Measurement of intercorrelation characteristics for
communication allocation and trajectory design based
on multiple unmanned aircraft systems

Liyuan Yang!, Yongping Hao?

School of Equipment Engineering, Shenyang Ligong University, Shenyang, China
2Corresponding author

E-mail: 'yangliyuan823@163.com, *hyp@sylu.edu.cn

Received 22 November 2024, accepted 4 February 2025, published online 3 March 2025 ’ M) Check for updates ‘
DOI https://doi.org/10.21595/jme.2025.24682

Copyright © 2025 Liyuan Yang, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. The communication demand for ground communication systems is growing with the
rapid development of wireless communication technology. Unmanned Aerial Vehicles (UAVs),
as communication air relay nodes, can provide wide coverage communication for ground moving
target (GMT). In this paper, we develop a dynamic topology adjustment system based on
communication demand and resource allocation, aiming to minimize the average weighted energy
consumption of GMTs and UAVs, as well as the constraints imposed by the ground target motion,
communication resource allocation, and UAV flight trajectory scheduling. Since communication
demand and variable time are coupled, the Shannon-Hartley theorem is employed to calculate the
required transmit power, which helps in measuring the maximum data amount based on time slot,
and channel gain and target index in the UAV link, and quantifying the communication energy
consumption. The communication energy consumption is continuously updated during the
mission execution time progress, which requires us to re-estimate the position of the UAV to
ensure the accuracy and efficiency of the communication. The 0-1 programming is adopted to
determine the travel direction of the UAV. The waypoints are solved by discrete inference and
dynamic optimization of weight factors through the CTRV model, so as to realize real-time
monitoring of UAV motion and channel usage by dynamically adjusting the UAV according to
the GMT's communication resource demand. Simulation experiments verify the effectiveness of
the proposed method. The results show that with the high-density access of UAVs, the efficiency
and reliability of UAV communication are significantly improved, and the communication
interference and packet loss rate are significantly reduced, thus the communication efficiency,
data processing speed and security of the UAV system are enhanced.

Keywords: dynamic topology, communication allocation, Shannon-Hartley theorem, CTRV
model.

1. Introduction

UAVs have been widely used in scenarios such as strategic support and emergency
communication because of their high flexibility and low manufacturing cost [1]. In these
application scenarios, UAVs are required to not only collect data, but also have the ability of data
processing [2], which is specifically reflected in the UAVs’ automatic perception of task targets.
Previous studies [3] have comprehensively outlined UAV-based target detection and tracking
technologies. Wu et al. [4] used infrared technology to detect small targets, focusing on the
accuracy of target detection within the dataset. Nguyen et al. [5] recruited nearby UAVs to form
perception and computing task groups to collaborate on data perception, collection and processing.
Yang et al. [6] developed a dynamic mission planning method based on local particle swarm
optimisation to enable UAVs to adjust their trajectories based on real-time environmental inputs.

However, the imbalance between the supply and demand of computational resources and the
duplication of sensed data leads to additional computational and communication overheads and
increased end-to-end processing latency [7], which has led to a significant amount of research into
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the integration of UAVs into more advanced network architectures to address such issues [8].

Previous research [9] dynamically adapts the network architecture according to the movement
of UAVs while improving the flexibility of deploying communications by [10] proposing a
distributed algorithm for regular topological movement of UAVs and [11] proposing an algorithm
for deployment of UAVs according to the need of communication coverage based on the above
mentioned research literature [12] uses UAVs for loading the servers and providing auxiliary
communications to the decentralised GECs.

In UAV-assisted communication, resource (including energy, computation and time)
consumption of UAVs will be a significant issue. Previous research [13] focused on minimising
the total energy consumption of UAVs and ground equipment, further truncating the system
energy consumption by optimising the UAV trajectory and resource allocation thereby
significantly reducing the energy cost of mission offloading. In [14], an auction and consensus
based multi-task resource allocation study as well as a game based multi-task resource allocation
study are proposed, which consider the mutual independence between resource demands, but do
not consider the linkage between resources when coupling resources, which may lead to an
ineffective heterogeneous resource scheduling process. In [15], on the other hand, a bionic-based
multi-intelligence independent reinforcement learning approach is used to design a dynamic
adjustment process of heterogeneous resources between different tasks through the diffusion of
task scenario information updating, which improves the efficiency of resource collaboration. The
authors of [16] proposed resource allocation decisions through local task information, which
effectively reduces task execution time and improves computational resource utilisation.

To further achieve energy optimisation, literature [17] models edge computing networks
supported by wireless power transfer techniques, [18] uses stochastic online learning methods to
apply the modelled network to non-stationary environments to achieve real-time observation, and
dynamically adjusts the task resource requirements through real-time observation to achieve the
optimal allocation of resources during task execution. Previous research [19] proposes to perform
task thread queuing in mobile devices with stochastic computing tasks to reduce the extra overhead
due to task switching. The authors of [20] applied game theory to achieve a trade-off between
execution time and energy consumption to dynamically adjust the task execution order. The
authors of [21] propose the optimal execution delay and energy consumption under the optimal
order of task offloading, but do not consider improving the task offloading rate. In [22], on the
other hand, they focus on the offload rate maximisation problem, proposing to increase the
transmit power in order to minimise the task completion time of the UAV, but exacerbating the
interference with other communications and increasing the energy consumption. The authors of
[23] propose joint edge computing and mobile communications to minimise UAV energy
consumption. The joint optimisation problem of UAV trajectory and communication allocation is
explored in [24]. Resource optimisation for multiple users in UAV-assisted communication is
investigated in [25], which jointly solves computational offloading, UAV trajectory and user
scheduling, however the size of on-demand tasks is a stochastic variable that cannot be quantified,
so a stochastic model is introduced to quantify the computational tasks in [26] but at the same time
leads to a significant increase in computation. The authors of [27] propose that high density
deployment of UAVs serving a region simultaneously can significantly increase the speed of task
flow processing. However, whether the co-operation between the above technologies will improve
the performance of UAV-assisted GMT networks, a complex system that needs to be studied in
depth to fully utilise its potential, inspired the work in this paper.

Existing methods for discrete optimisation modelling by establishing distance grid points as
waypoints within the detection range, resulting in a sequence of UAV waypoints as complex
non-linear modes leading to excessive computation and difficult to solve in real time. Previous
studies have often treated communication resource allocation and UAV trajectory design as two
relatively independent problems, which has caused great difficulties in model solving.

In this paper, a measurement system is built based on the inter-correlation properties of UAV
communication allocation and trajectory design. The Shannon-Hartley theorem is used to
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calculate the required transmit power. The maximum amount of data transmitted is measured and
the communication energy consumption is quantified by the gain of the transmit power over the
channel in the time slot and the GMT index. The direction of travel of the UAV is determined
based on the measurements combined with the 0-1 programming. The CTRV model is introduced
to model the UAV in continuous space, and the model is discretised by time intervals. The CTRV
model is able to better describe the flight state of the UAV, including the position, velocity, yaw
angle and angular velocity, etc., and at the same time, the UAV's turning characteristics and flight
constraints are taken into account. Through discretised reasoning and dynamic optimisation of
weight factors, the system is able to solve the waypoints and realise the dynamic adjustment of
UAYV motion according to the communication resource demand of GMT.As the communication
energy consumption is continuously updated as the mission execution time progresses, the system
is able to re-estimate the UAV position in real time and dynamically adjust the communication
resource allocation and UAV flight trajectory.

2. Energy consumption model

Since the communication demand of GMT varies over time, in order to make the continuous
process feasible for resource allocation, we use the sets G = {1,2,...,G}and U = {1,2,...,U} to
index GMT and UAYV, respectively. Although the whole computation process is continuous in
time, the interval can be discretized into N (N > 1) time slots of length 7. We define the set
T = {1,-+-, N} to denote the time slots, and update the coordinates m of the UAV in each time slot,
the corresponding position is calculated in Eq. (1):

rp (e ] = GVl Ly e ] haY). ()

In order to perform the assigned task r;(t), the GMT needs to transmit the power p; ;(t) to the
UAV at time slot t. The bandwidth of each channel is W Hz. According to the Shannon-Hartley
formula [27], the transmit power of the task can be obtained in Eq. (2):

o= (2% 1) 2 2
pl,i - T hl(t)t ( )

where a2 denotes the noise power, further yielding the energy consumption of the task in time
slot t in Eq. (3):

Eyi(0) = pri(Or. (3)

The GMT sends communication requirements to the UAVs, expressed as channel gains within
time slot 7. Therefore, each UAV has a task list updated over time, denoted as
Rylt] ={r™r ],z ],....,r7 [t ]}, where r*[t ] denotes the target index of the kth smallest
channel gain in time slot T with the UAV link m. Assuming that the transmit power used by the
ground target 7" [T ] to offload the communication task to the UAV m is py, [T ], the maximum
amount of data that can be offloaded to the UAV m by the ground target ;[ ] in the time slot T
of reference [12] can be expressed in Eq. (4):

Rrk,m [z]=B-log (1 R prk,m[T ]grk,m[T] ) T, @

=1 prl,m [T ]grl,m[T] + BNO

where B is the bandwidth allocated to each GMT, N, is the power spectral density (PSD) of the
additive Gaussian white noise at the device reception, and g,, [T ] denotes the channel gain.
Then the total energy cost of the UAV is calculated in Eq. (5):
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We calculate the total energy consumption of the system by summing the communication
energy and flight energy in time period t in Eq. (6):

Bs(6) = W ) (eui(®) +we ) nep(®), ©)

where w,,, € [0,1] and w, € [0,1] are the energy consumption weight factors of GMT and UAV,
respectively, and w,,, + w, = 1.

The weights are adjusted according to the actual situation to satisfy the prioritized energy
demand and achieve the optimal energy consumption of GMT and UAV. 7 is a penalty factor for
flight energy consumption that serves to mitigate the magnitude difference. The UAV position
will be estimated again due to the update of the communication energy consumption, which
involves factors such as radio and computational resources and the trajectory of the UAV.
Therefore, weighting factors are needed to adjust the priority of the different components in the
optimisation.

Taking the mission priority as a criterion:

(1) If the Ground Moving Target (GMT) is more mission-critical and needs to be prioritised
to ensure its communication quality and energy control, then the value of the GMT energy
weighting factor can be increased appropriately.

(2) If the mission and resource allocation of the unmanned aerial vehicle (UAV) have a greater
impact on the operation of the whole system, or if the energy supply of the UAV is relatively easy,
then the value of the UAV energy consumption weighting factor can be increased appropriately.

3. UAY trajectory design model
3.1. UAYV traveling state

The UAV is denoted as Uy. According to [28], state of Uj at the moment t is expressed in
Eq. (7):

spx(t)

n(t) = )
0 (t)

(7

where spy (t) = (xk ®), v (t)) denotes the position information of UAV U, at moment t.
or(t) € 0 ={0,1,2,3,4,5,6,7} denotes the direction information of the UAV, and the eight
numbers denote the eight directions of the UAV, as can be seen from Fig. 1 [30].

1

a) b) <)
Fig. 1. The direction of UAV traveling
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Considering the UAV’s own flight requirements as well as communication constraints, the
UAV’s state transition will be affected by the turning characteristics, so after the UAV’s direction
is determined at the moment t, there are three possibilities of directions that can be chosen at the
moment t + 1, and the direction transformation of the UAV U, can be expressed in Eq. (8):

U (t) = {lox(t) — 1lmod8, 0, (t), [0, (t) + 1]Jmod8}, ®)

where u; (t) represents the direction decision control variable of UAV Uy, at moment ¢, and o, (t)
represents the direction of UAV U}, at moment t.

Taking the group of k UAVs performing the search task as a control system, the state of the
system at moment t can be expressed as R(t) = {r1(t), r,(t), r5(t), ..., 1. (t)}, achieving Eq. (9):

R(t+1) =f(R®),U®). ©

U(t) = {ui(t), uy(t), uz(t), ..., ur(t)} denotes the UAV group direction decision-making
control variable at the moment ¢. In the target range, the state equation of UAV U, at the moment
t + 1 is transformed to Eq. (10):

spe(t+ D] [spe(© + F(spie(©), e (1))
n(t+1) = , (10)
or(t+1) w, (t)

where f(spy(t), ug(t)) maps (spy(t), u,(t)) to a 0-1 array. The mapping relationship between
1. (t + 1), ug(t) and 0-1 array is shown in Fig. 2 [6].

Fig. 2. The UAV traveling state

3.2. The UAV CTRY model

The waypoints of UAVs can serve as decision variables. Analysis of reference [17], the
Constant Turn Rate and Velocity (CTRV) model is chosen to conduct continuous spatial modeling
of the UAV, and the model is discretized by time intervals, and the turn rate and velocity variables
at different time nodes are used as the decision variables. The tuple of the sequential decision
variables is in Eq. (11):

X = (px, Dy, V, W, a)’), (11)

where p, is the horizontal coordinate, p,, is the vertical coordinate, v is the velocity, w is the yaw
angle, w' is the angular velocity and x is the current state vector of the UAV.

Assuming that the previous moment is Tj, the corresponding state vector takes the value of
Xy, the next moment is T4, the time interval is 7, and the corresponding state vector takes the
value of x;, 1, we can achieve the state transformation equation as Eq. (12):

Tk+1
Xp41 = Xg +j x'dt. (12)

Tk
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Which is then transformed into the form of separate integrals for each component in Eq. (13):

Ti+1
f p'xdt

Tk

Tk+1
f p'ydt

Ty

Tikt1
X1 = X + f v'dt |, (13)
Tk

Tr41
f w'dt

Ty

Tkt
J- w'"dt

Tk

The corresponding geometrical significance of each parameter is shown in Fig. 3.

k+1

Py <filli> -

Fig. 3. Geometrical significance of each parameter
3.3. Recursive formula for discretization of the CTRV model

The CTRV model takes a constant rate of turn, i.e., the rate of change of angular w’’ = 0. With
an equally spaced sampling interval, it can be approximated that the UAV takes a constant velocity
v, and a constant angular velocity w’j, during that interval. Then the recursive formula for
discretized motion is achieved as Eq. (14):

&(sin (wy + W 8t) — sin (wy))
Wi

v
w—k (— cos(wy, + w;6t) + cos(wy))
k
0
' 6t
0

Xk+1 = Xk + ) (14)

where w'}, # 0.
3.4. UAV waypoints and decision vectors

We take a fixed value of angular velocity w' in the interval between neighboring waypoints,
and the sequence consisting of 'y is used as a decision vector, to achieve Eq. (15):

— (. r '
Qr uij = ((1) il @ ry520 7 @ TuierT)’ (15)
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where N, is the number of waypoints.

According to the previous analysis, waypoints are formed by equally spaced sampling intervals
at time gap 7. We use (t;,x;,¥y;) to denote the waypoint, where ¢; is the time, x; is the x-
coordinate and y-coordinate of the ith waypoint. ty, is the moment of the last waypoint of the
route and ty, = N, X 7. Due to the spatial variability of waypoints, spatial coordinates for
different waypoints are marked as r_uij, where r is the waypoint, u is the UAV, i is the type of
UAYV and j is the number of routes. Then, the path of waypoints P, ,;; is denoted in Eq. (16):

r_uij

Py yij = [(tbxl ,ylr_uu)’ . (tNT’x;_ruu’yAr’;uu)]_ (16)
4. CTRV modelling combined with dynamic resource allocation

Unknown variables are optimised at each time slot, where no a priori information about past
time slots is required except for trajectory scheduling. Thus, the proposed model and algorithm
favour unpredictable environments. Workflows for the interplay between communication
demands and trajectory updates.

1. Initialisation: set the initial position, speed, yaw angle, transmit power and other parameters
of the UAYV, as well as the initial communication demand of the GMT.

2. Demand Sensing: The UAV receives the communication demand information sent by the
GMT through sensors or communication modules, including data volume, transmission rate, etc.

3. Resource Evaluation: The system evaluates the available communication resources,
including spectrum resources, transmit power and remaining energy, based on the current
communication demand and the state of the UAV.

4. Resource allocation:

(1) Using the CTRV model, predict the position and state of the UAV at the next moment
based on its current position and speed.

(2) Discretise the continuous flight trajectory and decompose it into a series of waypoints, each
of which includes time, position and flight state.

(3) Based on communication needs and resource assessment results, use 0-1 planning to
determine the UAV's flight direction and mission execution decisions at each waypoint, and
dynamically allocate communication resources to meet GMT communication needs

5. Multi-aircraft collaboration: each UAV broadcasts its position and remaining energy
periodically, exchanges mission and status information between UAVs through communication
mechanisms (e.g., broadcasting, multi-hop communication, etc.), and allocates communication
resources through the mission priority when executing the mission. In order to avoid
communication interference, frequency division multiplexing technology is used to manage the
communication channel.

Trajectory scheduling involves determining the position of the UAV from the initial position
to the final position of all the time slots, and the first part of the objective function is to minimise
the sum of the flight energy consumption of all the time slots, not the flight energy consumption
of one time slot. In other words, a complete flight trajectory can be obtained by solving problem
Eq. (17):

ri(t)
v Win Sieoe (295 = 1) %2R +lIry () - mil?)

min wcnz i 1l w(e) 12+ : a7

rU(t) = go

where M is the set of UAV time slots. 1y (t) = (xy (t), yy(t), h), g, is the channel power gain at
the reference distance:
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n
minz E; - x;, (18)
i=1

where E; denotes the energy consumption of the UAV at the ith waypoint and n denotes the total
number of waypoints.

Constraints: Constraints include communication requirement constraints, resource constraints,
and flight characteristic constraints. Include the following conditions:

(1) Communication requirement constraints: ensure that the communication requirements of
each GMT are met.

(2) Resource constraint: the UAV’s transmit power and residual energy must not exceed the
maximum value.

(3) Flight characteristic constraints: the UAV’s turn rate and speed must be within reasonable
limits. Here the flight energy consumption is determined only by the velocity vector, expressed as
the velocity vector of the UAV flight defined as the ratio of the distance increment of the UAV in
the horizontal plane to the time gap, and flying at a constant altitude has no effect on the
gravitational potential energy consumption.

6. Communication execution: the UAV executes the communication task with the GMT
according to the planned trajectory and mission decision. During the communication process, the
communication quality and resource consumption are monitored in real time.

7. Feedback and Evaluation: After the communication task is executed, feedback information
is collected, including the communication success rate, data transmission volume, and energy
consumption. Based on this feedback information, the performance of the current trajectory and
resource allocation scheme is evaluated.

8. Iterative update: If the performance does not meet the requirements, such as communication
interruption and high energy consumption, the system will re-enter the demand sensing phase and
start a new round of trajectory update and resource allocation process. If the performance meets
the requirements, the current trajectory and resource allocation scheme will continue to be
executed until the task is completed.

Computational complexity: The computational complexity of the algorithm depends mainly
on the number of decision variables and constraints.

Time complexity: For a 0-1 planning problem with n waypoints, the worst case scenario
requires searching for 2™ possible combinations. Therefore, the time complexity is 0(2™).

Space complexity: The space complexity depends mainly on the memory required to store
waypoint information and decision variables. For n waypoints, n binary variables need to be
stored, hence the space complexity is O (n).

5. Simulation and experiment

Based on the algorithm and motion model above, we set up an air-ground collaborative
experiment consisting of multiple unmanned vehicle communication relays and UAV mobile base
stations to measure the cross-correlation characteristics of communication allocation and
trajectory design in a multi-UAV system. The slight displacement of the UAV causes the channel
conditions to change significantly, specifically the communication link varies between line-of-
sight and non-line-of-sight with pitch angle. In the experiment, we assume that 8 GMTs are
uniformly distributed in a 1x1 km? square area, and each GMT has a task volume of 150 Mbits.
Four UAVs are used to provide communication distribution for the GMTs, and the altitude is fixed
at hy,y = 50 m. The initial coordinates of the 4 UAVs are (0, 0, hy4), and the final coordinates
are (0, 1000 m, hy4y) and (1000 m, 0, hy 4y ). The entire interval is sampled every 5 s. Simulations
are verified based on the measured data to observe the gain ascension of the communication
demand in the channel per unit time.
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(b)Database generation via UAVs (a)Field experiments

LRt

Fig b. UAV Model

GNT2 T —|

© - Fig a. The UAV-assisted GMT system model

This graph shows the communication process
between the UAV and multiple ground-moving
targets at different points in time, with the blue
arrows indicating the communication links between

20 o w0 0 1000 the UAV and the ground-moving targets. These links
Fig c. Channel gain ascending and position distribution show the communication connections between the
UAV and each target.

Fig. 4. Measurement of intercorrelation characteristics for communication allocation
and trajectory design based on UAVs

In Fig. 4(c), the yellow dots in the center represent the location of the GMT, and the blue dots
represent the waypoints of the UAV.

The distribution of these points demonstrates the layout of the GMT in space. The dots
represent data at different points in time, and the order of the dots can be used to analyze the trend
of the UAV’s movement over time.

Each GMT is ranked in ascending order of channel gain in each time slot, and the overall
distribution of points scored is observed, such as the areas of apparent concentration or dispersion.
The results show the overall distribution of transmit power over different target demands and time
slots.

This paper extends experimental conditions involving urban environments, high-density
missions or dynamic obstacles for a comparative evaluation of UAV coordination strategies.

In the experiment, it is assumed that the initial coordinates of the four UAVs are (0, 0, hy4y)
and the final coordinates are (0, 1000 m, hy,y) and (1000 m, 0, hyy,y), respectively.This
symmetric and regular initial position setting allows the UAV to cover the target area relatively
uniformly during flight, which facilitates the study of communication allocation and trajectory
design effects under ideal conditions.

Different initial positions lead to uneven coverage density of the UAV in the target area, which
affects the communication efficiency and energy distribution. It makes it necessary for the system
to adjust the UAV trajectory and communication resource allocation more frequently to balance
the energy consumption and communication load of each UAV.

Flight altitude affects the quality of the communication link between UAVs and Ground
Moving Targets (GMTs). The communication coverage of UAVs at low altitudes is reduced. This
means that each UAV needs to adjust its position more frequently to maintain coverage of the
target area, which will increase the UAV’s flight energy consumption. At the same time, due to
reduced coverage, more UAVs may be required to fulfil the same task, or the UAVs may need to
perform more intensive communication tasking over a smaller area.

While the communication coverage will increase at higher flight altitudes, the signal
transmission loss will also increase. This may result in UAVs requiring higher transmit power to
maintain the quality of communication with the GMT, thereby increasing communication energy
consumption. In addition, higher flight altitudes may be affected by more airborne environmental
factors, such as wind speed and direction, which can pose greater challenges to UAV flight control
and trajectory planning.
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b)

©) d)

Fig. 5. Dual machine collaboration experiment

Fig. 7. Multi-drone group experiments on rainy days

In real environments, the flight path of a UAV may be affected by a variety of factors, such as
obstacles, no-fly zones, dynamic air traffic, etc., resulting in irregular paths. In this case, the UAV
needs to adjust its flight path in real time to avoid obstacles and no-fly zones, which will increase
the complexity and computation of path planning. Meanwhile, irregular paths may lead to frequent
changes in the communication distance and channel quality between UAVs and GMTs, requiring
more flexible communication resource allocation strategies to accommodate such changes.
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In urban environments with a large number of buildings and moving obstacles, the UAV flight
path needs to be adjusted in real time to ensure safety. This not only increases UAV flight energy
consumption, but may also affect communication continuity and stability. When UAVs need to
bypass buildings, they may temporarily lose direct communication links to some GMTs and need
to relay communications through other UAVs, which will change the allocation of communication
resources and energy consumption patterns.

Comprehensive evaluation of system performance based on the energy efficiency of each
UAV, enabling the integration of multi-modal and real-time data.

0 Spged

60 f

o
S

A
S

Speed(m/s)

0 50 100 150 200
time(s)

Fig. 8. Energy consumption of a single UAV

As shown in Fig. 8, the black solid line indicates the power output, the overall fluctuation is
large, but the overall over time is energy-saving trend and the speed is relatively low and small
fluctuations, in order to ensure the stability of the communication connection between the UAV
and the ground equipment, through the reception of the sensor data, the algorithms of this paper
processed by the control commands issued by the actuator to adjust the dynamic deployment of
the UAV, as well as to support the collaborative operation of the multi-UAV system and group
network communication.

The green dashed line indicates the change in energy consumption with speed fluctuation at a
given time. It can be seen that the speed that achieves the minimum energy consumption at a given
time has a relatively stable overall speed, indicating that the UAV operates in a more energy-
efficient manner most of the time

Discusses the possibility of integrating infrared detection sensor data into a trajectory
optimisation framework and its impact on communication allocation. As shown in Table 1,
infrared detection devices can capture and process data in real time, providing immediate
feedback. The all-weather observation capability enables it to maintain high detection
performance even in bad weather.

Visualisation of UAV trajectories, energy consumption patterns and resource allocation
processes, i.e. quantified as visual signals (voltage, operating temperature), when multiple UAVs
are working together, the system energy consumption and allocation role processes are monitored
by monitoring the voltages and operating temperatures of the three parts of the infrared detection
module, the communication distribution module and the flight control module.

The model increases the communication protocol configuration module to dynamically adjust
the communication parameters in the model according to the communication protocols actually
used. For example, for 5G protocols, the calculation of parameters such as channel gain and noise
power, as well as the allocation strategy of transmit power, can be adjusted according to their high
bandwidth and low latency characteristics. In this way, the model can better adapt to different
communication protocols and improve its applicability in the actual communication environment.
The communication resource allocation is dynamically adjusted according to the transmit power
of GMT communication demand, and the power change over time is shown in Fig. 10.
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Table 1. Integrating infrared detection sensor data

Technical index Sensor data Impact of data
. The thermal infrared band of this band has the highest
Operating frequency L o .
band 3 pm-5 pm atmospheric window target radiation energy and is the most

critical band in infrared detection technology
In high-speed maneuvers, the relative position of the target
Maximum tracking > 30%s changes rapidly, and the high tracking angular speed can
angular velocity - capture these changes in time, so as to track and communicate
feedback more effectively
The farthest distance the target is detected is affected by the
> 8km target's infrared radiation intensity, background noise and

Maximum detection

ran . o
ange detection sensitivity
The communication rate affects the interaction of mission
Rate.of . information between multiple UAVs, including mission
communication > 400 Mbps ’

location, data volume, priority, etc., so that resources can be

t n dron
between drones allocated more accurately

Operating voltage | Working voltage of | Flight control (of1]]
of infrared communication module operating | temperature
detection module | module voltage

UAV1 3.75V 3.72V 3.70V 16.6°C
UAV2 3.44V 3.38V 3.33V 17.0°C
UAV3 3.41V 3.34V 3.29V 751
UAV4 3.39V 3.32V 3.26V [I9NRE
UAVS 3.33V 3.39V 3.27V 20.1°C

Fig. 9. Visualisation of resource allocation for multi-computer collaboration

Based on the results of trajectory planning and 0-1 planning, dynamic allocation of
communication resources is achieved by adjusting the transmit power in order to ensure
communication with ground targets between the stable link and the UAV. During the
communication process, the system continues to monitor changes in communication requirements
and resource consumption to provide a basis for the next trajectory update and resource allocation.

In Fig. 10, the average power of the dataset for the optimal trajectory and the predicted
trajectory changes over time. The optimal trajectory is marked in pink. The power is low at the
beginning and increases gradually with time, peaking at 6000 bps in the middle of 21 s, then starts
to decrease and stops the ground-to-air communication after the presence of a small fluctuation at
40 s and the power drops to 0.

The predicted trajectory is marked in black. It peaks at 5800 bps at 16 s and then jogs down to
0. The prediction is a good fit to the optimum by 15 s, but the subsequent fit is poor because the
prediction does not take into account practical factors such as NLOS masking.

The large-scale UAV network model assigns different priorities or frequency band resources
to its different protocols to reduce interference between protocols. Meanwhile, the collaboration
mechanism between protocols can be studied, such as through protocol conversion or fusion, to
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improve the overall communication efficiency of the network.

Fig. 10. GMT communications transmit power

For tasks that require high reliability, a star topology can be used, with a central node for
resource allocation and coordination; while for tasks that require high scalability and flexibility, a
mesh topology can be used, with each UAV having certain resource allocation and decision-
making capabilities. The adaptability of the model to different network topologies is improved by
introducing topology identification and switching mechanisms into the model.

A hierarchical processing mechanism is used to classify network loads into different levels,
and prioritise and process them according to the urgency and importance of the loads. For
high-priority tasks, more resources and better communication links can be allocated; for low-
priority tasks, processing can be appropriately delayed or simplified. At the same time, a certain
amount of resources is reserved as a buffer to cope with unexpected high load situations and to
ensure the stable operation of the network.

We adjust the weighting parameters wy, and w, increase the number of UAVs, and measure
the communication efficiency and data processing speed in real time. Quantify the evaluation
criteria as time in sec. The result is shown in Fig. 11.

350

-one UAV

[C—Jtwo UAVs
300 ¢ [—Jthree UAVs

[ four UAVSs
250 |

1in!

average time spent by the UAVs time to complete the task

Fig. 11. Average flight time and task implementation time influenced by numbers of UAV

n
[=3
o

Time in sec
I
o

[=3
o

After tuning the parameters, the optimal energy consumption is achieved at w,, = 0.2,
w, = 0.8. The number of UAVs is set from 1 to 4, and the results are as follows:

1) As the number of UAVs increased from 1 to 4, the average time decreased significantly,
suggesting that more involved UAVs in a mission can reduce the average workload per UAV.

2) As the number of UAVs increases, the total time required to complete the task decreases,
suggesting that increasing the number of UAVs can improve the efficiency of task execution.
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3) Comparing the bars of different colors shows that increasing the number of UAVs can
effectively shorten the task execution time, which further confirms the negative correlation
between the number of UAVs and the time to complete the task.

4) The increase in the number of UAVs allows for tasks to be processed in parallel or for UAVs
to collaborate with each other, thus increasing overall productivity large-scale UAV networks.

6. Conclusions

In this paper, ground target demand, communication resource allocation and trajectory
scheduling are jointly formulated as an average weighted energy minimization problem in the
UAV-assisted GMT system. The transmit power is computed via the Shannon-Hartley theorem,
combined with time slot channel gain and target indexing to quantify the communication energy
consumption, and the resource allocation is dynamically adjusted according to the changes in the
communication channel quality.

The study integrates infrared detection sensor data into a trajectory optimisation framework
and calculates a maximum tracking angular velocity greater than 30 °/s, the operating frequency
band is 3 um-5 pm, maximum detection distance not less than 8 km.

The UAV position and communication energy consumption are updated as the mission
execution time progresses. The 0-1 programming and CTRV model discretization reasoning are
applied to dynamically optimize the UAV waypoints so that the communication resource
requirements of GMT can be adapted. The results show that with the high-density access of UAVs,
the efficiency of individual drone communications has increased by 64 % and the mission
completion rate has increased by 58 %. By optimizing the system parameters, an average weighted
energy minimization scheme is achieved which in turn achieves optimal energy consumption and
handles more tasks.

The division of tasks in real-life work is entirely determined by the allocation strategy, but the
splitting of data should take into account the specific characteristics of the tasks. Arbitrary division
may compromise the integrity of the data, so the more reasonable model should be used. Overall,
this paper makes an important contribution to the study of UAV communication resource
allocation and provides a valuable reference for future UAV resource allocation and energy
optimisation.
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