UAV trajec-
tory Q, the problem for the ULU transmit power P is written as:

N Kp N Ky
max Z Z x? [n]R?[n] + Z Z z[n| R} [n] (31a)
s.t. (12b). (31Db)

With respect to p;[n], the expression R;l[n] in the first part is convex. Thus,
the problem (31) is a non-convex problem. We also apply the first-order Taylor
expansion at achievable point {p}[n]} to be approximated as:
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Pbgb,j[n]) Bod;, u i [n ]pbgbjlogZ nl —
Effn] ' & E;-"[ J(ET ] + pogogn])

= TR [n]) (32)

R[n] > logy(1 +

r K —a
where E][n]:Zz le [ ]ﬂodl,jpz[ ]+Z7n 1 mﬁO m]
The objective function (31a) can be rewritten as:

N Kp N Ky

max sz [n] 7" ( Rd )+ ZZw (33a)
n=1j=1 n=11i=1

s.t. (12¢). (33b)

Then, the problem (31) can be approximately solved by solving problem (33).

Algorithm 1. Algorithm Proposed for Solving (12)

1: Initialization: Set » = 0. Find initial feasible points {Q" [n]}, {z;""[n]}, {:c;-i‘r[n]}7
{pi[n]} for (12), set € > 0.
2: repeat.
3: Solve the problem (15) to update the optimum point as {:cd "Hn]} with {Q"[n]},
{z;""[n]}, {pi[nl}- )
4: Solve the problem (16) to update the optimum point as {z""'[n]} with {Q"[n]},
d,r T
{7 I}, P[]}
5: Solve the problem (19) to update the optimum point as {Q" ' [n]} with {z*""'[n]},
d,r T
{5 nl}, {pi [}
6: Solve the problem (31) to update the optimum point as {p/ ™ [n]} with {z*""'[n]},
{7 ]}, {Q In]}
7 Set r=r+1
8: Until the fractional growth of the objective value of (12) is within the tolerance €

4 Numerical Results

In this segment, numerical outcomes are obtained to demonstrate our proposed
algorithm’s performance. We think about multiple ULUs, jammers and DLUs.
Locations of DLUs and ULUs are set as D; = (200, 700), D2 = (600,200), U; =
(200, 800) and Uy = (600, 150), jammers in (200, 200) and (700, 700). The value of
the self-interference is f;[n] — 130 dB and the value of the tolerance is € = 1072 [4].
Besides, the UAV altitude is fixed at H = 100 m. The bandwidth is B = 1 MHz
and the UAV maximal horizontal speed is V4, = 50m/s. The UAV maximal
transmit power, the ULU maximal transmit power and the transmit power of jam-
mers are respectively assumed as p, = 0.1 W, P4 = 0.1 W and P,, = 0.05W.
We assume that o = 3,5 = 0.5, 3y = —60dB and 02 = —110dBm [6].

Figure 2 plots the UAV trajectories based on our algorithm versus flight time
T. The UAV flight start point and end point respectively are set as Qs = (0, 500)
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and Q. = (1000, 500). Apparently, UAV flies away from jammerl and reaches
Dy in three cases. However, when flight time is small, i.e., T = 30s, T" = 50s,
it can be observed that UAV has to reach final point in an arc path due to the
constrains of the trajectory design after passing D;. If T is sufficiently large,
i.e., T'=110s, UAV not only flies to the D, but also flies to the Us away from
jammer2 and finally reaches the final point for maximizing the throughput.

In following simulations, “Our proposed Algorithm 1” refers to the proposed
algorithm, while “Baseline algorithm” refers to the benchmark algorithm without
the presence of jammers. Figure 3 shows that the throughput of both downlink
and uplink versus flight time 7. As the time T increasing, the performance of
our algorithm is better than the benchmark algorithm. Figure4 and 5 show the
UAV throughput of algorithms versus the number of jammers M and jammers
transmit power P,,. Observe that the throughput of algorithms decrease grad-
ually, because the denominator of objective function (12a) increases when the
number of jammers or the transmit power of jammers increases. The simulation
outcomes illustrate that our proposed algorithm is superior over the benchmark
algorithm.

800 x 1 ; x x x

— —+—-T=50 ] jammer2
700 L

600

500 |-

y (m)

400 1

300 F jammer, |

200 - - A .
v

1 1

100 1 1 1
-200 0 200 400 600 800 1000 1200

Fig. 2. Trajectory of UAV for different period T.
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5 Conclusion

In this research, a FD UAV communication scheme has been studied, where
a FD UAV is used to communicate with DLUs and ULUs in the presence of
malicious jammers. A throughput maximization problem has been formulated
by iteratively optimizing the scheduling of ULUs/DLUs, the UAV trajectory,
and the transmit power of ULUs. Because the proposed problem is non-convex
and computationally insoluble, a low-complexity algorithm based on BCD and
SCA techniques has been propounded. Our numerical results have illustrated
that our algorithm outperforms than the existent algorithm.
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