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Abstract: With the development of unmanned system, unmanned aerial vehicles
(UAVs) and automated guided vehicles (AGVs) are widely used in industrial filed
to assist the monitoring data transmission. However, the mobility of UAVs and
AGVs make it challenging to timely obtain the accurate channel condition. In
order to address this issue, this paper firstly proposed a sensing-communication-
control integrated architecture for UAV-assisted industrial Internet of Things (IoT)
systems. Then, the integration of sensing, communication and control (ISCC)
scheme is investigated to improve the data transmission rate. Moreover, a ratio of
transmission rate to power consumption maximisation problem is formulated to
maximise the overall performance. As the formulated problem includes a rank-one
constraint, a dual-layer penalty based successive convex approximation algorithm
is designed to effectively solve the non-convex optimisation problem. Finally,
simulation results verify the effectiveness and superiority of the proposed ISCC
scheme in improving the overall performance of UAV-assisted industrial IoT
systems.
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1 Introduction

With the rapid deployment of information and communications technologies, many existing
works have pointed out that ubiquitous sensing over Internet of Things (IoT) plays an
increasingly important role in industrial automation (Gao et al., 2019; Yang et al., 2019;
Lyu et al., 2019). In industrial IoT system, a large number of sensors are deployed to in
the field to monitor the system operation state. The collected sensing information then
delivered to the remote controller for making decision. Due to the harsh industrial wireless
environment and limited transmit power of sensors, it is very difficult to directly transmit the
sensing information to the remote controller. Huang et al. (2023) supported that unmanned
aerial vehicles (UAVs) can be introduced to take advantage of its flexible deployment,
wide area coverage, and line-of-sight communication for data collection and transmission.
Zhang et al. (2022) supported the possibility of introducing highly durable, autonomous
and safe AGVs that can be moved to different areas for data collection. However, the
mobility of UAVs and automated guided vehicles (AGVs) make it challenging to timely
obtain the accurate channel condition, especially in the indoor scenario. Inaccurate channel
conditions affect data transmission and makes it difficult to meet the high performance of
industrial IoT.

In recent years, industrial IoT requires not only high-quality transmission capacity
but also high-precision sensing ability. Liu et al. (2022) supported the concept of
integrated sensing and communication (ISAC), which aims to integrate sensing and
communication to share the same spectrum and infrastructure, has received increasing
attention from academia and industry. Wu et al. (2022) supported communication-sensing
integrated systems can further benefit from mutual assistance, such as sensing-assisted
communication and communication-assisted sensing. However, how to improve the sensing-
and-communication tightness and reduce the mutual interference is a problem needed to
be solved. Meng et al. (2023) supported to consider embedding sensing functions on the
existing communication signals so that the sensing functions are triggered periodically to
maximise the system reachable rate. However, periodic sensing and communication perform
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alternately in the time domain, which does not increase the spectrum utilisation and has
limited improvement for system performance.

In order to support high data speeds and large-scale connectivity on limited spectrum
resources, it is critical to investigate multiple access technologies for next-generation
wireless systems. Non-orthogonal multiple access (NOMA) is a multiple access technique
that provides an additional domain to separate users on the same resource block in order
to detect superimposed user information using successive interference cancellation (SIC).
Krishnamoorthy and Schober (2021) supported that NOMA has the potential to improve the
spectral efficiency and data rates of 5th-generation (5G) and later mobile communication
systems. Du et al. (2017) supported that large-scale connectivity can be supported by
non-orthogonal resource allocation among devices using limited resources. Due to the
strong superposition of NOMA, the combination of NOMA and ISAC can solve the
coupling problem of sensing and communication signals, and further realise the integration
of communication and sensing. Wang et al. (2022) supported the first framework for
the application of NOMA technique in ISAC, where the transmitter sends superimposed
signals for both communication and sensing, and uses SIC technique to mitigate inter-user
interference at the communication receiver, but how to design a compliant sensing beam
is very important to achieve interference cancellation. Memisoglu et al. (2023) supported
classical NOMA communication, but using echoes of NOMA signals for radar sensing.
All these works consider beamforming communications, and as in most power domain
NOMA works, assume that the communicating users has perfect channel knowledge. In
summary, the combination of NOMA and ISAC can eliminate the interference of sensing
to communication using SIC, but the degree of interference elimination and the achievable
data rate are closely related to the channel condition between transceivers.

In the UAV-assisted industrial IoT systems, the mobility of UAVs and AGVs make it
challenging to timely obtain the accurate channel condition. In order to address this issue,
this paper investigates a sensing-communication-control integrated architecture for UAV-
assisted industrial IoT systems. To achieve high-quality transmission performance with
low energy consumption, the ratio of transmission rate to power consumption is used to
evaluate the system efficiency. We aim to maximise system efficiency by jointly optimising
the communication power and beamforming vectors. The contributions of this paper are
summarised as below.

• We propose a sensing-communication-control integrated architecture for
UAV-assisted industrial IoT systems, where the sensing-based motion control is
performed to adjust the location of UAV to improve the channel condition and
transmission rate.

• The designed integration of sensing, communication and control (ISCC) scheme has
superiorities in improving the overall performance of UAV-assisted industrial IoT
systems, since it enhances data rate by suppressing interference.

• A dual-layer penalty based successive convex approximation algorithm is designed
to effectively solve the non-convex problem.

2 System model

The considered UAV-assisted industrial IoT systems is shown as Figure 1, where sensors
deployed in the filed take charge of monitoring system state. Moreover, AGV take charge of
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collecting sensing information and then delivering to the UAV. As we all known that the data
transmission rate heavily depends on the channel condition. However, the mobility of UAVs
and AGVs make it challenging to timely obtain the accurate channel condition, especially
in the indoor scenario. In order to address this issue, the emerging ISAC technology is
introduced to achieve the location sensing and data transmission simultaneously on the
same frequency band. With the ISAC technology, Hua et al. (2023) supported that AP
with uniform linear array (ULA) can use beamforming techniques to achieve localisation
of UAVs and AGVs. In this case, UAV will suffer the co-frequency interference from the
sensing signals transmitted by AP. In this work, the power-domain NOMA technology is
employed to suppress interference. Assuming that the AP is positioned at the origin of the
coordinate system, the positions of the AGV and UAV are denoted as Q1(qx1, qy1, qz1)
and Q2(qx2, qy2, qz2), respectively. The communication, sensing, and control models, and
control trigger scheme are described as below.

Figure 1 Integration of sensing, communication, and control for UAV-assisted data transmission in
industrial IoT systems (see online version for colours)
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2.1 Communication model

In the considered system, the AP is equipped with an N -antenna ULA. Both UAV and
AGV are equipped with horn antennas. In this subsequent subsection, the signal model and
channel model are introduced.

1 Signal model: The signal received by UAV can be expressed as

yu = hsa + hsx+ ω, (1)

where sa ∈ C is the communication signal from AGV, x ∈ CN×1 is the sensing
signal from the AP, h ∈ C and hs ∈ CN×1 are respectively the flat fading wireless
channel between AGV and UAV and between AP and UAV, w ∈ C is additive noise
with zero-mean and variance N0, i.e., w ∼ CN (0, N0). In NOMA based wireless
transmission, the SIC technology is general used eliminate the signal of weak users
from the received signal of strong users to improve the signal to interference plus
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noise ratio. Depending on the received power, the achieved data rate with SIC
technology could be given by

R =

{
log2(1 +

|h|2Pc

N0
), when ∆ < Pc < Ps,

log2(1 +
|h|2Pc

Ps+N0
), when ∆ < Ps < Pc or P < ∆,

(2)

where ∆ denotes the decoding interval, Pc denotes the transmit power of the
communication signal, and Ps represents the received power of the sensing signal at
the UAV. When the condition for SIC is satisfied, either the sensing signal or the
communication signal can be eliminated, as indicated in equation (2). However, if the
SIC condition is not met, the sensing signal will still impact the data rate as
interference.

2 Channel model: Chang et al. (2022) supported that the flat fading wireless channel
includes multipath fading, path-loss and misalignment fading. Then, the channel gain
h could be expressed as

h = hphfhm. (3)

• Path loss: The path loss could be described with the free-space propagation model,
which is expressed as

hp =

√
GtGrλ

4πd
, (4)

where Gt and Gr are the transmit and receive signal gains, respectively. λ = f
c is the

signal wavelength, where c is the speed of light, and f is the occupied frequency
band. d is the distance between transceivers.

• Multipath fading: Boulogeorgos et al. (2019) supported the multipath fading is
usually described with the Rayleigh distribution, where the probability distribution
function is given by

fhf
=

2

ĥ2fΓ(1)
· x · e

− x2

ĥ2
f , (5)

where ĥf is the fading channel with the root mean square value α = 2.

• Misalignment fading: We assume that the transmitting beam of UAV covers a
region S with radius R. Meanwhile, the radius of the area covered by the AGV beam
is r and the distance is d, where 0 ≤ R ≤ Rm and Rm are the maximum radius of
the beam at distance d. In addition, l is the misalignment error between the beam
centre OAGV of AGV and the beam centre OUAV of UAV. As shown in Figure 2, the
misalignment cases are classified into three types according to the relationship
between l and R. Then, the misalignment fading can be expressed as

hm = P0e
− 2l2

R2
e
eθ
, (6)

which indicates that misalignment fading is the received power of UAV at distance d
in the area S. Then, the beam-width is represented by Re. eθ is the error of the horn
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antenna. In this paper, the misalignment errors for the first stage consider only the
position errors in the x and y axis directions, denoted by x1 and x2, i.e.,
l =

√
x21 + x22. In addition, when l = 0 the received power can be represented as P0,

would could be obtained by

P0 = erf(ϵ)2, (7)

where ϵ = (
√
πr)/(

√
2Rm). and erf(·) is Gauss error function. Then, Re can be

expressed as

R2
e = R2

m

√
πerf(ϵ)

2εe−ϵ2
. (8)

Figure 2 Misalignment error l and three conditions (see online version for colours)

2.2 Sensing model

The key indicator of the sensing function is the covariance matrix of the sensing beam
distribution determined by the transmit signal. The covariance matrix is given by

Rw = E
[
xxH

]
=

M∑
i=1

wiw
H
i , (9)

where wi is the transmitting beamformer of the sensing signal,M is the number of sensing
targets. Then, AP transmits the sensing signal power as

Pt = Tr(Rw). (10)

Then, the sensing beampattern in the direction φm is given by

H(φm) = aH(φm)Rwa(φm), (11)

where a(φm) = [1, ej
2π
λ d sin(φm), ..., ej

2π
λ d(N−1) sin(φm)]T denotes the steering vector

when ULA is used as the antenna employment at AP. In practice, Wang et al. (2022)
supported that the desired sensing beampattern is designed according to the sensing
requirements. For example, if the sensing system has no information about target and works
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in the detecting mode, an isotropic beampattern is desired, i.e., the power is uniformly
distributed among all directions. However, when the sensing system has prior information
of targets and works in the tracking mode, the beampattern is expected to have the dominant
peaks in the target directions. Then, according to (Wu et al., 2018), the sensing channel hs
is expressed as

hs =

√
β

H2 + ∥Zm − Za∥
a(φm), (12)

where β is channel gain value at a distance of 1m from the AP. H indicates the height of
the AGV or UAV. Thus, the power of AP sensing UAV is expressed as

Ps =
∣∣hH

s w2

∣∣2 =
∣∣hH

s W2hs

∣∣ . (13)

In this paper, only the beam assignment in the horizontal direction is considered. The AP
lies at the origin of the coordinate axis and do not consider the vertical direction. Based on
the position information of the AGV and UAV, the horizontal angle is

φm = arcsin
qxm√

q2xm + q2ym

, (14)

where qxm and qym are the position of the sensing target in the x-axis and y-axis direction,
respectively.

2.3 Control model

1 UAV Motion control model: Dai et al. (2022) supported that the discrete-time control
model is obtained as

xk+1 = Adxk +Bduk +wk, (15)

where Ad and Bd are the system parameter matrices in the discrete-time model. uk is
the motion control input, and wk is the perturbation caused by additive gaussian
white noise with zero mean and variance W .
Wang et al. (2012) , Li et al. (2016) and Wu et al. (2020) all supported that the
sampled state at AP is perfect at each time indicator k, then yk = xk. According to
the equation (15), the controller can calculate the control input at the AP as

uk = Kyk, (16)

where K is the control gain. Furthermore, Zeng et al. (2019) supported, for a
rotorcraft UAV with speed Vk, the propulsion power consumption can be modelled as

Pf,k(Vk) = Pb

(
1 +

3V 2
k

U2
tip

)
+
Pivo
Vk

+
1

2
doρswoV

3
k , (17)

where Utip is the rotor blade tip speed, vo is the average rotor induced speed, do is the
body drag ratio, Pb and Pi are the blade profile power and induced power respectively,
ρ, s and wo are the air density, rotor solidity and blade angular velocity respectively.
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Then, the UAV velocity in the discrete domain is calculated by the following equation

Vk =
|Q2,k −Q2,k−1|

∆0
. (18)

2 Horn antenna angle control model: The distance and relative angle between UAV and
AGV can be obtained through sensing measurements. The direction of the horn
antenna on the UAV can be represented by the pitch angle θ and azimuth angle ϕ. As
the UAV and AGV remain in relative motion, this paper simplified the antenna control
model by considering that the azimuth between them remains optimally constant.
Based on the knowledge of trigonometric functions, the angle of the direction at
which the horn antenna points towards the device can be calculated as θd, where

θd = tan−1

 qx1 − qx2√
(qx1 − qx2)

2
+ (qy1 − qy2)

2

 . (19)

Then, the error of the current horn antenna pointing direction is eθ,k = θk − θd,k, θk
is the UAV at the kth moment antenna pointing direction angle, which can be
obtained through the UAV’s built-in sensor. We can use a controller to control the
direction of the horn antenna, the control output can be expressed as

zk = Kaθk, (20)

where Ka is the control gain. The discrete-time control model for horn antenna angle
control of UAV is

θk+1 = Aaθk +Bazk + wk, (21)

where Aa and Ba are system parameter matrix, respectively. wk is disturbance.

2.4 Control trigger scheme

As the location of UAV heavily impact the transmission rate, it is necessary to adjust the
UAV’s location based on the channel condition and transmission requirement. However, the
location changing will cause energy consumption. Therefore, it is necessary to investigate
the control trigger scheme, which aims to meet the transmission rate requirements between
AGV and UAV as well as reduce the holistic energy consumption. AGV delivers the collected
sensing information to UAV. At the same time, AP transmits the sensing signals to obtain
the location of AGV and UAV. Then, AP calculates the misalignment, which is a key index
to trigger the motion control of UAV. The control trigger factor is given by

εk =

{
1, when lk+1 > R,

0, when lk+1 ≤ R.
(22)

As shown in Figure 3, AP makes a judgement based on the misalignment error l in relation to
the beam radiusR of UAV. When l > R, the AP will issue UAV motion control and antenna
angle control commands, otherwise it will only issue antenna angle control commands.
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Figure 3 Control trigger scheme
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3 Problem formulation and proposed solution

3.1 Problem formulation

Based on the above discussion, the sensing, communication and control are jointly designed
to maximise the ratio of the total amount of data rata to the total power consumption
while meeting AGV communication power and radar specific requirements. The constrained
optimisation problem is formulated as

P0 : max
Pc,wk

R

Pc + Pt + εPf

s.t. C1 :ε ∈ {0, 1},
C2 : |H(φ1)−H(φ2) |≤ Pd,

C3 :H(φm) ≥ H(ψ), ∀m ∈M,

C4 :Pt ≤ Pl,

C5 :Rw ≽ 0,

C6 :0 <|h|2Pc < Ps,

where C1 denotes the 0-1 constraint on the control activation factor. C2 and C3 are the
constraints that ensure the similar induced power levels in different target directions, where
Pd is the proposed minimum power difference and ψ ∈ [−90◦, 90◦] is the sensing range.
C4 is the maximum transmit power constraint, where Pl denotes sensing power budget.
C6 is the constraints of the SIC conditions. It is challenging to obtain the globally optimal
solution of the formulated problem P0 due to the quadratic form of the covariance matrix
makes the constraints C2-C6 non-convex. In order to effectively solve the problem, we
design a Double-Layer Penalty-Based Algorithm.

3.2 Double-layer penalty-based algorithm

Define the auxiliary variablesWk = wkw
H
k , ∀k ∈ K, whereWk ≽ 0 and rank(Wk) = 1.

Then, P0 can be reformulated as

P1 : max
Pc,Wk

R

Pc + Pt + εPf

s.t. C1− C6,

C7 :Wk ≽ 0,Wk = WH
k , ∀k ∈ K,

C8 :rank(Wk) = 1.
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Semi definite relaxation (SDR) method is regarded as an effective method deal with the no-
convex rank-one constraint C8. Luo et al. (2010) supported that the general-rank solution
obtained from the SDR could be reconstructed as a rank-one solution using an eigenvalue
decomposition or Gaussian randomisation method. However, this may lead to a large
performance loss and do not guarantee the feasibility of the reconstructed matrix. To avoid
these drawbacks, the rank one constraint is transformed into a penalty term in the objective
function and then solve the problem by SCA. The rank-one constraints are equivalent to

∥Wk∥∗ − ∥Wk∥2 = 0, k ∈ K, (23)

where ∥ · ∥∗ is the nuclear norm, i.e., the sum of singular values of the matrix. ∥ · ∥2 is
the spectral norm, i.e., the largest singular values of the matrix. Thus, if the matrix Wk

is a rank-one matrix, the equation (23) holds. Otherwise, if Wk is semidefinite, the sum
of singular values is larger than the largest singular value, i.e., ∥Wk∥∗ − ∥Wk∥2 > 0. In
order to obtain a rank-one matrix, a penalty term based on the equation (23) is introduced
to the objective function, yielding that

P1.1 : max
Pc,Wk

R

Pc + Pt + εPf
− 1

η
(∥Wk∥∗ − ∥Wk∥2)

s.t. C1− C6,

C7 :Wk ≽ 0,Wk = WH
k , ∀k ∈ K,

where η is the penalty factor and the rank of Wk is closer to 1 only when it tends to 0, i.e.,
1
η tends to ∞. In this case, the main non-convexity of P1.1 comes from the second term of
the penalty term, which is replaced with its first-order Taylor expansion at the point Wn

k .
The original equation could be transformed as

−∥Wk∥2 ≤ W̃n
k

∆
= −∥Wn

k∥2 − Tr
[
vn
max,k(v

n
max,k)

H(Wk −Wn
k )
]
, (24)

where vn
max,k is the eigenvector corresponding to the largest eigenvalue of Wn

k . Then, the
problem P1.2 can be approximated by the following problem

P1.2 : max
Pc,Wk

R

Pc + Pt + εPf
− 1

η

(
∥Wk∥∗ + ∥W̃n

k∥2
)

s.t. C1− C7.

The problem P1.2 can be solved by logarithmising the objective function. As we mentioned
above that the η value can only be closer to the rank-one constraint if the penalty term
is sufficiently small. However, another problem is that the value of the objective function
tends to infinity. As a result, the value fitting the rule is hard to obtain. A penalty factor ϵ
is involved to deal with this problem. Then, the value of η = ϵη, 0 < ϵ < 1 is sufficiently
small by letting the value of ϵ be large. The overall suboptimal solution is obtained, if the
penalty term is small enough, i.e., ∥Wk∥∗ − ∥Wk∥2 ≤ ε2. The overall algorithm for the
problem is summarised in Algorithm 1.
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Algorithm 1 Proposed Double-Layer Penalty-Based Algorithm.
1: Input: ϕm,M, η;
2: Output: Pc, Wk;
3: Initialization: feasible W0

k, ǫ, ε1, ε2;
4: repeat
5: n −→ 0
6: repeat
7: Solve P1.2 according to Wn

k ;
8: Update Wn+1

k based on Wn
k ;

9: n←− n+ 1;
10: until ι = |fn−fn−1|

fn−1
≤ ε1

11: W0
k ←−Wn

k ;
12: η ← ǫη;
13: until ‖Wk‖∗ − ‖Wk‖2 ≤ ε2;

4 Simulation results

In this section, numerical results are provided to demonstrate the feasibility of the proposed
integrated the sensing-communication-control integrated architecture for UAV-assisted
industrial IoT systems. AP is equipped with N = 4 antennas that tracks both UAV and
AGV based on location information. The power budget for communication and radar are
27dBm and 30dBm, respectively. The power of the noise σ2

n = −110dBm, and the sensing
power interval Pd = 5. The beam radii of UAV and AGV at distance d are R = 1 and
r = 0.5 respectively. For UAV power consumption, Utip = 120 is the rotor blade tip speed,
vo = 4.03 is the average rotor induced speed, do = 0.6 is the body drag ratio,Pb = 79.9 and
Pi = 88.6 are the blade profile power and induced power respectively, ρ = 1.225, s = 0.05
and wo = 0.503 are the air density, rotor solidity and blade angular velocity respectively.
The initial values of the simulation are ϵ = 0.4, ε1 = 0.1, ε2 = 10−6. Initial positions with
Q1(20, 34.6, 10) and Q2(−20, 34.6, 0).

Figure 4 shows the convergence of the proposed double-Layer penalty-based algorithm.
It can be seen that for a given penalty factor, the objective value converges to a stable value
and the penalty term converges to almost zero after several iterations, although the number
of antennas of AP is different. However, the increase in the number of antennas leads to an
increase in the fluctuation of the objective value and the penalty term value with the number
of iterations. Moreover, the sensing power increases rapidly when N = 8, which further
leads to an increase in the denominator of the objective function and makes the objective
value smaller.

Figure 5 shows the comparison between the communication rate and the misalignment
error for the case that the SIC condition is satisfied or not. It can be seen that the
communication rate is greater when the SIC condition is satisfied, no matter what the value
of the misalignment error is. Therefore, the UAV motion control and the antenna angle
control involved in the proposed ISCC scheme could achieve high data transmission rate
with low energy cost. Therefore, the adjustment of misalignment error can improve the
communication rate, which further verifies the necessary of the integration of sensing and
communication.
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Figure 4 Comparison of objective function values and penalty term values with different number
of sensing antennas (see online version for colours)
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Figure 5 Comparison of the transmission rate with misalignment error under different NOMA
conditions (see online version for colours)
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Figure 6 shows the transmission rate variation with different power budget under different
levels of misalignment errors. It can be seen that the transmission increases in all cases
with the growth of transmit power. Therefore, the proposed method in this paper is able to
appropriate perform control operations to improve the transmission rate with limited power
budget.

Figure 7 shows the beampattern calculated from the beamforming vectors corresponding
to the proposed ISCC scheme at the transmission rate of 3.42 bit/s/Hz. It can be seen that
the solved beamforming vector reaches the peak in the horizontal direction of the sensing
target, i.e., –30◦ and 30◦. Moreover, the power is very small in the direction that does not
need to be sensed, which ensures the sensing accuracy in the target direction with limited
energy budget.
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Figure 6 Comparison of the variation of the transmission rate with power limit under different
misalignment conditions (see online version for colours)
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Figure 7 Beampattern of AP when N = 4 (see online version for colours)
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5 Conclusion

In this paper, we proposed a sensing-communication-control integrated architecture for
UAV-assisted industrial IoT systems, where the sensing-based motion control is performed
to adjust the location of UAV to improve the channel condition and transmission rate.
The investigated ISCC scheme could reduce the interference of sensing signals to
communication signals by jointly designing the transmit power and beamformers. Moreover,
the formulated non-convex constrained optimisation problem is effectively solved with
the designed double-layer penalty-based algorithm. The numerical results indicated that a
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significant performance gain can be achieved by the NOMA assisted ISCC scheme than the
conventional ISAC system.
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