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Abstract: Unmanned aerial vehicles (UAVs) have emerged as a promising solution to enhance
communication networks, especially in scenarios where traditional infrastructure is impractical or
unavailable. However, the reliance on line-of-sight (LoS) channels in UAV-assisted relay networks
introduces significant security vulnerabilities. This paper proposes a novel framework that jointly
optimizes transmit power and UAV trajectory to achieve secure communications in such networks.
To enhance system performance against environmental uncertainties, we employ a model predictive
control (MPC)-based approach, which allows for real-time adaptive control of the UAV’s trajectory
by considering future states and disturbances. This approach significantly improves the network’s
resilience to dynamic environments and potential eavesdropping threats. Simulation results show
that the proposed joint optimization of power allocation and trajectory design not only enhances
communication security but also demonstrates the effectiveness of the MPC framework in real-time
trajectory tracking, ensuring robust performance under varying environmental conditions.

Keywords: UAV; MPC; trajectory design; power allocation.

1. Introduction

Unmanned aerial vehicles (UAVs) have garnered significant attention in recent years due to their
potential to revolutionize various sectors, including communication, surveillance, and transportation
[1-5]. Among the various applications, UAVs are increasingly being considered as relays in commu-
nication networks [6-8]. The ability of UAVs to operate at different altitudes and provide coverage
over vast areas makes them ideal candidates for communication relays in situations where traditional
infrastructure is impractical or unavailable [9]. In [10], an energy efficiency maximization algorithm
for UAV relay with a circular trajectory is proposed, where the problem focuses on optimizing speed
and load factor to balance power consumption and communication capacity. Zeng et al. [11] explore
throughput maximization for UAV relays with a rectilinear trajectory, optimizing both power allocation
and trajectory design to enhance performance under mobility constraints and information-causality
conditions. While the concept of using UAV relays with a fixed location or on a fixed trajectory has
been explored in several studies, there is a growing interest in mobile UAV relays, which provide
enhanced flexibility and performance over their stationary counterparts [12]. A mobile UAV relay
can follow dynamic paths and adjust its position to optimize communication performance, thereby
improving coverage and reducing the likelihood of interference or signal blockage [13-16].

However, the line-of-sight (LoS) channel between UAVs and ground stations introduces signif-
icant security risks that must be addressed [13,17-19]. While UAV-based relay networks offer high
throughput and low latency, their reliance on LoS paths can expose the system to various security
vulnerabilities, including unauthorized interception of signals and cyber-attacks [20-22]. The security
of UAV-assisted communication has been studied in [19,23-25], focusing on physical layer security
(PLS) techniques. The authors in [23,24] optimized UAV relays by designing power allocation for
secure communications. In [25], the authors improved secrecy rates by exploiting UAV mobility, while
Wu et al. [19] proposed real-time UAV trajectory design in integrated sensing and communication
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(ISAC) systems, using an extended Kalman filtering (EKF)-based method for tracking to maximize
secrecy rate.

Beyond the security challenges in UAV relay networks, the deployment of mobile UAVs also
presents additional complexities, such as the need for accurate trajectory planning and control to
ensure that communication links remain stable and reliable [26-28]. Current methods for mobile
UAV relay systems often suffer from limitations in trajectory tracking accuracy and real-time adapt-
ability, highlighting the need for more sophisticated control approaches [29-32]. Linear quadratic
regulator (LQR)-based has been widely used for controlling UAVs in stationary applications, where it
optimizes the control inputs based on a quadratic cost function. For example, an innovative method
for adjusting the weighting matrices in linear quadratic LOR and LQR-proportional integral (PI)
controllers significantly enhanced the robustness and tracking capabilities of quadrotor stabilization
[33]. However, when considering dynamic scenarios, such as mobile UAV relays, the more advanced
model predicted control (MPC) approach becomes critical. MPC allows for real-time optimization of
the UAV’s trajectory, accounting for both the current state and future predictions, which is particularly
important in environments with changing communication requirements or constraints [34,35]. While
existing studies focus on either secure communication or trajectory control in UAV relay networks,
their integration remains unexplored. To the best of our knowledge, this is the first work jointly
optimizes security and trajectory tracking using MPC-based approach. This paper addresses this gap
by proposing a framework that ensures both secure and efficient UAV relay operations. The main
contributions of this work are summarized as follows:

*  We propose a novel framework that jointly optimizes the transmit power and UAV trajectory,
aiming to enhance the security of UAV-assisted relay networks, which ensures a balance between
efficient communication and robust security against potential eavesdropping. To address the
resultant non-convex secrecy rate maximization problem, we first divide the original problem into
two sub-problems that optimize the UAV transmit power and trajectory separately by leveraging
the successive convex approximation (SCA) techniques.

*  Weemploy a MPC-based approach to adaptively control the UAV’s trajectory that improves secure
communication. By considering future states and disturbances, the MPC method optimizes the
control input termed velocity in each time slot, enabling the UAV to follow the trajectory efficiently
while adapting to practical constraints and disturbances, enhancing the system’s resilience to
dynamic environmental changes and security threats.

*  Extensive simulation results demonstrate the effectiveness of the proposed framework. The
joint optimization of power allocation and trajectory design leads to significant improvements
in communication security, while the MPC-based path tracking ensures robust performance,
highlighting the superiority of our approach compared to traditional methods, particularly in
dynamic and uncertain environments.

The remainder of this paper is structured as follows: Section 2 presents a detailed description
of the proposed UAV relay network system, including both the secure communication model and
the trajectory control model. Next, Section 3 formulates and solves the UAV power allocation and
trajectory design problem, followed by the MPC-based trajectory tracking discussed in Section 4.
Section 5 presents the simulation results. Finally, Section 6 offers the conclusion of the paper.

Notations: Bold lowercase and uppercase letters, such as a and A, represent vectors and matrices,
respectively. RM denotes the M-dimensional real-valued column vectors. ()" and ()" denote the
transposition and inverse operation, respectively. || - || indicates the ¢;-norm of a matrix. N (a,b)
is employed to represent a Gaussian distribution of mean a and variance b. Additionally, diag(-)
represents a diagonal matrix, and Iy refers to the M x M identity matrix.

2. System Model

As depicted in Figure 1, we consider a downlink communication scenario, where a base station
(BS) is employed to serve a ground user (Bob) in the presence of an eavesdropper (Eve), with both out
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of the coverage of BS. Consequently, we assume that the transmission between the BS and UAV is in
the absence of eavesdropping. A single-antenna UAV is utilized as an amplify-and-forward (AF) relay
to assist the success of downlink transmission. For ease of exposition, we focus on a total duration of
length T, which is further split into N time slots with the duration of each time slot At. Notably, the
value of At should be small enough, enabling the UAV location within each time slot to approximately
remain unchanged. During downlink transmission, the UAV dynamically adjusts its locations to
provide stable and secure service to Bob. To this end, we denote the UAV’s horizontal location in time
slotnas q = [, yn|"
height. In practice, the UAV is possibly influenced by environmental uncertainties, such as wind and

with a constant flight altitude H, which depends on the territorial building’s

weather impacts. To address these variations against secure communication design, in this section, we
first introduce the UAV-enabled secure communication model, followed by presenting the trajectory
control model.
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Figure 1. The considered UAV-assisted secure relay network.

2.1. Secure Communication Model

We consider that Bob and Eve are both on the ground with fixed locations, denoted by q; =
[xp,yp]T and q. = [x¢, ye]”, respectively. For simplicity, we assume that the BS is located at by = [0,0]”.
According to [36-38], we consider that the channels from UAV to Bob and Eve are both dominated by
LoS links and the Doppler effect induced by UAV mobility can be well compensated. Consequently,
the channel gain from the BS to UAV, the UAV to Bob and Eve can be respectively expressed as

— g2 _ Lo _
hau,n—poduu,n_ H2+|an—b0||2’ n=1,---,N, (1)
_ -2 _ Lo _
P = 008bn = F g —qur " 0N @
huen = POd;e%n = Po n=1,---,N, 3)

H2 4 ||qn — qel*’

where dgy n, dyp,, and dye , are the corresponding distances in time slot 7. The term pg represents the
channel gain at a unit reference distance. Denote pg , and p,, , as the transmit powers associated with
the BS and UAV in time slot 7, respectively. Then, the corresponding achieved rates from the BS to
UAV, the UAV to Bob and Eve can be respectively given by

Poupo/ 08 )

R =1 1
au,n ng( + H2—|— an—bo||2

n:]‘/.../N/ (4)



https://doi.org/10.20944/preprints202502.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 February 2025 d0i:10.20944/preprints202502.1810.v1

4of 14
PunPo/ 03
Rb :10 1+ 2 nzl/"'/N/ (5)
o =18 g, P
/0?
Ryen = logy(1+ PunPo/ 7 ), n=1,---,N, (6)

H2 +[|qn — qel|?

with 03 being the noise variance.

2.2. Trajectory Control Model

Once the optimal trajectory of the UAV is designed, the BS derives the corresponding control
strategies, taking into account both the reference trajectory and the UAV’s real-time state, and subse-
quently sends the commands to the UAV for path tracking. In this work, we assume that the uplink
feedforward channel and the downlink feedback channel between the BS and the UAV are both ideal,
as our focus is solely on the design of control strategies. This implies that the UAV can perfectly receive
the control input, while the BS can accurately estimate the UAV’s state. Specifically, we model the
BS and the UAV as a liner control system, with the discrete-time system equations at time instant n
formulated as [39-41]

q9n+1 = Aqn + Bvy, )

Yn = an/ (8)

where v, = [Ux,n, UWJ T € R? denotes the control input, i.e, the UAV’s velocity over the time interval
(nAt, (n+1)At], yn € R? represents the UAV’s state estimation result at the BS, A, B, and C are fixed
state evolution matrix, input matrix, and deterministic matrix, respectively, defined as

At 0

0o At | € R*2 C = Ipyo. )

A =1, B= [

Furthermore, in light of the UAV’s mechanical constraints, a new state-space model is introduced,
where the increment in the UAV’s velocity, defined as Av,, = v, — v;,_1, is chosen as the control input.
Simultaneously, the state-space variable q;, and the previous control input v,,_; are combined to form
the new state §,+1. Consequently, the discrete-time system equations are redefined as

QH-&-l = AQH + ﬁAVn/ (10)
f’n = éé\lnr (11)
where
Qn = b < R4
Vip—1
A= A B € R¥4, B = B € R¥2, (12)
022 Ibxo I>yo
¢ = [ C 0y42 } €R2X4/§'n =¥Yn-

3. UAV Power Allocation and Trajectory Design

To counteract malicious eavesdropping, in this section, we focus on the joint optimization of
UAV power allocation and trajectory design to ensure secure communication in UAV-assisted relay
networks.

3.1. Problem Formulation

The secrecy rate Ry, in time slot 7 is defined as the difference between the achievable rate at Bob
and Eve, ie., R, = Rybn — Ruen- The goal is to maximize the cumulative secrecy rate over the entire
communication duration T by jointly taking into account the UAV transmit power p,, and UAV
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trajectory q,. We further denote P, = {pyn,n=1---N}and Q = {qu,n = 1--- N} as the variable
sets that collect the UAV transmit power, and trajectory variables across all time slots. Consequently,
the secrecy rate maximization problem can be formulated as:

N

max R (13a)
{Pu,Q}n; "

st. Rypn < Raun, Y, (13b)
||qn+1 - qn|| < VmaxAt, Vn, (13c)

N
Pu,n < Pmax,u/ Pu,n >0, Vn, (13d)

n=1
q1 = 91, 9N = 9F, (13e)

where Viayx is the maximum velocity of the UAV and Pray,, denotes the maximum transmit power

budget corresponding to the UAYV, respectively. q; and qr are the preset initial and final point.
Constraint (13b) ensures that the achievable rate at Bob must not exceed the received rate at the
UAV, while constraint (13c) denotes the UAV maximum travel distance within a single time slot.
Moreover, constraint (13e) requires that the UAV return to its original at the end. Nevertheless, it
is worth mentioning that problem (13) is non-convex, and consequently, it is challenging to deal
with (13) by utilizing the traditional convex optimization methods. As a compromise, we propose a
computationally efficient algorithm to obtain a locally optimal solution in what follows.

3.2. Efficient Solutions

In this subsection, we propose an AO-based algorithm to transform the original problem into a
series of sub-problems and solve them iteratively to obtain an efficient solution. In particular, problem
(13) can be decomposed into two subproblems, i.e., sub-problem 1: optimizing transmit powers with a
fixed trajectory and sub-problem 2: optimizing the trajectory with other variables fixed. To begin with,
we solve subproblem 1, which can be particularized as

N
I{I;)a)}( Z 10g2(1 + Pu,n')’ub,n) - 10g2(1 + PunYuen) (14a)
uf n=1
s.t. 10g, (1 + punYubn) < Raun, Vn, (14b)
N
Pun < Pmaxu, Pun =0, Vn, (14c)
n=1

where v, = hypn/ (73 and Yuen = Nuen/ (73. Although problem (14) is still non-convex, it can be

iteratively solved by adopting the SCA technique. Specifically, the non-convex term in the objective

function is —1og, (1 + pu,nYuen). In the k-th iteration, we approximate this term by performing a
(k)

first-order Taylor expansion around the current power allocation p;, ;;, i.e.,

Yuen
In2 (1 + P Yuem

log2(1 + PunYuen) ~ log, (1 + pgf,){yue,n> + ) (pu,n — p,gk%) £ Rue,n. (15)

Substitute (15) into the objective function, we arrive at the following convex approximation

N
Ro~ Y [10g(1+ punusn) — Ruen] (16)
n=1
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Hence, in the k-th iteration, the following convex optimization problem is solved:
max ) R
(P} 1= Z !
st pun < 2R —1) /0 Vn, (17)

N
Z Pun < Pmax,u/ Pun >0, Vn.

n=1

Problem (18) now is convex and thus can be efficiently addressed via standard solvers, e.g., CVX [42].
Subsequently, we optimize the UAV trajectory given the power variable P, which is given by

N
,Bun ,Bun
max Y log,(1+ : ) —log, (1 + : ) (18a)
g Lo prig, —qp) % T g, —alr
,Bun ,BOn
s.t. log,(1+ . <log,(1+ . Vn, 18b
520 il @) =% B g, bl e)
|dns1 — qnll < VimaxAt, Vn, (18¢)
q1 =q1, 9N = qr, (18d)

with By = punpo/02 and By = poupo/03. We first note that R,j, , has a convex lower-bound at the
given point q}, by invoking the SCA method, such that we arrive

2 _
RE > log, (1 b Pu > B L o=@l -l —al? g
H? + |lqi — qp]| n 1+m (H2—|—||q —ql )
Moreover, introducing an auxiliary variable 8, = ||q, — qe||?, we can transform the objective function

into a convex form with an additional constraint

2 T
On < llah — qell” +2(qh — qe)” (dn — qn)- (20)

Similarly, one can employ SCA technique to convert constraint (18b) into

Bun (H2+ 1 = boll?) < Bon (Il — a1 +2(a; — @) " (@ — a))- @y

As a result, problem (18) can be approximated as

max ZR —log, (14 Buu/ (H? +6,))
" on=

s.t. (180), (18d), (20), (21), 22)

which is a convex problem and can be solved by CVX[43]. In a nutshell, the original problem can be
solved by iteratively dealing with problems (18) and (22). Since there exists a finite upper bound due
to the power constraint, the proposed algorithm can be guaranteed to converge.

4. MPC-Based Trajectory Tracking

In this section, we employ a MPC-based approach to achieve precise trajectory tracking. The
primary objective of MPC is to compute a sequence of control inputs within the prediction horizon,
denoted as Nj, thereby minimizing the deviation between the reference path optimized in Section 3
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and the trajectory predicted by the MPC framework. Accordingly, the control cost function at time
instant n is formulated as [44]

Ni—1

T T T
Jn = Z en+i|nR1eVl+i\n + AVn-&-i|nR2Avn-&-ﬂn + en+NR3en+N (23)
=0

where e; = §n — {y ref Tepresents the error between the true state and the reference optimal state,
e, 1|, indicates the predicted state deviation at time instant n + i, given e,,,, = ey, Av,,;,, denotes the
control input at time n + i, predicted at time n, while Ry € R**4 and R, € R2*2 are positive definite
weighting matrices for the states and inputs, respectively. In (23), the first term corresponds to the
state cost, which penalizes deviations from the reference state g, ;.r. The second term represents the
input cost, penalizing deviations from the steady-state input. Finally, the third term corresponds to the
terminal cost, which compensates for the control cost and approximates the result for Ny = oo, thereby
enhancing control performance, where R3 € R**4 is the solution to the discrete Riccati function [45],
given by

Rs = Ry + A'R;A — ATR;B(R, + B'R;B)  B'RsA. (4)

Given that perfect knowledge of the control state q,, and control input Av,, is available on the UAV
and BS sides, the MPC-based trajectory tracking optimization problem is formulated as

min Jn (25a)
{Avwi\n}f\iloil

s.t. AV?H-Z'M €v,i =0,...,N;—1, (25b)

(10), (11), (25¢)

where (25b) denotes the control input constraint, with v representing the velocity increment limit
of the UAV. Notably, while the control inputs for the entire prediction horizon can be obtained by
solving problem (25), only the control input corresponding to the current sampling interval, i.e.,
Vi = Vy_1 + Av}, is applied and transmitted to the UAV. At each subsequent time step, this process is
repeated with updated information and a rolling prediction horizon.

To address the formulated problem, we begin by expressing ], in a quadratic form. Using the
control system equations (10) and (11), the predicted control states over the prediction horizon are
computed as

éln|n = qn,
qn+l|n = Aqfl + BAVn\nr
éln+2|n = Aéln+l|n + ﬁAVn+1|n

(26)

A4, + A]ASAV”‘" + ﬁAVH—&-l\n'

A AN A AN -1 A
Qn+Nyjn = A 1qn + AT BAVn|n +oo+ BAVn+N171|n/
which can be expressed as the matrix form, i.e,

Qn = MQn + FAVn/ (27)
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where Q, and AV, represent the new control state and input matrices, respectively, which are defined

as
éln|n AVn\n
An1 AV,
Q, = TlJ.r |n c R4N1+4, AVn _ 7’f+ |n c RZNI, (28)
Qn+N1|n AVn—i—Nl—l\n
with
0 0 0
Iyxyq .
A B 0 0
M — c R(4N1+4)><4/F _ AB B 0 | c RUNIH)x2N; (29)
AN :
AT ANM-1B AM28 ... B
Let us denote the reference state matrix as
élk,ref
Q1 ref
Qn,ref = ! . - € R4N1+4r (30)
(AIn-s—Nl,ref

which includes the reference position and velocity of the UAV over the prediction horizon. Conse-
quently, the control cost is equivalently reformulated as

Jn = (Qn — Quure) R1(Qn — Quures) + AVIRAV,, (31)

where R; = diag(Ry,...,R,R3) and Ry, = diag(Ry, ..., Ry). Substituting (27) into (31) yields the
reformulated control cost function

Jn = AVIHAV, + EAV, +G, (32)
where
H=F'R;F+R,, (33)
E=2(qiM" - Q] ) RiF, (34)
G = GAM'RiM@, — 24 M R1Q,, ref + QF o R1 Qyrer- (35)

Therefore, problem (25) is equivalently transformed into

min Jn (36a)
st. AV, €V, (36b)

where V constrains the control input matrix AV,,. Since the objective function |, is quadratic with
positive definite weighting matrix H, problem (36) can be efficiently solved as a convex QP problem
by employing standard techniques [43], [42]. At every time slot, the MPC-based optimization problem
is solved and the optimal control input is calculated as Avy; = (AV});, where(AV}); corresponds to
the first two elements of AV} € R?M.

5. Simulation Results

In this section, we present the simulation results to verify the effectiveness of our proposed
algorithm. Unless otherwise specified, the system parameters are set as follows: the maximum UAV
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speed is Vmax = 30 m/s, the channel gain at a unit reference distance is pg = —60 dB and the received
noise at the receivers is set to 07 = —110 dBm. The locations corresponding to the BS, Bob, and Eve

are set to by = [100,300]” m, q; = [200,0]” m, and q, = [400,300]” m, respectively. Moreover, we set
the initial point and the final point to q; = [500,0]” m and qf = [100,400]” m, respectively. As for the
control part, the weighting matrices for the states and inputs, Ry and R, are both identity matrices.

Figure 2 illustrates the UAV’s trajectory under varying total durations, demonstrating how the
UAV dynamically adjusts its path to optimize secure communication. As the total mission duration
increases, the UAV’s trajectory becomes closer to Bob and the BS. This is because a longer flight
time enables the UAV to better fly away from Eve. The trajectory for the T = 60 s demonstrates a
steeper descent toward the final position, reflecting a more direct path to the goal. In contrast, the
trajectory for the longer duration T = 100 s is more gradual, indicating that the UAV takes a longer
path to the final position. This behavior is expected as the UAV has more time to adjust its trajectory,
potentially avoiding eavesdropping. Moreover, the UAV tends to hover closer to Bob during critical
communication periods for enhancing the system throughput.

500

40

3009 = J
t % T=60s
L — + —T=100s
£ 200 1 @® Bob
¥ ¢ ss
1 B Eve
100 F & % Initial point
% Final point
5
or *4;; ([ P 3
* L+ -
N +
= 1“/"‘/
o
-100 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500

X/m

Figure 2. The optimized UAYV trajectory under different total durations.

Figure 3 depicts the average secrecy rate as a function of time duration for different transmit
powers compared to the benchmark scheme straight flight approach, in which the UAV directly
flies from the initial point to the destination. It is evident that for both proposed and straight flight
trajectories, increasing the transmit power from 5 W to 10 W results in a higher average secrecy rate,
highlighting the trade-off between power and security. Furthermore, the proposed design, which
adapts the UAV’s trajectory based on the available time, outperforms the straight-flight approach in
all cases, suggesting that adjusting the UAV’s flight path can significantly enhance communication
security, especially when combined with higher transmit power. Additionally, the average secrecy
rate tends to stabilize over longer durations. The reason is that the UAV, with long flight durations, is
capable of flying to hover over Bob, providing considerable communication service.
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Figure 3. Average secrecy rate versus time duration with different transmit powers.

Figure 4 illustrates the UAV’s trajectory tracking performance using MPC. At the start, a noticeable
deviation from the reference path occurs as the UAV adjusts its velocity and position to align with the
desired trajectory. Similarly, some tracking errors appear at the hovering position, likely due to the
difficulty in maintaining precise stabilization. However, as the UAV progresses, the tracking accuracy
improves significantly, closely following the reference path. This demonstrates the effectiveness of the
MPC controller in continuously refining the UAV’s motion, enabling smooth and accurate trajectory
tracking despite initial deviations. Figure 5 shows the cumulative distribution function (CDF) of the
mean squared error (MSE) between the UAV’s actual trajectory and the reference trajectory under
different prediction horizons. The MSE quantifies the tracking error, with lower values indicating
better adherence to the reference path. As expected, the CDF curve shifts to the right as the prediction
horizon decreases, with the N; = 20 case achieving the best tracking performance, showing a higher
proportion of lower MSE values. This demonstrates that a larger prediction horizon allows the MPC
controller to plan further ahead, leading to more accurate trajectory tracking. As the prediction horizon
decreases, the controller has less foresight, which results in larger tracking errors. This highlights
the importance of a sufficiently large prediction horizon for optimal trajectory tracking in dynamic
environments.


https://doi.org/10.20944/preprints202502.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 February 2025 d0i:10.20944/preprints202502.1810.v1

11 0f 14

500 T T T T T T T
— ~k— -T=60s reference path
— —+—-T=100s reference path
400@-., T=60s MPC controller | 4
XV P, —O&— T=100s MPC controller
;\‘é\ﬁ‘i
<@ %k v
3000, R u iy
§ 200
100
0
-100

100

0.9
0.8 N 1
0.7

0.6

0.3

0.2

|

|

4

il

N

o
1

0.1

O 1 1 1 1
0 5 10 15 20 25

MSE/m?

Figure 5. CDF of MSE perfoemance with different prediction horizons with T = 60 s.

6. Conslusions

In this paper, we have presented a novel framework for secure communications in UAV-assisted re-
lay networks. Our approach jointly optimized the UAV’s transmit power and trajectory, addressing the
security vulnerabilities posed by the reliance on LoS channels. By employing a MPC-based approach,
we have demonstrated how the UAV’s trajectory can be adaptively controlled in real-time, improving
the resilience of the system against dynamic environmental conditions and potential eavesdropping
threats. We first formulated a non-convex secrecy rate maximization problem and proposed an efficient
solution using SCA techniques. The MPC-based path tracking ensured that the UAV could follow the
optimized trajectory efficiently, even under practical constraints and disturbances. Simulation results
show that the proposed joint optimization framework significantly enhances communication security,
providing robust performance under dynamic conditions.
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