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Abstract—The high flexibility and controllable mobility of
uncrewed aerial vehicles (UAVs) make it possible to construct
the line-of-sight transmission link between devices in plant and
the remote center, where the channel state condition heavily
depends on the position of UAV. In this work, integrated sensing
and communication (ISAC) is adopted to simultaneously perform
position awareness and data transmission with limited radio
resources. In particular, a situation-aware hybrid sensing pattern
is proposed to reduce energy consumption and the interfer-
ence of sensing to communication. In this hybrid pattern, the
sensing function is activated on demand based on the channel
state condition that is heavily affected by the position of UAV.
Besides, the position control of UAV is performed based on the
sensing result to further improve the transmission rate. Then,
a joint optimization problem of beamforming design and power
allocation is formulated to maximize energy efficiency. To solve
this mixed integer nonlinear problem, the original problem is
decomposed into subproblems in Phase I and Phase II. Finally,
the golden-section based Dinkelbach algorithm and the penalty
based approximation algorithm are proposed to solve the Phase
I subproblem with the fractional objective function and rank-
one constraints. Moreover, a quadratic transform enabled joint
design of remote center beamforming and UAV transmit power
is proposed to solve the Phase II subproblem. Simulation results
verify that the proposed UAV-assisted integration of sensing,
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communication, and control approach outperforms compared
approaches regarding data volume and energy efficiency.

Index Terms—UAV-assisted ISAC, situation-aware hybrid sens-
ing, beamforming design, position control, antenna-angle control.

I. INTRODUCTION

ROMPTED by the development of information and com-

munication technology, a series of advanced Internet of
Things (IoT) services have been conducted, such as smart
manufacturing, smart cities, digital twins, and so on [1],
[2], and [3]. In these services, tremendous IoT devices are
deployed in plant to collect and deliver environment data to the
server for further fusion and processing [4], [5], [6]. However,
the surrounding obstacles and scatters block the signal propa-
gation, making it hard to guarantee the transmission reliability
and timeless [7], [8]. Fortunately, uncrewed aerial vehicle
(UAV) has been envisioned as a cost-effective aerial platform
to overcome the above limitations, since it has high mobility,
flexibility, and controllability and can provide the strong air-
ground line-of-sight (LoS) channels [9], [10], [11]. For the
UAV-assisted communication system, the accuracy of UAV’s
position is a key index, since it heavily affects the channel
condition and then the data rate and transmission reliability
[12], [13], [14]. Therefore, it is necessary to achieve both the
position sensing and the data transmission with limited radio
resources.

Integrated sensing and communication (ISAC) technology
aims at improving the data sensing and transmission efficiency
by well-designing the dual-functional signals to share the
same radio resources and wireless infrastructures [15], [16],
[17]. Meng et al. [18] proposed a periodic ISAC method, in
which the UAV periodically provides communication services
to users while performing target sensing tasks. Ni et al.
[19] proposed a communication-centric waveform optimiza-
tion system, in which the base station detects radar targets
while simultaneously communicates with mobile users. The
aforementioned studies primarily focus on achieving the orig-
inal communication functionality of the system while sensing
additional targets, without fully exploring the integration and
coordination gains of combining the two functions. Moreover,
the mutual assistance between communication and sensing
functions has not been adequately explored. Currently, there
are some works focus on the integrated design approaches
for ISAC. Xiao and Zeng [20] proposed a novel full-duplex
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(FD) ISAC scheme that utilizes the waiting time of con-
ventional pulsed radars to transmit communication signals.
Zhang et al. [21] proposed a dynamic frame structure, allowing
users to allocate a time-frequency ratio for dual sensing
and communication functions according to varying demands.
He et al. [22] extended the existing ISAC beamforming
design to a general case by considering the FD capability
for not only sensing but also communication for optimizing
the downlink and uplink transmissions. The above studies on
the integrated design approaches for ISAC primarily focus
on the periodic integration method. However, in practice,
the sensing demand is different and variable. It is necessary
to schedule the sensing functions on demand to reduce the
interference between communication and sensing. An adaptive
ISAC mechanism flexibly configures the sensing duration
according to the communication demand [23]. The sensing
function adopts an event-triggered approach that senses only
when the communication requirements are not met [24].
Therefore, the on-demand scheduling of sensing functions has
not been adequately explored.

As the advantage of ISAC technology on loss-of-sight
(LoS) links, some recent studies focus on the UAV-assited
ISAC system. The existing research on UAV-assisted ISAC
systems primarily focuses on resource allocation among sens-
ing and communication [25]. UAV beamforming design and
trajectory optimization are the main research interests [26].
The prevailing solution for the joint optimization problem
is leveraging an alternating optimization mechanism [27],
[28], [29], or deep reinforcement learning mechanisms [30],
[31] to strike a balance between sensing and communication
performance. The above researches highlight the significance
of UAV positioning, which significantly impact sensing and
communication performance. Consequently, trajectory or posi-
tion optimization has emerged as a pivotal domain of ongoing
research. However, most works primarily focus on the inte-
gration of sensing and communication, without considering
how to use the sensing result to improve the communication
performance. Moreover, the communication channel between
UAV and the ground user is mainly dominated by the LoS
link, which will be further determined by the position of UAV
[32]. The motion control of UAV was proposed to precisely
adjust the position of UAV, ensuring optimal beam alignment
and then enhancing the channel state for an improved backhaul
rate [33]. A UAV-assisted periodic communication and sensing
approach was proposed, where the penalty-based algorithm
was utilized to maximize the achievable rate by iteratively
optimizing sensing time, user association, UAV trajectory and
beamforming vector [18]. Moreover, a dual-function multi-
UAV wireless network maximizes the network utility by jointly
optimizing UAV position, UAV transmit power, and user
association subject to the positioning accuracy constraint [34].
Therefore, for UAV-assited ISAC communication systems, it
is essential to design the beamforming and transmit power
integrating with the trajectory planning and position control,
since the transmission rate heavily depends on the position-
aware channel quality. The above studies mainly focus on the
integration of sensing and communication, however, sensing is
generally not the ultimate goal, especially for mobile devices
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[35]. Tt is essential to study how to use the sensing result to
perform the control function to improve the communication
performance. Due to the execution of control function will
cause addition energy consumption, it is essential to investigate
the scheduling of control functions to improve the transmission
rate at low energy consumption based on sensing results [36],
[371, [38].

In this paper, we have investigated a UAV-assisted integra-
tion of sensing, communication, and control, which provides
a new option for data transmission in the industrial IoT. In
the considered system, the automatic guided vehicle (AGV)
transmits data to the remote center (RC) via the UAV, where
the channel state condition heavily depends on the position of
UAV. In order to provide a high-precision position at a low cost
of energy consumption, we investigate the integrated design of
antenna-angle control and position control together with the
situation-aware hybrid sensing pattern. The main contributions
of this paper are summarized as follows.

e The proposed situation-aware hybrid sensing pattern is
proposed to activate sensing and control functions on
demand according to the channel state condition, which
significantly reduces the interference of sensing signals
on communication.

e The integrated design of antenna-angle control and posi-
tion control could enhance the energy efficiency by only
performing beam alignment at a low energy cost when
the misalignment error is moderate.

e The designed golden-section based Dinkelbach and
the penalty based successive algorithms could ensure
the sensing accuracy and mitigate the sensing-to-
communication interference. Moreover, the designed
quadratic transform based reconstructive rank-one algo-
rithm could address the problem of resource allocation
with low computational complexity.

The remainder of this paper is organized as follows. The
system model is presented in Section II. In Section III,
the UAV-assisted integration of sensing, communication and
control is presented, along with the formulation of the maximal
system energy efficiency problem. In Section IV, the problem
decomposition and joint design of beamforming and power
allocation are proposed to address the problem. Section V
presents numerical results to validate the UAV-assisted inte-
gration of sensing, communication and control approach and
algorithms’ performance. Finally, Section VI concludes the
paper. For the sake of clarity, the main parameters of the
notations are listed in Table I.

II. SYSTEM MODEL

We consider a UAV-assisted ISAC system as shown in
Fig. 1, in which AGV with sensors gathers sensory data and
then AGV to RC via UAV. The half-duplex UAV works in the
decode-and-forward mode, thus the transmission process from
AGV to RC compose of two phases within an ISAC frame
period T, as shown in Fig. 2. Horn antennas are deployed
on both AGV and UAV. RC is equipped with a Ny-antenna
uniform linear array (ULA) for sensing and an omnidirectional
antenna for communication. Each ISAC frame consists of K
time slots, and the duration of each time slot is A.
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TABLE I
LIST OF NOTATIONS FOR MAIN PARAMETERS

[ Parameters i Notations |
kin The division point of Phase I and Phase II
P The communication transmission power of
ok AGV at k-th moment

P The communication transmission power of
wk UAV at k-th moment

P The propulsion power consumption of UAV
Ik at k-th moment

P The RC transmit power of sensing signal at
t.k k-th moment

P The power of RC sensing UAV at k-th

moment
The RC beamforming vectors of sensing
m-th device at k-th moment in Phase I
The RC beamforming vector of sensing

Wi, and W, 1

Vi and Vi UAV at k-th moment in Phase II
R The covariance matrix of transmitting
w,k beamformer at k-th moment in Phase I
R The covariance matrix of transmitting
v,k beamformer at k-th moment in Phase II
The horizontal angle relative to RC of
Pm.k sensing m-th device at k-th moment
0, The antenna direction angle of UAV at the
k-th moment
R The achievable transmission rate from AGV
R,k to UAV at the k-th moment in Phase I
R The achievable transmission rate from UAV
T,k to RC at the k-th moment in Phase II
Rth The threshold for transmission rate of
k sensing activation at the k-th moment
h, The sensing channel for sensing UAV at the

k-th moment
The error between the actual and state
ek estimates of UAV on the controller at the
k-th moment
The error of horn antenna direction at the
k-th moment

€6,k

e Phase I: AGV transmits sensory data to UAV. The chan-
nel state directly affects the transmission rate, which in
turn depends on the position of both AGV and UAV. Since
horn antennas are used by both AGV and UAYV, smaller
position distortions would lead to larger misalignment
errors. Thus, RC periodically senses both AGV and UAV,
and performs the beam alignment and position control
based on the sensing result.

e Phase II: UAV transmits data to RC. Omnidirectional
antenna is deployed at the RC. A large communication
rate can be obtained by UAV when the beams of the two
are aligned within a certain range. Therefore, RC senses
the position of UAV in an event-triggered mode. If the
triggering condition is satisfied, RC performs the beam
alignment and position control based on the sensing result
to ensure that the misalignment is in the best situation.

The phased division point for Phase I and Phase II is
denoted by ky,. Consequently, a coefficient representing the
first and second periods is introduced as

1, if0<Fk< ke,
Yp = : kS (1)
0, if kg <k < K.
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Fig. 1. UAV-assisted integrated system of sensing, communication, and
position control.
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Fig. 2. Two-phase transmission in an ISAC frame.

A. Communication Channel

The alignment of communication beams plays a crucial
role in enhancing the transmission rate. In the subsequent
section, the channel model is presented, with a specific focus
on misalignment fading. Under this consideration, the wire-
less channel undergoes flat fading (i.e., it is LoS-dominant),
incorporating path loss and misalignment fading, while the
impact of multipath fading is neglected. h; j and hg ) rep-
resent the AGV-to-UAV channel and the UAV-to-RC channel
respectively, which are given by

hix = hp kR i, (2)
hok = hp kha ks 3)

where hy, ;. is the path loss at the k-th moment, and h,, k
and h, ) are the misalignment fading of Phase I and Phase II,
respectively.
1) Path Loss: The path loss could be described with the
free-space propagation model, which is expressed as
VGG A

g = Y2 4
p,k 47rdk Y ( )

where GG; and G, are the gain of transmission and recep-
tion, respectively. A = i is the signal wavelength, where
c is the speed of light, f is the occupied frequency band.

dp = \/(ng,k - g;po,k) + (gy2.k — gyO,k) + (ge2.k — gzOJc)
is the distance between UAV and RC at the k-th moment,
where g; 1, gy, 9.,k €xpresses the x-axis, y-axis, and z-axis
coordinate values at the k-th moment, respectively. Moreover,
922,k is the flight altitude of UAV at the k-th moment.

2) Misalignment Fading: Tt is assumed that the radius of
area covered by AGV and UAV is R and r at distance ds,
respectively. Additionally, I; denotes the misalignment error
between the beam center of AGV (Oaqy) and the beam
center of UAV (Opay) at the k-th moment. Fig. 3 shows
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Fig. 3. Misalignment error [ and three situations in Phase I.
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Fig. 4. Misalignment error and three situations in Phase II.

the three situations of misalignment errors based on [ versus
R. According to the result proposed by [39], the misalignment
fading of Phase I is expressed as

2
20

i = Poe 72, ®)

which shows that misalignment fading is the received power at
UAV in the area S with distance ds. R, is the equivalent beam-
width, and eg ;, is the error of the horn antenna. Therefore, the
misalignment errors in Phase I considers only in the tangent
plane direction of the optimal direction, i.e., [ = ¢-tan(eg k),

where ¢ is misalignment error factor. When [, = 0, the
received power is represented by
Py = erf(e)?, (6)

where er f(-) is Gauss error function ande = (\/77)/(v/2R,,)
[40]. Then, R, could be expressed as

R2 _ R2 ﬁerf(e)7 7

¢ ™ 2ee€ @

where R,, is the maximum radius of the beam at distance d;.

As mentioned before, RC employs an omnidirectional antenna,

thus the alignment of UAV’s horn antenna is determined by

the projected area of UAV’s horn antenna beam onto the

omnidirectional antenna beam of RC [41], as shown in Fig. 4.

The misalignment fading h, j in Phase II can be expressed as

2
PySi, —2Zk

o = TR 8
& Soe (3

where Sy = 27r2(1—cos(fp)) is the projected area in the best
situation, and Sy = 2773 (1 — cos(fp — eg 1)) is the projected
area of UAV’s beam on RC’s beam, where ry = /72 + d52
is the UAV’s beam radius and 6 = 2arctan(r/ds) is the
UAV’s beam angule. Then, the misalignment error Lj at the
k-th moment can be given by

Ly=c¢- tan(eak). 9)
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Note that the appropriate position for UAV is the position
where the beam is perfectly aligned, in which UAV could be
in the best situations.

B. Sensing Channel

RC senses the position of AGV and UAV by transmitting
sensing signals with ULA. According to [42], the sensing
channel of UAV at the k-th moment is expressed as

5
h,, = a(p2,k),
¢ o+ Zan— Zow] ")

where [ is channel gain at a distance of 1m from RC to
AGV or UAV. The position of RC and UAV at the k-th
moment is respectively expressed as Go x(Zok, 9:0,k)

(10)

and G27k(Z2,k, gzg,k), where Z07k(g3¢0,k, gyO,k) and
Z3 x(922,ks Gy2.k)-
C. UAV Position Control
The discrete-time control model of UAV is given by
Xkt1 = Agxi + Bgyuy + Wz,, (11D

where A is the state transition matrix, By is the control input
matrix, uy is the control input, and w? is the perturbation
caused by additive gaussian white noise with zero mean and
variance Wy. The state information of UAV at the controller
can be expressed as

Xk
k =
y 0,

where di, = (1 —1))d}. + 1y is the sensing activation factor in
an ISAC frame, and Jj, is the sensing activation factor in Phase
IL. §;, = 1 denotes the activation of sensing, indicating that the
embedded controller knows the sensing information at RC, and
0 = 0 denotes the absence of sensing activation, implying that
the controller lacks knowledge of the current state of UAV.
According to Eq. (11), the controller can calculate the control
input as

h =1
when Jj, , (12)
when 0 = 0,

13)

where K, = R_'BJPj is the control gain, where
P}, can be solved by Ricatti equation BYPy + PrA,; —
P:B,R.'BTP;+Qj = —Qj_1 and the detail can be found
in [43]. R, is the control cost of uj. The control gain K, in
Phase I and II, follows the same rule with different parameters
R..

Furthermore, according to [44], for a rotorcraft UAV with
speed Z) = w, where G1 k(Z1 k, g:1,k) is the
position of AGV, where Zj k(g1 .k, gyl,k). Moreover, the
UAV’s position control introduces additional propulsion power
consumption, which is specifically modeled as

ur = Kyyr,

02 )" 7

372 Py, 1
Pf’k(Zk) =h, (1 + k) + + §doP8woZ;§a (14)
where Uy, is the rotor blade tip speed, v, is the average
rotor induced speed, d, is the body drag ratio, P, and P;
are respectively the blade profile power and induced power, p,
s and w, are the air density, rotor solidity and blade angular

velocity, respectively.
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Fig. 5. Schematic diagram of the phased communication and sensing tasks in 3D and 2D angles.

D. UAV Antenna-Angle Control

The UAV’s antenna-angle control can be quickly adjusted
to ensure beam alignment with less power consumption. The
direction of the horn antenna on UAV is characterized by
the pitch angle 6 and azimuth angle ¢. Considering that
the antenna angle of AGV is fixed, UAV moves along the
intersection line between its trajectory and the optimal angle
plane. To simplify the position control model and reduce
complexity, it is assumed that the azimuth angle remains
constant, and horizontal disturbances are neglected. The angle
at which the horn antenna points towards AGV at the k-th
moment can be calculated as 6, 5, where

91,k — 922,k

\/(gzl,k - ng,k)Q + (gy1,k — 9y2,k)2

Qd’k = tan_l

(15)
Then, the error of horn antenna direction at the k-th moment
is

eo = Ok — Oa i, (16)

where 6 is antenna direction angle of UAV at the k-th
moment, which can be obtained through UAV’s built-in sensor.
The control output at the k-th moment can be expressed as

ax = Koy, (17)

where K, is the control gain. UAV antenna-angle information
can be expressed as

oka
0,

The discrete-time control model for horn antenna angle of
UAV is

when §, = 1,

Ve = (18)

when §;, = 0.

Or+1 = Aubr + Bagi + wi, (19)

where A, and B, are system parameter matrix, wy, is distur-
bance.

IITI. INTEGRATION OF SENSING, COMMUNICATION, AND
CONTROL

The integration communication, sensing, and position con-
trol of UAV are elaborated in this section. The communication
task in Phase I and Phase II is respectively the data trans-
mission from AGV to UAV and data transmission from UAV
to RC. RC performs the sensing tasks in a hybrid sensing

pattern. In Phase I, RC senses the positions of AGV and
UAV in a period pattern, and in Phase II, RC senses the
position of UAV in an event-triggered pattern, as shown in
Fig. 5. As the remote center is employed on the building at
a certain height, it is assumed that the LoS sensing channels
from the RC to AGV and UAV. The whole process of sensing
and communication include two phases. Firstly, this work
introduces the communication and sensing in Phase I in the
subsection III-A. Secondly, the communication and sensing in
Phase II is introduced in subsection III-B. Finally, the phased
integration problem of sensing, communication, and control is
formulated in subsection.C.

A. Communication and Sensing in Phase |

In this subsection, the received signal of UAV and the
achievable transmission rate are introduced at first. Then,
the sensing performance and sensing power consumption are
described.

1) Communication Process in Phase I: In Phase I, AGV
and UAV participate in data transmission. Simultaneously,
the sensing function of RC is activated, and the control link
between RC and UAV is initiated.

For the commuincation in Phase I, the signal received by
UAV at the k-th moment can be expressed as

Yuke = h1kSa + I x + wy, (20)

where s, € C is the communication signal from AGYV,
x € CN*1 s the sensing signal from RC, h; ;, € C is the LoS-
dominant fading wireless channel between AGV and UAV at
the k-th moment, h, j, € CN*1 is RC sensing channel between
RC and UAV at the k-th moment, and w; € C is additive
noise with zero-mean and variance Ny, i.e., wy ~ CN (0, Np).
Moreover, the successive interference cancellation (SIC) tech-
nology is employed to achieve the simultaneous transmission
of sensing signals and communication signals on the same
channel. Then, the achievable transmission rate from AGV to
UAV at the k-th moment in Phase I can be expressed as

\hi o Pe . 2
10g2 1+ 7’]\[0 ’ , if0< |h1,]€‘ Pc,k < stk,
Rri =
R’ |h1,k\2Pc,k )
logy | 1+ PNy ) otherwise,

2y
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where P, is the transmit power of communication, P; j is
the receive power of sensing. If the SIC condition is satisfied,
the interference from the sensing signal to the communication
signal could be eliminated. Otherwise, the sensing signal could
be regarded as an interference for the achievable transmission
rate.

2) Sensing Process in Phase I: For the sensing in Phase I,
RC acquires the position information of UAV and AGYV, based
on which the misalignment error [ is calculated. As both the
AGYV and UAV are mobile, the sensing targets in the first stage
are the AGV and UAV, and then the periodic sensing pattern is
considered to ensure the sensing accuracy. Then, the position
control of UAV is performed based on the sensing results. The
activation conditions for the control mode are expressed by

S @)
0, ifly <R.

Subsequently, based on the activation conditions of control
mode, either both the UAV position control and antenna-angle
control is implemented, or only the antenna-angle control is
implemented, as shown in Fig. 6.

The covariance matrix is used to evaluate the sensing perfor-
mance. According to [45], the covariance matrix is expressed
as

M

Ryp =Y WirWiy, (23)
i=1

where w, ;, is the transmitting beamformer of the sensing

signal. Then, the transmit power of sensing signal at RC is

P, =Tr(Ry k). (24)

The sensing beampattern in the direction ¢,y ;, is given by
i (25)

Hl(@m,,k) =a (Pm,k)Rw,ka(QOm,k)»m S Ma

N . . T
where a(%k):[L eI K dsinlomn) | eI FAN=1)sin(pm.r)
is the steering vector. ¢, = arcsin ——=22E_—— 'm € M

is the horizontal angle relative to RC, wlﬁghk isg?fgfgted to the
positions of AGV and UAV.

In practical scenarios, the design of the desired sensing
beampattern is tailored to meet specific sensing requirements.
If the sensing system lacks information about the target
and operates in detecting mode, an isotropic beampattern is
preferred, where power is uniformly distributed among all
directions [46]. However, when the sensing system possesses
prior information about targets and operates in tracking mode,
the beampattern is anticipated to exhibit dominant peaks in the
target directions. Due to the acquisition of priori information

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 25, 2026

about AGV and UAV, RC adopts a tracking mode. Conse-
quently, the power of RC sensing UAV at the k-th moment
can be expressed as

Py = [ wa|” = [0, W ihy . (26)

According to [47], the mean square error (MSE) is regarded
as a beampattern approximation index to evaluate the sensing
perference, where the MSE of RC beampattern approximation

M
is defined as MSE(R) = ) ’Pd(tpm) —a(pm)Ra(pn) ?
m=1

where P, is the minimum mean square error compared to
basic beamforming. According to [48], the beampattern in the
target direction can archieve high accuracy sensing when it
meets the MSE requirement with the desired beamforming.

B. Communication and Sensing in Phase Il

In this subsection, the received signal at the remote center
and the achievable transmission rate are introduced at first.
Then, the event-trigger sensing and UAV’s position control
are described. Finally, the activation conditions of sensing and
control in Phase II are introduced.

1) Communication Process in Phase II: For the communi-
cation in Phase II, UAV would forward the data to RC. The
signal received at RC can be expressed as

Ya, kb = ho Sy + 5;/€h?,;gxe + W, 27)

where s, € C is the communication signal sent by UAYV,
ha i € Cis the LoS-dominant fading wireless channel between
UAV and RC at the k-th moment, x. € CV*! is the echo
signal of the sensing signal sent by RC. In general, the echo
interference from the RC sensing signal is very small and
could be treated as noise [49]. In this case, the achievable
transmission rate from UAV to RC at the k-th moment in
Phase II can be expressed as

|ha.k 1Pk

1
+ No )

Rt = log, (28)
where P, ;. is the UAV’s transmit power of communication.
2) Sensing Process in Phase II: For the sensing in Phase II,
RC communication function is consistently active to receive
data from UAV. The scheduling of sensing function is executed
on demand. Thus, the event-triggered sensing pattern is con-
sidered to reduce the sensing cost with the overall performance
guarantee. For the event-triggered sensing pattern, the remote
center (i.e., the receiver) evaluates whether the triggering con-
dition is satisfied and decides whether to activate the sensing
function based on the achievable data rate. The data rate serves
as the triggering criterion since it directly indicates the wireless
channel quality. Thus, the trigger event relies on the feedback
from the receiver, which can reduce computational complexity
and enhance situation-awareness ability. In this approach, the
remote center performs the state estimation of UAV’s position.

The estimated state can be expressed as
jk—o—l\k = Adlﬁk‘k + Baug. 29)

The actual state of UAV is sensed by RC when the estimate
in Eq. (29) cannot maintain the control performance and
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guarantee the communication requirements. Then the state
estimation at k-th moment is obtained as

. Tk, when §; =1,
Tk =14 . y (30)
Zpk—1, when § =0.
The covariance matrix in Phase II is given by
R, = ViVy, 31)

where vj is the transmitting beamformer of sensing signal.
Then, the transmit power of sensing signal in Phase II is

Pv,k = Tr(Rv,k)~ (32)

The sensing beampattern in the direction o j is given by

1 (33)

HQ(SOZ/C) =a 4102,k)R’U,ka(<p2,k')-

3) The Activation Conditions of Sensing and Control in
Phase II: For the sake of simplicity, this work assumes that
UAV hovers in the horizontal plane. Combining the actual
control updates in Eq. (11) and the estimated states in Eq.
(29), the error between the actual and state estimates of UAV
on the controller can be given by

Cht1 = Tht1 — Lht1)k- (34)

According to [50], similar to signal-to-noise ratio in com-

munication, the work adopts the concept of state to noise
~ 2

ratio, i.e., Yx+1 = ‘LHTIQ"J, and then derives the relationship

between the sensing-control activation threshold py, aznd the
state-to-noise ratio threshold, i.e., p;, = exp (—lz’;fii'kl) An
excessively high activation probability will trigger the sensing
functions more frequently, increasing energy consumption.
However, an excessively low probability will fail to ensure
the beam alignment, deteriorating the wireless channel quality
and reducing the transmission rate. Thus, a threshold for the
transmission rate of sensing activation is obtained

h 2 h 2P 21In(ptr)
R21:10g2<1-+| pok | Pkl wk gy 2>.

No
(35)
Then, RC evaluates whether the triggering condition is
satisfied and decides whether to activate the sensing function
based on the achievable data rate. The triggering condition of
sensing function is expressed as

5 J1 i Rryc< R, 36)

710, if Rpy > R
The event-triggered sensing mode is sensitive to both the
achievable transmission rate in Phase II and the activation
threshold. In particular, a larger activation threshold provide a
higher requirement for the wireless data transmission, which
in turn is determined by the UAV’s transmit power. Thus, the
event-triggered sensing will be more sensitive to the design of
UAV’s transmit power when the activation threshold is larger.
Moreover, the event-triggered activation threshold is affected
by the activation probability, which in turn is determined
by the state-to-noise ratio threshold. In this way, it can be
inferred that a higher requirement of sensing quality will
lead to a larger threshold of state-to-noise ratio, and then a
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The achievable
rate from
UAV to RC at the k-th
moment

Sensing Pattern
Activation Conditions

(34)

The state estimator in
the controller estimates
the UAV state

Sensing activation to
obtain position
information of UAV

Nj
UAV Antenna

Angle Control

Fig. 7. Sensing and control event-trigger pattern based on the achievable
transmission rate at RC in Phase II.

Control Pattern
Activation Conditions

UAV Position

Control

higher activation probability. Thus, the event-triggered sensing
is sensitive to the required sensing quality.

The control activation approach is judged based on UAV
beam projection area, which is expressed as

1, if S, =0,

. 37
0, 1f0<Sk SS@

Er =

The detailed activation process of sensing and control is
shown as Fig. 7. Firstly, the achievable transmission rate from
UAV to RC at the k-th moment is calculated at RC. Based
on the event-triggered pattern, it is determined whether the
sensing activation or UAV state is estimated by the estimator.
Then, if sensing is activated, based on the activation conditions
of control mode, either both the UAV position control and
antenna-angle control is implemented, or only the antenna-
angle control is implemented.

C. Problem Formulation

This work employs the sensing results to control the antenna
angle and the UAV’s position to enhance the channel state
condition, and then improve the transmission rate of sen-
sory data from AGV to the remote center with low energy
consumption. Therefore, the objective function is formulated
as the ratio of sum data rate to power consumption, which
is generally regarded as the energy efficiency and could
balance the performance and cost. Moreover, to prevent the
data transmission volumes of the two phases from causing a
bottleneck in the final transmission, a reasonable allocation
between the two phases will directly impact the system’s
communication capacity. The optimization variables of F
includes the transmit power (P ; and P, 1), the beamforming
vector (W, 1 and vi), and the phased division point for Phase
I and Phase II (k;5). As the achievable data volume between
AGV and AP depends on the minimum of data volumes in
Phase I and Phase II, the value of division point k;, affects
the achievable data volume (i.e., the numerator of the objective
function). Moreover, a larger ky;, will increase the data volume
in Phase I, but decrease the data volume in Phase II. Thus,
it is necessary to optimize the value of the division point kyy,
to balance the data volumes in Phase I and Phase II. Both
the transmitting beamformer of sensing signal w,, ;, and the
transmit power of communication signal P, ; are the essential
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parameters in Phase I, which determines the sensing accuracy
and the transmission rate in Phase I, respectively. Similarly,
both the transmitting beamformer of sensing signal v and the
transmit power of communication signal P, j are the essential
parameters in Phase II, which determines the sensing accuracy
and the transmission rate in Phase II, respectively. Based
on the above discussion, the constrained energy efficiency
maximization problem is formulated as

K
Dk, BTk
PIOI

Po::maxin, p, 4,
Won, ks Pu ke, Vi

M
s£.C1: Y Y |Pa(mi) — Hi(omu)|” < 7.V,
m=1

C2 : 84| Pa(pa) — Ha(p2,0)|* < 7, Yk,
C3: Tr(Rw,k) < B7Rw,k > 0,Vk € (0, kth]u
C4: Te(Rog) < P Ryg = 0,k € (kn, K,
C5:0 < |hk|*Pog < Pay, Yk € (0, k),
C6:0< P, <P,k e (kwn, K],
K kin

C7: > Rrx <) Rru

k=ken k=1
C8: kyn € Zy, ke € (0, K),
C9: &, ek, vr € {0,1},VE € K,

K
where P = 3" [t (Pe i+ Py i)+ (1=1%) (Puk+0' 1 Py i)+

exPri]. In adgitilon, C1 and C2 denote RC sensing accuracy
constraints corresponding to phase I and phase II. C3 and
C4 denote the maximum transmit power of beamforming
constraint, where P, denotes the sensing power budget. C5
is the constraint of the SIC conditions in Phase 1. C6 is the
constraint of the transmit power of communication in Phase II.
C7 is the upper limit of the data volume transmitted in Phase
II. C8 denotes the integer constraint on the phased division
point. C9 denotes the 0-1 constraint on the sensing and control
activation factors.

Note that Py is a mixed-integer nonlinear programming
(MINLP) problem, since it includes the integer variable &y,
and continuous transmit beamformer of the sensing signal
variable w,, 1, vy and the transmit power of AGV and
UAV P_, P, . The nonlinear objective function cannot
be expressed explicitly with decision variables. Thus, it is
intractable to solve Py directly so that the effective decom-
position and iterative methods are employed to solve Py.

IV. JOINT BEAMFORMING AND POWER ALLOCATION VIA
CONVEX APPROXIMATION AND PROBLEM
DECOMPOSITION

In this section, the original problem is decomposed into two
subproblems. One is the beamforming and power allocation
subproblem in Phase I, and the other is phased division point,
beamforming and power allocation subproblem in Phase II.
Then, the Golden-section search-based Dinkelbach algorithm
and Penalty-based SCA algorithm are proposed to solve
the non-convex subproblem in Phase I due to the fractional
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objective function and rank-one constraints. Moreover,
based on quadratic transform, joint RC beamforming and
UAV communication power design is proposed to solve the
subproblem in Phase II.

A. Problem Decomposition

The quadratic form of covariance matrix and the fractional
form of objective function make it challenging to solve Py
efficiently. Moreover, it can be seen that the beamforming
vectors change with UAV and AGV positions and influence
communication and sensing power. Therefore, to effectively
solve the non-convex problem, it is decomposed into two
subproblems based on two phases of relay transmission.
Specifically, at the k-th moment, the beamforming and power
allocation subproblem in Phase I is expressed as

max RR’k
Pe ;Wi k Pc7k + Pt,k + Ska,k
s.t. C1,C3,C5, C9.

8771 :

Thus, the phased division point, beamforming and power
allocation subproblem in Phase II is expressed as

K
> Ry
k=k
SPo:  max “‘t n
Kth,Pu k, Vi pto

s.t. C2,C4,C6 — C9.

B. Solution to Problem SP1

In this section, we propose the golden-section based Dinkel-
bach algorithm and penalty based SCA algorithm to solve the
fractal non-convex subproblem SP;. As the numerator is a
concave function on the communication transmit power of
AGYV, and the denominator is a convex function on the power.
SP1 can be converted into a concave maximization problem
by utilizing Dinkelbach method [51], [52]. The transformed
subproblem is given by

SP11: p, max kf(nk) =Rrx — M (Pep + Prix +exlri)

s.t. C1,C3, C5, C9,

where n, = Rrx/Per + Pk + ex P

Remark 1: According to [51], the optimization problem
8Py is equivalent to the optimization problem SP; if and
only if f(n}) = 0 where 7} is the maximum .

It means that if we find 0}, f(n;) = 0. Thus, the solution
to the optimization problem SP; can be obtained by solving
its equivalent problem SPy ;.

Then, let W, = Wy, s Wi | Vm € M, where W, ;, =

m, k>

0 and rank(W,, ;) = 1. Then, SP1.1 can be reformulated as

f(me)

s.t. C1,C3, C5, C9,
C10 Wi po = 0, W,y o = WE
Ym € M,
C11 rank(W,, ;) = 1.

SPis: max
P, 1, W

c, ks m,k
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For this optimization problem, the primary non-convex con-
straint comes from the rank-one constraint, i.e., C11. A SDR
approach could be used to deal with the rank-one constraint.
Then, the general-rank solution obtained with SDR could be
reconstructed as a rank-one solution by using the eigenvalue
decomposition or Gaussian randomization method. This may
lead to a large performance loss and can not guarantee the
feasibility of reconstructed matrix. To deal with this issue,
we convert the rank one constraint into a penalty term in the
objective function and then solve the reformulated problem
with SCA. According to [53], we introduce an equation
constraint

HWm,kH* - ||Wm,k||2 = 0; m e M7 (38)
where || - ||« is the nuclear norm that is the sum of singular
values of the matrix, and || - ||z is the spectral norm, which is

the largest singular value of the matrix. Thus, Eq. (38) will
hold if W,,  is a rank-one matrix. Otherwise, the sum of
singular values is larger than the largest singular value, i.e.,
W klls = Wi kll2 > 0, since W, j, is semidefinite. To
obtain a rank-one matrix, we introduce a penalty term to the
objective function based on Eq. (38), yielding that

S'Pl.g : max
P, W

e,k Wim,

1
fOmw) — g (W k[« = [Won,k[l2)

s.t. C1,C3,C5,C9, C10,
Cl1 Wy = 0, Wy, o = W
Ym e M,

where ¢ is the penalty factor. The rank of W, ;; is closer to
1 when £ tends to 0, i.e., L tends to oo. In this case, the main
non-convexity of SP; 3 comes from the second term of the
penalty term, whichcould be replaced with its upper bound
replacement, i.e., its first-order Taylor expansion term at the
W1, & point, which is given by

= A
- ||Wm,k||2 Sw;nmk = 7HW27J¢H2
—Tr [meaw,m,k(W:maw,m,k:)H(Wma’f - 7771%16)]’ (39)

where Wi, . is the eigenvector corresponding to the largest

eigenvalue of W7, ;. Thus, the problem SP; 3 can be approx-
imated by

1 ~
F) = (Wl + 1W 1)
s.t. C1,C3,C5, C9, C10.

SPi14: max
P, ., W

c, ks m,k

The problem SP; 4 is a quadratic semidefinite program
(QSDP), which can be efficiently solved by the CVX toolbox
[54] and the MOSEK solver [55]. As mentioned above, the
& value can only be closer to the rank-one constraint if the
penalty term is sufficiently small. However, a problem will
arise as the value of the objective function tends to be infinity.
It cannot get a value that fits the rule, so a reduction factor € is
proposed. By initialising a large value of € and then gradually
reducing it to a sufficiently small value via £ = €£,0 < € < 1,
the overall suboptimal solution is obtained. When the penalty
term is small enough, i.e., |[W, |« — [[Wikll2 < €2.
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Algorithm 1 Golden-Section Based Dinkelbach Algorithm on
Outer Iterative
1 Input: 0y, np, K, ©m, M, 1, &, Ok, €k, Pri;
2 Output: 7n;, W:%k, P;k;
3 Initialization: 7 = (v/5 — 1)/2, vy = 0, — 7(n — M)»
vp =+ T(Mh —m);
repeat
Solve SP;. 4 besed on 7; and 7, with Algorithm 2;
Calculate f(n;) and f(nn);
if f(m) < f(nn) then
fm) «— f(m), m «— v, vy — vp, U —
m+ 7 —m);
9 else
10 Nh 4 Vh, Up $— U1, v & M+ (1 =7)(nn —m);
11 end if
12 until |, — 0| < k;
13 m <— (M +m)/2;
14 Calculate W7, and P, by solving SP1.4 besed on 7;;

m,k

with Algorithm 2.

0 N N L A

Algorithm 2 Penalty-Based SCA Algorithm on Inner Iterative
1 Input: p,,, M, n, &;
2 Output: W, 1., P 1;
3 Initialization: feasible W?

m,k> € €15 €23
4 repeat
5 n—0
6 repeat
7 Solve SP; 4 according to W2 i
8 Update W/'t! based on W, :
9 n+—n+1;
10 until . = % <e
11 W?n,k: — W;riz,k;
12 &+ €&

13 until |[W,, ]|« — [[Wokll2 < ea.

Moreover, a two-layer iterative algorithm based on
Dinkelbach-penalty-SCA is designed to solve the energy effi-
ciency maximization problem. The overall solution process of
SPy.4 is summarised in Algorithm 1 and Algorithm 2. The
outer iteration is the golden-section search-based Dinkelbach
algorithm, which aims to find 7} from [0, 7,”], where n,” is an
upper bound on 7. For Algorithm 1, the Dinkelbach algorithm
has capability to obtain the optimal solution of convex prob-
lems. The inner iteration employs a penalty-based successive
convex approximation algorithm, which obtains a sub-optimal
solution by analyzing the convergence of the penalty term and
the objective function value. In this work, the initial values
of Wy, and P, are set as 0. Moreover, different initial
value selections may affect the algorithm convergence speed,
but will not affect the convergence value. The complexity
of the Algorithm 1 is O(log(nn/k)log(f(nn)/k)), and the
complexity of Algorithm 2 is O(1,1;M®5N65log(1/e)),
where I, and I, are the numbers of iterations in the
outer and inner layers in Algorithm 2. Consequently,
the complexity of the algorithm for solving SP;4 is

O(log (/) log(f (nn)/£) (L L; M** N2 log(1/€))).
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C. Solution to Problem SPs

In SP,, the integer variable k;, makes it challenging to
solve SPo directly. If the length of an ISAC frame is given,
the selections of phased division point are finite, and a search
algorithm can be employed to find out the best one. Therefore,
in solving the SP, problem, we fix the value of kg, for
the problem. Moreover, in Phase II, the power consumption
for Phase I has already been determined. Consequently, the
formulation of the SP2 problem can be rewritten as

K

Rr x
SPs1: max :
Py k,VE

k=kq Py + 5/k(Pv,k + Eka,k,)
s.t. C2,C4,C6 — C9.

The optimization objective function of SPy; has an
expression of multiple-ratio fractional form, which makes it
intractable. Motivated by the direct fractional form algorithm
[56], the quadratic transform is applied to decouple the objec-
tive function as

g(Pu,k:7 Vi, Xk)
= 2Xk/Rrx — X3 (Pug + 0k (Pok +exPr 1)),
where xj, is introduced as auxiliary variable and given by
Xk = V/Rrx/(Pug + 0 k(Pog +exPrr)).  (41)

Then, the original problem SPs 7 is equivalently trans-
formed as

(40)

K
SP22: max E 9(Pu ks Vies Xk)
Py kv
k:kth

s.t. C2,C4,C6 — C9.

Remark 2: According to [56], the optimization problem
SP4.o is equivalent to the optimization problem SP5 ; if and
only if 0g(Py k, Vk, Xx)/Ox5 = 0 where x} is the maximum

Xk-
Rt x

Py + 8 k(Poy +exPri)

In Phase II, RC needs to sense UAV only when the sensing
function is activated. Based on this, there is no need to
compute the sensing beamforming when the sensing-control
system is not activated. Therefore, we rewrite the optimization
problem is different cases. The inactivation problem and acti-
vation problem is shown in SPs 3.1 and SPs 3.0, respectively.

Xk = (42)

SPasa: TIIDlaX2Xk\/m — XiPuk
u,k
s.t. C6 — C9.

The problem SPs 51 is a convex program, which can be
efficiently solved with the CVX toolbox [54] and the MOSEK
solver [55].

SP23.2: max g(Pyk, Vi, X&)
Py, Vi
s.t. C2,C4,C6 — C9.

The problem SP5 3.5 is a non-convex problem, and the main
non-convexity of SPy 349 are Rrj and vy in the objective
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function. Then, we define an auxiliary varaibles Vi = vkka ,

where Vi, > 0 and rank(Vy) = 1. SP2.3.2 can be reformu-
lated as
SPa.s: Pﬂé}%,kg(Pu7k7Vk7Xk)
s.t. C2,0C4,C6 — C9,
Cl12:Vy = 0,V = VI,
C13 rank(Vy) = 1.

The main non-convex constraint of SP5 4 comes from the
rank-one constraint of C13. Compared to Phase I, only the
UAV is the sensing target in Phase, and it is feasible to select
an algorithm with lower complexity. For such problems, a
common solution is to ignore the rank-one constraint to find
a matrix that does not satisfy rank one and use eigenvalue
decomposition to recover a suboptimal solution that satisfies
the rank-one constraint [57]. However, this will cost some
performance and may result in the new solution not meeting
the original constraints. As stated in Theorem 1, it is indicated
that there always exists an optimal solution with rank-one for
the problem SPs 4.

Theorem 1: For problem SP5 4, there always exists a global
optimal solution V4, with rank(\?k) =1,Vk e K.

Proof: Let Vk be the optimal solution for problem SPs 4.
A new solution can be constructed as

Vi = (hgkvkhs,k)””whsyk,

\/ o oH
Vk = ViV

(43)
(44)

It i§ evident that Vk is positive semi-definite, and
rank(V}) = 1. Moreover, it can be easily proven that

hi, Vih, ), = b, 39 h, , = b Vih, . 45)
For constraint C4, substituting (43) and (44) yields
tr(Ry ) = tr(Vy) = tr(¥5vi)
= tr((h, Vih, ;) "' Vih, b, VD
= tr(V). (46)

Therefore, the newly constructed solution Vk saEisﬁes all
the original problem constraints and ensures rank(Vy) = 1,
vk € K. |

Meanwhile, SP5 4 can be reformulated as
SP2s: max g(Puk, Vi, xx)

u,ks Vk

s.t. C2,C4,C6 — C9,C12.

The problem SPs 5 is a QSDP, which can also be efficiently
solved by the CVX toolbox [54] and the MOSEK solver [55].

The detailed solution procedure of SP5 is shown as Algo-
rithm 3, which guarantees optimality. Specifically, the update
of the auxiliary variable }, based on the quadratic transforma-
tion is firstly determined (Step 4-Step 12). Then, the optimal
communication power P, ; or the optimal beamforming vector
V. is solved according to the converged auxiliary variable xj;
(Step 13-Step 17). The corresponding computational complex-
ity is O(((N+1)3®log(1/€)+1)" + (N +1)3* log(1/€) +1).
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Algorithm 3 Quadratic Transform Enabled Joint Design of
RC Beamforming and UAV Communication Power

1 Input: 5/k, Eks Pﬁk, ©Om, <;

2 Output: x;, Vi, P .:

3 Imitialization: xj, P, x, Vi;

4 while xy, is not conbergent do

5 Update x; by (42);

6  if 6; =0 then

7 Update UAV’s transmit power P, ; by solving
SP23.1;

8 else

9 Update Vi, and P, j by solving SPs 5;

10 Reconstruct the new solution Vk according to (43);

11 end if

12 end while

13 if 6, = 0 then

14 Calculate UAV’s transmit power Pj, by solving
SPa.3.1 with x};

15 else

16 Calculate Vi and P; ;. by solving SP2 5 with xj.

17 end if

TABLE I
LIST OF VALUES FOR MAIN PARAMETERS

[ Parameters i Values |
Initial position of AGV [gz1, gy1, g=1] [—20, 34.6, 0]
Initial position of UAV [gz2, gy2, g-2) [20, 34.6, 5]
Initial position of RC [g20, 940, 9-0] [0,0, 3]
The state transition matrix of UAV A4 [1,0.1;0,1]
The control input matrix of UAV By [0.2;0.1]

The control gain in Phase I K, [58]
The control gain in Phase II K, [58]

—0.2068; —0.6756
—0.2068; —0.3281

Number of RC antennas [N 8
Noise power o2 —120dBm
Bandwidth B 180 kHz
0.65 m
The beam radii of AGV R 0.85 m
The rotor blade tip speed of UAV Uy, 120
The average rotor induced speed of UAV 4.03
Vo
The body drag ratio of UAV d, 0.6
The blade profile power P, and induced

79.9 W and 88.6 W
power P;

The probability of activation of
event-triggered approach pg¢,
The air density p, rotor solidity s and
blade angular velocity w,
The initial values of Algorithm 1 7, np,

0.4

1.225, 0.05 and 0.503

1, 50 and 0.1
and K
The initial values of Algorithm 2 ¢, €1 0.5. 0.1 and 102
and o

Therefore, the proposed algorithms can obtain a sub-optimal
solution of Py with low complexity.

V. SIMULATION RESULTS

In this section, numerical results are provided to verify the
feasibility and advantage of the proposed UAV-assisted inte-
gration of communication, sensing, and control in industrial
IoT. The specific parameter settings are shown in Table II.
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Fig. 8. Convergence of the proposed algorithms.
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Fig. 9. Convergence of the proposed algorithms.

A. Convergence of the Proposed Convex Approximation
Approach

As shown in Fig. 8(a), the search interval of Algorithm 1
decreases with the growth of the number of iterations. It is
almost to 0, while the number of outer iterations is about 10.
Moreover, the upper bound of the search interval is smaller, the
convergence ratio is faster. As shown in Fig. 8(b), the objective
function value of Algorithm 2 converges quickly with different
reduction factors in the penalty term. The smaller the reduction
factor is, the larger the objective function convergence value
is. The corresponding penalty term values all converge to 0,
and the smaller the reduction factor, the faster the convergence
ratio, as shown in Fig. 9(a).

As shown in Fig. 9(b), the objective function values of
Algorithm 3 converge quickly with the growth of the number
of iterations with different initial values. Moreover, when the
initial value of iteration is closer to the objective function
value, the convergence value is larger. This verifies that the
convergence of algorithms is affected by the initial value of
iteration and the reduction factor. It also demonstrates the
feasibility of beamforming and resource allocation in the UAV-
assisted integration of sensing, communication and control
approach for the considered industrial IoT system.

B. Performance Comparison Among Different Approaches

In this section, we perform extensive simulations to evaluate
the performance of proposed approach in terms of data volume
and energy efficiency. The data volume is defined as the total
data volume received by RC in one ISAC frame. Energy
efficiency is defined as the ratio of the total data volume to
the total power consumption in one ISAC frame. The length of
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Fig. 10. Performance Comparison among different approaches with the
variation of Phase I and Phase II division points.

one ISAC frame is set to 100 time slots in the simulation. It is
assumed that AGV moves at a constant speed on a stationary
route without considering the effect of disturbances.

Four additional approaches are considered for compari-
son. The first one is the UAV antenna-angle sensing-control
approach with period N = 5 (PAAC-5). The communi-
cation and sensing model is invariable in the UAV-assisted
integration of sensing, communication and control approach.
The second one is the UAV antenna-angle sensing-control
approach with period N = 10 (PAAC-10). The third one
is an event-triggered UAV position sensing-control approach
(ETMC), where triggering condition is invariable. The fourth
one is a communication approach that does not perform any
sensing-control operations (No control). After analyzing the
performance of sub-problem solving, we will investigate the
performance of relay transmission in a single ISAC frame.

1) Performance Comparison With Different Phased Divi-
sion Points: The data volume comparison among five
approaches is shown in Fig. 10. When the phased division
point from 30 to 50, the data volume in one ISAC frame
first increases and then decreases. Moreover, the proposed
approach exhibits a greater amount of data compared to other
comparing approaches. The maximum data volume is reached
at k;, = 39. This is because that in one ISAC frame, the
distance between AGV and UAV is smaller than that between
UAV and RC. When the upper bound of communication power
is fixed, the transmission rate in Phase I will be slightly
higher than that in Phase II, and then the data volume is
determined by Phase II. Therefore, we set the phased division
point between Phase I and Phase II to 39 when the initial
values of the simulation are set as shown in Table II.

2) Performance Comparison Among Different Approaches
With the Variation in Communication Power Limitation:
The performance comparison among the five compared ones
in terms of data volume and energy efficiency is shown in
Fig. 11. As shown in Fig. 11(a), the data volume with five
approaches in three cases of AGV’s transmit power limitation
increases gradually with the growth of UAV’s transmit power
budget and finally reaches the maximum value. This is because
the data volume of transmission is determined by the data
capacity that Phase I can transmit and is thus affected by the
communication rate of Phase I, namely the communication
power limition constraint of AGV. It is observed that the
greater transmit power budget of AGV is, the larger the data
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Fig. 11. Performance comparison among different approaches with the
variation of UAV communication power limitation.

volume is. It is also observed that the UAV-assisted integration
of sensing, communication and control approach significantly
slightly outperforms the compared ones. Moreover, the anoma-
lous data points observed on the yellow lines in Fig. 11(a)
can be attributed to the algorithmic limitations of the no-
control compared approach and the inherent randomness of the
wireless channel. Unlike the proposed approach, the compared
approach does not incorporate any sensing or control mecha-
nisms, and therefore lacks the capability to dynamically adjust
antenna angles or UAV positions in response to changing
channel conditions. Consequently, it fails to adapt to variations
in the wireless environment, leading to occasional anomalies
in the results shown in Fig. 11(a).

Similarly, Fig. 11(b) shows that the energy efficiency
increases at first and then stabilizes with the increase of UAV’s
transmit power budget. When the UAV’s communication
power is limited, the achievable data volume is constrained
by that in Phase II. Furthermore, the data volume in Phase II
increases significantly as the communication power limitation
of the UAV rises, thereby enhancing the overall energy effi-
ciency. As the communication power limitation of the UAV
continues to increase, the data volume in Phase II eventually
exceeds that in Phase I, making Phase I the new bottleneck.
However, the achievable data volume in Phase I does not
depend on the UAV’s communication power. As a result, the
energy efficiency initially increases but eventually plateaus
with further increases in the UAV’s transmit power budget.
Moreover, the proposed approach has a certain performance
gain over the periodic antenna-angle control approaches. This
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Fig. 12. Performance comparison among different approaches with the
variation of the distance between AGV and UAV.

is due to the fact that the proposed approach is able to
increase data volume. Moreover, the event-triggered approach
consumes less power because the number of triggers is less
than the periodic antenna-angle control approaches.

3) Performance Comparison Among Different Approaches
With the Variation in the Distance Between AGV and UAV:
The performance comparison in terms of data volume and
energy efficiency is shown in Fig. 12, while d4y is the
horizontal distance between AGV and UAV. As shown in
Fig. 12(a), the data volume with five compared approaches
increases and then decreases gradually with the increase of
horizontal distance between UAV and RC when d4 4y = 20m
and day = 35m. In the scenario where day = 20m, the
overall data volume is limited by Phase II performance, since
the wireless channel between AGV and UAV in Phase I is well.
When the UAV is closer to the AP, even a slight deviation in
its position can lead to significant misalignment error, thereby
reducing the data volume achieved in Phase II. Within a
certain range, as the UAV-AP distance increases, the data
volume in Phase II also increases. However, once the distance
becomes larger, path loss becomes the dominant factor, and
the data volume begins to decrease with further increases
in horizontal distance. Moreover, the data volume converges
when the horizontal distance between UAV and RC is greater
than 30m. This is because that when AGV and UAV are close,
the antenna angles are greatly affected by position adjustment.
When there is a long distance between them two, the distance
becomes the main factor affecting the transmission rate that
achieved with all approaches tend to be same. Meanwhile,

12209

Proposed approach
PAAC-S
PAAC-10
ETMC

No control

300

200

150 -

100

Total energy efficiency in one ISAC frame (bit/Joule)

Data volume in one ISAC frame with B=180kHz (kB)
e — 1

10 1

3 6 7 8 5 10 1
UAV flight height (m)

UAV flight height (m)

(a) Data volume (b) Energy efficiency

Fig. 13. Performance comparison among different approaches with the
variation of UAV flight height.

when d 4y = 20m, the data volume improvement of the UAV-
assisted integration of sensing, communication and control
approach against others is 15.33%, 17.64%, 34.43%, and
59.48%, respectively. When day = 50m, limited by the
transmission volume in Phase I, the data volume remains flat
as the horizontal distance between UAV and RC changes in
Phase II. For the periodic antenna-angle control approaches,
the energy efficiency gradually decreases with the increase
of horizontal distance between UAV and RC, and eventually
converge to a stable value, as shown in Fig. 12(b). Moreover,
the larger the period is, the lower the energy efficiency is.

4) Performance Comparison Among Different Approaches
With the Variation in the UAV Flight Height: The performance
comparison among five compared ones in terms of data volume
and energy efficiency is shown in Fig. 13. The increase of
the flight height of UAV make the transmission rate in Phase
I and Phase II decrease. Therefore, the data volume that
can be received in one ISAC frame decreases, as shown in
Fig. 13(a). Similarly, the energy efficiency in one ISAC frame
gradually decreases with the increase of the UAV height, as
shown in Fig. 13(b). Moreover, both the proposed and ETMC
strategies significantly outperform the no-control baseline in
terms of data volume and energy efficiency (shown as Fig. 13),
underscoring the critical importance of incorporating sensing
and control functions. As shown in Fig. 13(a), the proposed
approach could achieve a larger data volume than the com-
pared ETMC strategy. This gain is achieved through a dynamic
triggering mechanism that adapts to the current sensing and
control performance. Fig. 13(b) compares the energy efficiency
of the different strategies. Although all control strategies
consume propulsion energy to enhance sensing accuracy
and transmission rates, the proposed method outperforms
ETMC due to its dynamic adaptation to system requirements.
The non-adaptive nature of the ETMC strategy prevents it
from translating its energy consumption into proportional
performance gains, leading to lower energy efficiency.

C. Performance Comparison With Different Sensing
Beampatterns

Fig. 14 shows the sensing beampatterns comparison with
different angles obtained corresponding to Algorithm 2 and
Algorithm 3. In Phase I, RC simultaneously senses AGV
and UAV, but in Phase II, RC only senses UAV. In Phase
I, the beampattern with algorithm 2 has two main lobes that
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represent different target’s directions, as shown in Fig. 14(a).
In Phase II, it can also be observed that the beampattern
with algorithm 3 can achieve dominant peaks in the target
directions, as shown in Fig. 14(b). Moreover, the proposed
approach has a significant power gain in the target direction
and low power leakage in the undesired directions, which
further verifies the efficiency of the proposed approaches.

D. Performance Comparison With Different the Spectral
Radius of the State Transition Matrix

In this work, the purpose of UAV position control is to
correct the UAV’s position to the optimal position when
significant deviations occur. As the UAV’s position control
is based on the event trigger framework, the event-triggered
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condition is a key parameter that is related to the activation
probability. The definition of activation probability is given by

NG

Dir = €XP ( e ), where |§§k+1‘k|2 is the misalignment
k+1

~ 2
error, and g4+ = ‘IHTIQM is the state signal-to-noise ratio.
AS Tpq1)k = Agr . + Bguy, the parameter matrix of control
system will directly affect the activation probability. As the
number of sensing activation and the propulsion power con-
sumption depends on the activation probability, it is important
to analyze the impact of parameter matrix on the data volume
and energy efficiency. In order to highlight the impact of UAV
position control, in this subsection, the misalignment error
coefficient is set to be ¢ = 200. Moreover, the spectral norm
of the parameter matrix of UAV position control is configured
as 0.6,0.83,1,1.55 and 2, whose corresponding activation
probability respectively is 0.4,0.5,0.6,0.7 and 0.8, regarding
as Case 1 to Case 5. The performance comparison among
different variables in terms of the number of activation and
energy efficiency is shown in Fig. 15.

As shown in Fig. 15(a), with the growth of the activation
probability, the activation frequency of sensing and UAV
antenna-angle control gradually increases, while the activation
frequency of UAV position control gradually decreases. This
is because a smaller activation probability will result in a
lower activation threshold, directly increasing the number of
sensing activation. Fewer number of sensing-control activation
will lead to the accumulation of state estimation errors with
disturbances, resulting in the significant position deviation
that requires performing the UAV position control for cor-
rection. As shown in Fig. 15(b), with the growth of activation
probability, the overall energy consumption exhibits a trend
of first decreasing and then increasing as the number of
sensing-control activation rises. Correspondingly, the energy
efficiency first increases and then decreases. This is because,
when the activation probability is low, the increased frequency
of position control raises system energy consumption, while
the reduced sensing frequency fails to ensure high transmis-
sion rates over a long time duration. Conversely, when the
activation probability is high, the excessive sensing opera-
tions significantly increase system energy consumption, further
leading to a decline in energy efficiency. Moreover, in this
simulation, when the activation probability is 0.6, a better
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balance between energy consumption and transmission rate
could be achieved.

E. Performance Analysis About the Impact of Sensing on
Energy Efficiency

The impact of sensing error on energy efficiency is shown
as Fig. 16. It can be observed that an increase in the value
of 7 leads to improved energy efficiency. This relationship
stems from the fact that a higher 7 implies a less stringent
requirement on sensing accuracy. As a result, fewer resources
are needed to achieve the prescribed accuracy level, thereby
enhancing overall energy efficiency.

VI. CONCLUSION

In this paper, a UAV-assisted integrated system of sensing,
communication and control in industrial [oT systems was
investigated to improve data transmission performance. Firstly,
the situation-aware hybrid sensing pattern was proposed to
minimize the interference of sensing signals on communi-
cation. Then, the integrated design of antenna-angle control
and position control was proposed to ensure beam alignment
with low energy consumption. Finally, to maximize system’s
energy efficiency, the phased fractional transformation and
convex approximation algorithms were designed to improve
beamforming accuracy and resource allocation effectiveness.
Numerical results demonstrated that the situation-aware hybrid
sensing pattern can improve transmission rate with low energy
consumption, which is appropriate for applying it into the area
of smart manufacturing. In future work, we will study data
transmission and path planning for AGVs and UAVs in ISAC
systems.
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