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Abstract—The wide application of Internet of Things (IoT) tech-
nology in industrial automation promotes the emergence of indus-
trial IoT systems, in which state estimation plays a crucial role in
conjecturing system states with sensory data delivered over wireless
channels. In this paper, we propose an automated guided vehicle
(AGV)-assisted adaptive cooperative transmission scheme to mini-
mize the mean square error of state estimation at a low energy cost.
Specifically, a novel performance index, estimation gain, is intro-
duced to evaluate the benefit of scheduling one sensor for estimation
error reduction. Then, sensor scheduling and data transmission are
jointly optimized to minimize the time-accumulated estimation er-
ror, which is challenging to directly solve due to the unclear impact
of imperfect transmission on estimation performance. To this end,
an estimation gain-based algorithm is designed to determine the
scheduled sensors. Besides, an iterative algorithm is designed to
solve the adaptive cooperative transmission problem. Simulation
results show that the proposed scheme outperforms benchmark
schemes in reducing estimation error and energy consumption.

Index Terms—AGV, cooperative transmission, industrial IoT
systems, sensor scheduling, state estimation.

I. INTRODUCTION

INTERNET of Things (IoT) technology have been widely
used in actual industrial systems such as equipment
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predictive maintenance, production efficiency control and in-
telligent logistics, promoting the emergence of industrial IoT
systems [1], [1], [2], [3], [4], [5], [6]. In industrial IoT systems,
sensors are widely deployed to collect sensory data, which is
then used by the remote controller to perform state estimation
to conjecture the operating status of industrial process [7],
[8], [9]. Therefore, the performance of state estimation heavily
relies on the transmission performance, since to information
exchange through the network [10], [11], [12]. However, the
unreliability of wireless channels and the complex and dynamic
industrial transmission environment result in poor transmission
performance, making it challenge to achieve high-accuracy state
estimation for industrial IoT systems [13].

Recently, there has been considerable research interest in
studying state estimation algorithms to mitigate the impact of
transmission unreliability on the state estimation accuracy. Ding
et al. [14] investigated the data fusion estimation problem for
multi-sensor network systems, and proposed a matrix fusion
estimation algorithm to improve the estimation performance by
prediction compensation strategy. Yang et al. [15] designed a
state estimation algorithm based on an observation network to
mitigate the impact of partial sensor failures on the accuracy of
state estimation. Liu et al. [16] proposed an estimation-cycle-
based algorithm to mitigate the impact of time-varying packet
drop probability and Markov fading channel. Dai et al. [17]
analyzed the impact of random delay on the accuracy of state
estimation, and developed a fusion estimation method based on
a hierarchical network architecture to reduce the error of state
estimation. Feng et al. [18] discussed the state estimation of
systems with white Gaussian noise and power disturbance on
unreliable links, and proposed a cascaded estimation algorithm
to improve the robustness of estimation performance. The above
work mainly focuses on designing state estimation strategies
to passively mitigate the impact of adverse transmission en-
vironment on the performance of state estimation. Due to the
estimation performance heavily depends on the transmission
performance, another way of improving the estimation perfor-
mance is to proactively enhance the transmission efficiency and
reliability by designing on-demand transmission scheme for
state estimation [19].

Cooperative transmission is regarded as an important
technology to improve the transmission reliability with utiliza-
tion of spatial diversity gain [20], [21], [22]. Mao et al. [23]
proposed a cooperative transmission protocol to guarantee the
transmission fairness of users in the group to maximize the
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minimum throughput, and showed that cooperative transmission
can achieve higher throughput under the same transmission
conditions and be more energy-efficient in harsh transmission
environments. Xu et al. [24] proposed a buffer-assisted coop-
erative transmission system that adaptively selects transmission
modes based on buffer status to reduce packet delay and outage
probability. Tuan et al. [25] analyzed the performance of various
transmission schemes in industrial wireless sensor network,
and the results showed that compared with non-cooperative
transmission schemes such as amplify-and-forward and decode-
and-forward, incremental cooperative transmission schemes can
better balance the relationship between energy consumption and
throughput. Kim et al. [26] proposed a cooperative multi-hop re-
lay transmission scheme to reduce the total energy consumption
of the system. Chae et al. [27] investigated cooperative relaying
transmission in multi-user multiple-input multiple-output wire-
less networks, and proposed a new cooperative relaying trans-
mission scheme to improve the multiplexing gain of multiple
antennas. Inspired by the advantages of cooperative transmission
in improving network transmission performance, it is reasonable
to apply cooperative transmission to industrial IoT systems to
improve the accuracy of state estimation. However, it is not
suitable to directly apply the existing cooperative transmission
scheme to the considered state estimation in industrial network
systems, since different sensors have distinct sensing abilities
and observation noises. Moreover, even though the transmission
performances between different sensors and the remote estima-
tor are the same, the contribution to reducing estimation error is
different.

Although cooperative transmission has the advantage to im-
prove the transmission performance, placing additional special-
ized devices only for the purpose of forwarding information to
the remote estimator is not cost-effective. With the increasing
application of automated guided vehicles (AGVs) in the indus-
trial field [28], [29], [30], AGVs are applied in industrial plant
for delivering heavy and/or bulky pieces between manufacturing
stations due to the high degree of autonomy and flexibility.
However, when the AGV goes across the plant, AGV may
be regarded as the obstacle and then makes sensors be in the
occlusion areas and suffer the severe shadow fading. In this
case, the line-of-sight transmission link between sensors and
the remote estimator will be broken, leading to the transmission
rate reduction. As a solution, wireless transceivers are equipped
to AGV, and then AGV is employed to construct the cooperative
transmission architecture by regarding it as a relay. In this
way, AGV could help forward the received sensory data from
sensors to remoter estimator, making it possible to improve the
end-to-end data transmission performance.

In this paper, we design an AGV-assisted adaptive cooperative
transmission scheme in industrial IoT systems. On one hand, we
consider two transmission modes (i.e., cooperative transmission
mode and direct transmission mode), and choose the appropriate
transmission mode based on the channel gain between sensors
and remote estimator. Only when the line-of-sight transmission
link between sensors and remote estimator is heavily obstructed
by AGV, the AGV-assisted cooperative transmission mode is
activated. On the other hand, as sensors are generally powered

Fig. 1. AGV-assisted cooperative transmission industry IoT system.

with batteries, sensors with insufficient energy will enter a
low-energy consumption mode. Therefore, only a part of sensors
will engage in state estimation, with each sensor autonomously
determining its participation. The contributions of this paper are
summarized as follows.
� A novel performance index, estimation gain, is proposed to

evaluate the benefit of scheduling one sensor for estimation
error reduction, which makes it possible to design an
appropriate sensor scheduling algorithm for minimizing
estimation error.

� We design an adaptive cooperative transmission scheme
based on the presented rate utility index, which minimizes
the time-accumulated mean square error guarantees the
maximum amount of delivered sensory data by jointly
optimizing the sensor scheduling and data transmission.

� An estimation gain-based algorithm is designed to deter-
mine the scheduled sensors, which could effectively deal
with the unclear impact of the imperfect transmission on
estimation performance. Moreover, a Lagrangian-penalty
method based iterative algorithm is proposed to address
the power coupling problem between sensors and AGV in
cooperative transmission mode.

The remainder of this paper is organized as follows. The sys-
tem model and problem formulation is presented in Section II. In
Section III, adaptive cooperative transmission scheme is stud-
ied to minimize the mean square estimation error. Simulation
results and main conclusions are shown in Sections IV and V,
respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In industrial IoT systems, multiple sensors are deployed and
cooperatively sense system situations to complete the moni-
toring task. Sensors could monitor the operational status of
equipment and transmit the sensory data to the remote estimator
(RE). Based on the received sensory data, the RE performs the
state estimation to conjecture the operational status of industrial
process. In the considered scenario, AGV plays the role of a relay
node, thus it could forward the received signal from sensors to
RE, as shown in Fig. 1.

A. Network Model

The considered AGV-assisted industrial IoT system is com-
posed of one RE, one AGV and a set of sensors N =
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{1, 2, . . . , N}. In the considered scenario, AGV is already ex-
isted in the plant, which is used to carry cargoes. The three-
dimensional Euclidean coordinate system is adopted to describe
the locations of sensors and RE. The location of n-th sensor
and RE is respectively denoted by zn = [xn, yn, 0] and zR =
[xR, yR, HR], where HR is the altitude of RE. Path planning
refers to finding collision-free handling paths that meet the
requirements of AGV operation according to the ruls set in
advance (with the least time or the shortest distance) when AGV
carries out cargo handling tasks. In this case, AGV’s trajectory is
determined by the logistics management unit to achieve the high-
efficient material transportation. Assume that AGV carries the
cargo and passes through the target area along a fixed trajectory
at a constant speed v in duration TA. The duration TA includes
K estimation steps that is denoted by K = {1, 2, . . . ,K}. The
duration of one estimation step τ is sufficiently small so that
the AGV could be regarded as static. The location of AGV at
the k-th estimation step is zA(k) = [xA(k), yA(k), HA], where
HA is the antenna height of AGV.

The available spectrum resource consists of a set of subcarri-
ersM = {1, 2, . . . ,M}. The bandwidth of each subcarrier isB.
Let binary variable θn,m(k) denote the association relationship
between n-th sensor and m-th subcarrier. θn,m(k) = 1 denotes
that the m-th subcarrier is allocated to the n-th sensor at the
k-th estimation step. Otherwise, θn,m(k) = 0. To avoid severe
co-channel interference, one subcarrier could be allocated to at
most one sensor at one estimation step, i.e.,

∑
n∈N

θn,m(k) ≤ 1, m ∈M, k ∈ K. (1)

As mentioned above, the performance of state estimation is
affected by the amount of sensory data successfully received by
the RE. The estimation performance sharply decline if the data
amount is below a threshold [31]. In order to ensure that the
estimation accuracy is within a controllable range, it yields that

Nmin ≤
∑
n∈N

ξn(k) ≤M, k ∈ K, (2)

where ξn(k) is the sensor-scheduling indicator. ξn(k) = 1 de-
notes that the n-th sensor is scheduled to transmit data at the
k-th estimation step. Otherwise, ξn(k) = 0. Nmin is the mini-
mum number of scheduled sensors in each estimation step. For
scheduled sensors, two transmission modes are considered in
this work:
� Cooperative transmission mode: AGV works in the half-

duplex mode. Each estimation step is partitioned into two
stages, as shown in Fig. 2. In the first transmission stage,
sensor broadcasts sensory data to both AGV and RE. Then,
AGV amplifies the received data and forwards it to RE in
the second transmission stage.

� Direct transmission mode: Sensors transmit the sensory
data to RE directly.

Fig. 2. Two-stage data transmission diagram and estimation step division in
cooperative mode.

Let binary variable δn(k) denote the transmission mode of
sensors in k-th estimation step,

δn(k)=

{
1, n-th sensor in the cooperative transmission mode,

0, n-th sensor in the direct transmission mode.

(3)

B. Transmission Model

In this subsection, we present data transmission models for
the direct transmission and cooperative transmission modes.

1) Direct Transmission Mode: At the k-th estimation step,
the channel power gain between the n-th sensor and RE on the
m-th subcarrier is given by

hSR
n,m(k) = gm(k)lSR

I,n, n ∈ N , k ∈ K, (4)

where gm(k) denotes the Rayleigh small scale fading satisfying
gm(k) ∼ CN (0, 1) and lSR

I,n denotes the pathloss. Multi-slope
bounded pathloss model (MBPM) [32] is applied to characterize
the signal attenuation with long and short propagation distance.
In particular, MBPM is given by

lSR
I,n = μi

(
1 + (dSR

n )βi
)−1

, Di ≤ dSR
n ≤ Di+1, (5)

where dSR
n denotes the distance between the n-th sensor and

RE. Di denotes corner distance with 0 = D0 < D1 < · · · <
DI =∞. Note that the pathloss exponents βi are different
within different [Di, Di+1). Furthermore, let μ0 = 1 and μi =∏i

j=1
1+D

βj
j

1+D
βj−1
j

(i > 0). The SNR of the direct link between the

n-th sensor and RE can be expressed as

ΓD
n,m(k) = pSn,m(k)γSR

n,m(k), (6)

where pSn,m(k) is the transmit power of then-th sensor on them-
th subcarrier. γSR

n,m(k) = hSR
n,m(k)/σ2 is the SNR of unit power

between the n-th sensor and RE. σ2 is the noise power. The
direct transmission rate of the n-th sensor can be expressed as

RD
n (k) =

∑
m∈M

θn,m(k)Blog2

(
1 + ΓD

n,m(k)
)
. (7)

The direct transmission delay of the n-th sensor at the k-th
estimation step is

tDn (k) =
qn(k)

RD
n (k)

, (8)
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where qn(k) is the length of data packet generated by the n-th
sensor at the k-th estimation step.

2) Cooperative Transmission Mode: The sensor broadcasts
sensory data to AGV and RE in the first transmission stage. In
the second transmission stage, AGV relays the received data to
RE. Then, RE combines the signals received from sensor and
AGV with the maximal ratio combining technique. Thus, the
SNR of cooperative transmission between the n-th sensor and
RE is expressed as

ΓC
n,m(k) = ΓD

n,m(k) + ΓR
n,m(k), (9)

where ΓR
n,m(k) is the SNR of the two-hop relay link between

the n-th sensor and RE through the AGV. ΓR
n,m(k) is shown as

ΓR
n,m(k) =

pSn,m(k)γSA
n,m(k)pAn,m(k)γAR

n,m(k)

1 + pSn,m(k)γSA
n,m(k) + pAn,m(k)γAR

n,m(k)

� pSn,m(k)γSA
n,m(k)pAn,m(k)γAR

n,m(k)

pSn,m(k)γSA
n,m(k) + pAn,m(k)γAR

n,m(k)
, (10)

whereγSA
n,m(k) = hSA

n,m(k)/σ2 is the SNR of unit power between
the n-th sensor and AGV. γAR

n,m(k) = hAR
n,m(k)/σ2 is the SNR of

unit power between AGV and RE. pAn,m(k) is the transmit power
of AGV for forwarding the sensory data of the n-th sensor on
the m-th subcarrier. The approximation of ΓR

n,m(k) in (10) is
tight at higher SNR values [33] and it is also valid at low SNR
values [34]. According to [35], the cooperative transmission rate
of the n-th sensor can be expressed as

RC
n (k) =

1

2

∑
m∈M

θn,m(k)Blog2

(
1 + ΓC

n,m(k)
)
. (11)

The cooperative transmission delay of the n-th sensor at the
k-th estimation step is given by

tCn (k) =
qn(k)

RC
n (k)

. (12)

Then, the overall transmission delay experienced by the sensory
data generated by the n-th sensor is given by

tn(k) = (1− δn(k)) t
D
n (k) + δn(k)t

C
n (k). (13)

As sensors are generally powered with batteries, energy con-
sumption is a key performance index. In order to save energy
and prolong the working life, only a part of sensors will par-
ticipate in state estimation. Non-participating sensors will be
in the sleeping state. The energy consumption in the sleeping
state is ED = ED

0 τ , where the ED
0 is the energy consumption

of the sensor per unit time. When sensors are scheduled to
transmit data, the main energy consumption is caused by data
transmission. The transmission energy consumption of the n-th
sensor at the k-th estimation step is given by

ET
n (k)=

∑
m∈M

θn,m(k)pSn,m(k)tn(k). (14)

Therefore, the total energy consumption of the n-th sensor at the
k-th estimation step is

EC
n (k) = ξn(k)E

T
n (k) + (1− ξn(k))E

D. (15)

The residual energy of the n-th sensor at the end of the k-th
estimation step is

ER
n (k) = ER

n (k − 1)− EC
n (k), (16)

where ER
n (k − 1) is the residual energy for the n-th sensor at

the end of the (k − 1)-th estimation step.

C. State Estimation Model

The considered industrial process is sensed by N sensors.
According to Refs. [36], [37], [38], [39], [40], [41], the dynamic
control system is modeled as

x(k + 1) = Ax(k) + w(k), (17)

where x(k) ∈ Rrx is the system state at the k-th control step,
A ∈ Rrx×rx is state transition matrix, and w(k) ∈ Rrx is pro-
cess noise. Moreover, the observation-based state estimation is
expressed as

yn(k) = Cnx(k) + vn(k), n ∈ N , (18)

where yn(k) ∈ Rry is the measurement of the n-th sensor at
the k-th control step, Cn ∈ Rry×rx is the measurement matrix
of the n-th sensor, and vn(k) ∈ Rry is the measurement noise.
The initial state x(0) is a Gaussian random vector with the
mean x̄0 and covariance matrix W0. We assume the process
noise w(k) ∈ Rrx and measurement noise vn(k) ∈ Rry are
independent and are identically distributed zero-mean Gaussian
processes with corresponding covariance matrices Qw and Qv ,
respectively [16].

Then, the observation-based state estimation could
be expressed in an aggregated form, shown as y(k) =
CRx(k) + v(k), where y(k) = [yT1 (k), . . . , y

T
N (k)]T ,

CR = [CT
1 , . . . , CT

N ]T , and v(k) = [vT1 (k), . . . , v
T
N (k)]T .

Let Λ(k)=diag{ξ1(k)ζ1(k)I1(k), . . . , ξN (k)ζN (k)IN (k)}, the
aggregated observation matrix is

C̃R(k)=Λ(k)CR. (19)

Due to the rugged industrial environment, some raw observa-
tion information may not be received successfully by RE. Let
binary variable ζn(k) denote the receive status of data packet at
RE which is defined as

ζn(k) =

{
1, if tn(k) ≤ τ,

0, otherwise.
(20)

Moreover, since some scheduled sensors may not participate the
state estimation due to limited energy, the available observation
at RE at the k-th estimation step is

ỹ(k) �
[
ξ1(k)ζ1(k)y

T
1 (k), . . . , ξN (k)ζN (k)yTN (k)

]T
. (21)

According to Refs. [14], the observation based state estima-
tion is expressed as x̂(k|k) = x̂(k|k − 1) + F (ỹ(k)− ŷ(k|k −
1)), where F is the correction matrix of observation. The one-
step prediction of observation is ŷ(k|k − 1) = C̃R(k)x̂(k|k −
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1), where x̂(k|k − 1) = Ax̂(k − 1|k − 1). Then, the observa-
tion based state estimation can be rewritten as

x̂(k|k)=Ax̂(k−1|k−1)+F
(
ỹ(k)−C̃R(k)Ax̂(k−1|k−1)

)
.

(22)

The estimation error is defined as the gap between
the true state x(k) and the estimated value x̂(k|k)
at remote estimator, i.e., e(k) = x(k)− x̂(k|k). As
x(k) = Ax(k − 1) + w(k − 1), we can obtain that
e(k) = [Ax(k − 1) + w(k − 1)]− x̂(k|k). Then, e(k) =
Ae(k − 1) + w(k − 1)− F [ỹ(k)− C̃R(k)Ax̂(k − 1|k − 1)].
As ỹ(k) = Λ(k)y(k), we can obtain that ỹ(k)− C̃R(k)Ax̂(k −
1|k − 1) = C̃R(k)(Ae(k − 1) + w(k − 1)) + ṽ(k). Then,

e(k) = x(k)− x̂(k|k)

=
(
A−AFC̃R(k)

)
e(k−1)−ṽ(k)+

(
I−FC̃R(k)

)
w(k−1),

(23)

where ṽ(k) = [ξ1(k)ζ1(k)v
T
1 (k), . . . , ξN (k)ζN (k)vTN (k)]T .

In summary, the transmission models include sensor schedul-
ing, transmission mode selection, and channel allocation with
power control. To be specific, different sensors have distinct
sensing abilities and observation noises, thus scheduling differ-
ent sensors will have distinct contributions to reducing the esti-
mation error. In this way, sensor scheduling can affect the state
estimation performance. Besides, the achievable transmission
rates of sensory data are different in the cooperative transmission
mode and the direct transmission mode. Thus, transmission
mode selection has the ability to enlarge the transmission rate by
adaptively adjusting the transmission mode based on the status
of wireless channels. Moreover, channel allocation with power
control also affects the transmission rate of sensory data, which
in turn determines the probability of successfully delivering
one packet within the deadline. Therefore, sensor scheduling,
transmission mode selection, and channel allocation with power
control have a tight impact on the performance of state es-
timation. In this paper, the trace of mean square estimation
error Tr

(
E{‖e(k)‖2

2}
)

is employed to evaluate the estimation
performance.

D. Problem Formulation

We aims to minimize the mean square error of state estima-
tion by jointly optimizing the sensor scheduling, transmission
mode selection, subcarrier allocation and transmit power. The
estimation error minimization problem is formulated as

P0 : min
ξ,δ,θ,pS,pA

1
K

∑
k∈K

Tr
(
E
{‖e(k)‖2

2

})
(24)

s.t. Nmin ≤
∑
n∈N

ξn(k) ≤M, (24a)

∑
n∈N

θn,m(k) ≤ 1, ∀m ∈M, (24b)

∑
m∈M

ξn(k)θn,m(k)pSn,m(k)≤pSmax, ∀n∈N , (24c)

∑
n∈N

∑
m∈M

ξn(k)δn(k)θn,mpAn,m(k)≤pAmax, (24d)

θn,m(k) ∈ {0, 1} , ∀n ∈ N , ∀m ∈M, (24e)

δn(k) ∈ {0, 1} , ∀n ∈ N , (24f)

ξn(k) ∈ {0, 1} , ∀n ∈ N , (24g)

ξn(k)=0, n∈{j|ER
j (k)<ER

min, ∀j∈N
}
, (24h)

where pSmax and pAmax are the maximum transmit power of sensor
and AGV, respectively. Constraint (24a) limits the number of
sensors scheduled at each estimation step. Constraint (24b)
restricts that one subcarrier could be assigned to at most one
sensor. Constraints (24e), (24f) and (24g) describe the feasible
regions of indicator variables. Constraint (24h) means that sen-
sors without enough residual energy cannot be scheduled.

III. ADAPTIVE COOPERATIVE TRANSMISSION

Note that P0 is a mixed-integer nonlinear programming
(MINLP) problem, since it includes a nonlinear objective func-
tion and mixed-integer variables (binary variables ξ, δ and θ,
continuous variables pS and pA). As the objective function of
P0 includes the time-accumulated term of estimation error, it
is challenging to solve this problem efficiently. As a solution,
the original problem is decomposed into K problems, and
each problem aims to minimize the instantaneous estimation
error Tr

(
E{‖e(k)‖2

2}
)
. As the instantaneous estimation error

cannot be expressed explicitly with decision variables, it is
still intractable to solve it. With insight into the instantaneous
estimation error, we find that it is directly affected by the sensor
scheduling and the transmission status of sensory data. In addi-
tion, there is a sequential relationship between sensor scheduling
and transmission status of sensory data. In other words, only
the scheduled sensors concern about the transmission status of
sensory data. Therefore, the problem at each estimation step is
further decomposed into two sequential subproblems. One is
the sensor scheduling subproblem, and the other is the sensory
data transmission subproblem. When the transmission status
of sensory data is given (i.e., ζn(k) = 1, ∀n ∈ N ), the sensor
scheduling subproblem at the k-th estimation step is expressed
as

SP1 : min
ξ

Tr
(
E
{‖e(k)‖2

2

})
s.t. (24a), (24g), (24h). (25)

After sensor scheduling is obtained, transmission mode se-
lection, subcarrier allocation, and power control are jointly opti-
mized to further enlarge the amount of sensory data successfully
received by RE. The sensory data transmission subproblem at
the k-th estimation step is expressed as

SP2 : max
δ,θ,pS,pA

∑
n∈N ′

ζn(k) (26)

s.t.
∑
n∈N ′

θn,m(k) ≤ 1, ∀m ∈M, (26a)
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∑
m∈M

θn,m(k)pSn,m(k) ≤ pSmax, ∀n ∈ N ′,

(26b)∑
n∈N ′

∑
m∈M

δn(k)θn,mpAn,m(k)≤pAmax, (26c)

θn,m(k)∈{0, 1} , ∀n∈N ′, ∀m∈M, (26d)

δn(k) ∈ {0, 1} , ∀n ∈ N ′, (26e)

where N′ denotes the set of scheduled sensors, and the sensor
n ∈ N ′ satisfies ξn(k) = 1, ∀n ∈ N .

In the remainder of this section, the estimation gain-based
sensor scheduling algorithm is proposed to solve SP1. As SP2

is a MINLP problem, it is decomposed into three subproblems,
which are then solved in an iterative way.

A. Sensor Scheduling

The sensor subproblem SP1 is still non-convex due to the
nonlinear objective function and the non-convex constraints
((24a), (24g), (24h)), and the objective function is the quadric
form of the estimation error e(k). For easy to solve this problem,
the estimation gain en,Δ(k) is defined as the contribution of
scheduling one sensor on the estimation error reduction, which
is expressed as

en,Δ(k) = ‖e0
n(k)‖2

2 − ‖e1(k)‖2
2, (27)

wheree0
n(k)denotes the estimation error when only then-th sen-

sor is not scheduled, ande1(k) denotes the estimation error when
all sensors are scheduled and the sensory data is successfully
received by the remote estimator. Then, the sensor scheduling
problem SP1 could be rewritten as

max
ξ

Tr (E {diag {ξ1(k), . . . , ξN (k)} eΔ(k)})

s.t. (24a), (24g), (24h), (28)

where eΔ(k) = [e1,Δ(k), . . . , en,Δ(k), . . . , eN,Δ(k)]
T . It can

be seen that the transformed objective function is proportional
to the contribution of scheduling one sensor on the estimation
error reduction, and the rewritten subproblem is a binary integer
programming that could be solved optimally with the brute-force
search method. Due to the exponential complexity, an estimation
gain-based sensor scheduling algorithm is proposed to solve the
problem (28) effectively and efficiently, shown as Algorithm 1.
Firstly, the estimation gain of each sensor is calculated (Step
4-Step 10). The corresponding computational complexity is
O(N). Secondly, the number of sensors Ncs whose residual
energy meets the minimum residual energy requirement can be
determined. Finally, when Ncs meets the minimal scheduling
requirement, sensors with the maximum estimation gain are
scheduled in sequence, and then update the estimation gain and
estimation error of scheduled sensors (Step 13-Step 19). The
corresponding computational complexity isO(Ncs). Therefore,
the time complexity of Algorithm 1 is O(N +Ncs).

Algorithm 1: Estimation Gain-Based Sensor Scheduling
Algorithm.

1: Input: Nmin, M , e(k − 1), ER(k − 1);
2: Output: The sensor scheduling ξ(k);
3: Initialization: The set of scheduled sensors N′;
4: for Each sensor n ∈ N do
5: Calculate e0

n(k) and e1
n(k) according to Eq. (23);

6: Update eΔ,n(k) based on Eq. (27);
7: if ER

n (k − 1) ≤ ER
min then

8: N = N\n, eΔ,n(k)← −∞;
9: end if

10: end for
11: Ncs = min{M, |N |}, e(k)← e0(k);
12: if Ncs ≥ Nmin then
13: while |N ′| ≤ Ncs do
14: n0 ← arg max

n∈N
{eΔ,n(k)};

15: ξn0(k)← 1;
16: N′ ← n0

17: eΔ,n0(k)← −∞;
18: en0(k)← e1

n0
(k);

19: end while
20: else
21: Break;
22: end if
23: return ξ(k);

B. Adaptive Cooperative Transmission

It is challenging to deal with SP2, since its objective function
cannot be expressed explicitly with decision variables. In order
to find a breakthrough point in solving the problem, we analyze
the impact of the cardinality of the set N′ and the amount
of sensory data successfully received by RE on the objective
function. First, the cardinality of the setN′ determines the upper
bound of the objective function, while the amount of sensory data
successfully received by RE determines the gap from its upper
bound. In particular, the cardinality of the setN′ is limited by the
number of schedulable sensors. Moreover, the more the sensors
participate in data transmission, the smaller the estimation error
will be. Thus, it is necessary to encourage the scheduled sensors
to participate in the sensory data by enlarging the residual energy.
As we all know, minimizing the transmission power of sensors
is an efficient way to enlarge the residual energy. Therefore,
in order to maximize the number of sensors that participate in
data transmission, the energy consumption of data transmission
should be reduced as much as possible. Second, the transmission
status of the sensory data depends on its transmission delay
according to (20). Therefore, the transmission delay constraint
(i.e., tn(k) ≤ τ ) can be used to determine the number of sensory
data that are successfully received. Based on the above analysis,
the problem SP2 can be rewritten as

min
δ,θ,pS,pA

∑
n∈N ′

ET
n (k) (29)

s.t. (26a)− (26e),
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tn(k) ≤ τ,∀n ∈ N ′, (29a)

where (29a) is the transmission delay constraint.
Theorem 1: ET

n (k) is a monotonically increasing function of
the pSn,m(k).

Proof: Proof is shown in Appendix A.
Based on Theorem 1, the problem (29) can be transformed

into

min
δ,θ,pS,pA

∑
n∈N ′

∑
m∈M

θn,m(k)pSn,m(k)

s.t. (26a)− (26e), (29a), (30)

where the objective function is the linear combination of deci-
sion variables, but the non-convex constraint (29a) poses sig-
nificant challenges to solving problem (30). In order to tackle
the non-convex problem (30) efficiently, a joint optimization
algorithm of mode selection, subcarrier allocation and power
control is proposed to iteratively solve the this problem.

1) Mode Selection: When the subcarrier allocation θ and
transmit power (pS,pA) are given, the sensor will select a
transmission mode that could achieve a larger transmission rate.
Then, the optimal mode selection could be determined by

δn(k) =

{
1, if RCn(k)>RD

n (k), ∀n ∈ N ′,
0, otherwise.

(31)

2) Subcarrier Allocation: When the transmission mode se-
lection δ and transmit power (pS,pA) are given, the achievable
transmission rate is only affected by the subcarrier allocation
strategy. For ease of representation, the variable ωn,m(k) is
introduced to evaluate the achievable transmission rate utility
under different subcarrier allocations, shown as below.

ωn,m(k) = ω0eΔ,n(k)

(
(1− δn(k))

(
RD

n (k)−Rmin
n (k)

)

+ δn(k)
(
RC

n (k)−Rmin
n (k)

))
, ∀n ∈ N ′, (32)

where ω0 is the penalty factor that is introduced to avoid
the transmission rate being less than the minimization value;
Rmin

n (k) = qn(k)/τ . Then, the subproblem of subcarrier alloca-
tion can be rewritten as

max
θ

∑
n∈N ′

∑
m∈M

θn,m(k)ωn,m(k)

s.t. (26a), (26d). (33)

The problem (33) is a binary linear programming problem,
which could be optimally solved with the exhaustive search
approach at the cost of exponential complexity. In this work, the
problem is efficiently solved by reformulating it as a weighted
bipartite graph matching problem. Generally, a weighted bipar-
tite graph is defined as G(V, E ,W). The set of vertices is denoted
as V = N′ ∪M. Moreover, E is the set of edges connecting a
vertex inN′ and a vertex inM. The weight of edges is denoted
as the vectorW . In this work, the weight of the line connecting
the n-th vertex and the m-th vertex is set as ωn,m(k). The
Kuhn-Munkres (KM) algorithm is an efficient method to solve

the binary weighted matching problem [42]. The KM theorem
transforms the weighted matching problem into a combinatorial
one of finding a perfect matching [43]. Note that KM algorithm
could obtain the optimal solution, only when the number of
nodes in N′ is equal to that inM. Specially, when |N ′| = M ,
the original maximum weight matching problem is a perfect
matching problem, and the optimal matching obtained with the
KM algorithm is the optimal solution of the original maximum
weight matching problem. When |N ′| < M , although it can be
transformed into a perfect matching problem by adding dummy
nodes to the N′, the optimal matching found by the KM algo-
rithm is not the optimal solution to the original maximum weight
matching problem. The reason is that the subcarriers matched to
the dummy nodes in fact are not allocated to any sensors for data
transmission. Therefore, the subcarriers matched to the dummy
nodes need to be reallocated to improve the transmission rate.
To achieve this goal, an algorithm based on the KM theorem
is designed to determine the allocation relationship between
sensors and subcarriers, as shown in Algorithm 2.

The main idea of Algorithm 2 is to allocate subcarriers among
sensors to the following steps. In particular, the weights of
each edge in the matching matrix are calculated (Step 4-Step
7). The corresponding computational complexity isO(|N ′|M).
Then, when |N ′| = M , the optimal subcarrier allocation can
be obtained directly by the KM algorithm (Step 10-Step 12).
The corresponding computational complexity isO(M 3). When
|N ′| < M , M − |N ′| dummy nodes are added to the set N′
to the dimension of N′ is equal to that ofM. Then, the edges
between each dummy node inN′ and any node inM are added,
whose weight is set to be zero. Moreover, the subcarrier matched
to the dummy node is added to the subcarrier candidate set. Next,
the subcarriers in the candidate set are matched to the sensors
in N′, and calculate the rate utility gap between unallocated
subcarriers and allocated subcarriers. Finally, the subcarrier is
allocated to the sensor with the largest rate utility gap (Step
15-Step 37). The corresponding computational complexity is
O(M 3). The original maximum weight matching problem is
solved until the candidate set is null. Therefore, the time com-
plexity of Algorithm 2 is O(|N ′|M +M 3).

3) Power Control: According to the constraint (29a), it can
be seen that the problem formulations of power control are
different in different transmission modes. Therefore, we study
the power optimization schemes under the direct transmission
mode and the cooperative transmission mode, respectively.

a) Direct transmission mode: In this case, δn(k) = 0, ∀n ∈
N ′. The subproblem of power control is given by

min
pS

∑
n∈N ′

∑
m∈M

θn,m(k)pSn,m(k) (34)

s.t. (26b),

RD
n (k) ≥ Rmin

n (k), ∀n ∈ N ′, (34a)

which is convex problem due to the linear objective function
and the convex constraints (26b) and (34a). Therefore, it can be
solved by a standard convex optimization solver (such as cvxpy).
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b) Cooperative transmission mode: In this case, δn(k) =
1, ∀n ∈ N ′. The subproblem formulation is expressed as

min
pS,pA

∑
n∈N ′′

∑
m∈M

θn,m(k)pSn,m(k) (35)

s.t.
∑
m∈M

θn,m(k)pSn,m(k) ≤ pSmax, ∀n ∈ N ′′, (35a)

∑
n∈N ′′

∑
m∈M

θn,m(k)pAn,m(k)≤pAmax, (35b)

RC
n (k) ≥ Rmin

n (k), ∀n ∈ N ′′, (35c)

where N′′ is the set of scheduled sensors in the cooperative
transmission mode. Constraint (35c) is concave since its Hessian
matrix is negative semi-definite [44]. Moreover, pS and pA in
constraint (35c) is tightly coupled. Therefore, (35) is concave
problem and cannot be efficiently solved with existing methods.
In this work, the Lagrangian method is employed to solve this
problem. The Lagrangian function of (35) is shown as (38),
shown at the bottom of this page, where λS, λA, and λR are the
non-negative Lagrangian multipliers. According to the Karush-
Kuhn-Tucker conditions, the optimal solution to (35) could be
obtained by letting the gradient be zero, shown as

∂L
(
λS
n, λ

A, λR
n , p

S
n,m(k), pAn,m(k)

)
∂pSn,m(k)

= 0

∣∣∣∣∣
pS
n,m(k)=p∗,Sn,m(k)

,

(36)

∂L
(
λS
n, λ

A, λR
n , p

S
n,m(k), pAn,m(k)

)
∂pAn,m(k)

= 0

∣∣∣∣∣
pA
n,m(k)=p∗,An,m(k)

.

(37)

The optimal power of the n-th sensor is expressed as (39),
shown at the bottom of this page, The optimal power at the n-th
sensor relayed by the AGV is given by

p∗,An,m(k) = γSA
n,m(k)Ψn,mp∗,Sn,m(k), (43)

where Ψn,m is expressed as (40), shown at the bottom of this
page. Note that [x]+ = max(0, x). The details of the derivation
of (39) and (43) can be described in the following steps. Firstly,
from (36) and (37), one can respectively obtain (41) and (42),
shown at the bottom of this page. Secondly, by dividing (41) and
(42) one can relate p∗,An,m(k) and p∗,Sn,m(k) as in (43). Finally, by
substituting (43) into (42), one can obtain the optimal power of
n-th sensor at k-th estimation step on m-th subcarrier as in (39).

Equations (39) and (43) give a unique solution to the optimiza-
tion problem (35), hence, the optimal solution of this problem
can be obtained with the Lagrangian method. The update of
Lagrangian multipliers is given by

λS
n(t+1)=λS

n(t)−αS(t)

(
pSmax−

∑
m∈M

θn,m(k)pSn,m(k)

)
,

(44)

λA(t+1)= λA(t)

L
(
λS
n, λ

A, λR
n , p

S
n,m(k), pAn,m(k)

)
=
∑
n∈N ′′

∑
m∈M

θn,m(k)pSn,m(k) + λS
n

( ∑
m∈M

θn,m(k)pSn,m(k)− pSmax

)

+λA

( ∑
n∈N ′′

∑
m∈M

θn,m(k)pAn,m(k)− pAmax

)
+ λR

n

(
Rmin

n (k)−RC
n (k)

)
, (38)

p∗,Sn,m(k)=

⎡
⎣ λR

nγAR
n,m(k)

2Bln(2)(1+λA)
− (1 + γAR

n,m(k)Ψn,m

)2

γSR
n,m(k)

(
1 + γAR

n,m(k)Ψn,m

)2
+ γSA

n,m(k)γAR
n,m(k)Ψn,m

(
1 + γAR

n,m(k)Ψn,m

)
⎤
⎦
+

, (39)

Ψn,m =

√(
γSR
n,m(k)γAR

n,m(k) + γSA
n,m(k)γAR

n,m(k)
)
(1 + λS

n)− γSR
n,m(k)γSA

n,m(k)λA − γSR
n,m(k)

γSR
n,m(k)γAR

n,m(k) + γSA
n,m(k)γAR

n,m(k)
. (40)

1
1 + λS

n

(
γSR
n,m(k)

(
pSn,m(k)γSA

n,m(k) + pAn,m(k)γAR
n,m(k)

)2
+ p2,A

n,m(k)γSA
n,m(k)γ2,AR

n,m (k)
)

=
2ln(2)
BλR

n

(
1 + pSn,m(k)γSR

n,m(k) +
pSn,m(k)γSA

n,m(k)pAn,m(k)γAR
n,m(k)

pSn,m(k)γSA
n,m(k) + pAn,m(k)γAR

n,m(k)

)(
pSn,m(k)γSA

n,m(k) + pAn,m(k)γAR
n,m(k)

)2
, (41)

1
λA
n

p2,S
n,m(k)γ2,SA

n,m (k)γAR
n,m(k)

=
2ln(2)
BλR

n

(
1 + pSn,m(k)γSR

n,m(k) +
pSn,m(k)γSA

n,m(k)pAn,m(k)γAR
n,m(k)

pSn,m(k)γSA
n,m(k) + pAn,m(k)γAR

n,m(k)

)(
pSn,m(k)γSA

n,m(k) + pAn,m(k)γAR
n,m(k)

)2
. (42)
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Algorithm 2: Subcarrier Allocation Algorithm.

1: Input: N′,M, δ(k), pS(k), pA(k);
2: Output: The subcarrier allocation θ(k);
3: Initialization: Ω = ∅;
4: for Each sensor n ∈ N ′ do
5: for Each subcarrier m ∈M do
6: Calculate the weight Ωn,m = ωn,m(k) according

to Eq. (32);
7: end for
8: end for
9: Ns ← |N ′|;

10: if Ns = M then
11: Obtain optimal subcarrier allocation θ(k) by KM

algorithm;
12: Break;
13: else
14: d← 0;
15: while Ns + d+ 1 ≤M do
16: for Each subcarrier m ∈M do
17: ΩNs+d+1,m = 0;
18: end for
19: d← d+ 1;
20: end while
21: Obtain subcarrier allocation θ(k) by KM algorithm;
22: for Each sensor n ∈ N ′ do
23: Mn ← m|θn,m == 1;
24: M =M\Mn;
25: Ω0

n ←
∑

m∈Mn
ωn,m(k);

26: end for
27: for Each subcarrier m ∈M do
28: for Each sensor n ∈ N ′ do
29: M′ ←Mn ∪m;
30: Ω1

n ←
∑

m′∈M′ ωn,m′(k);
31: ΩΔ,n ← Ω1

n − Ω0
n;

32: end for
33: n′ ← arg max

n∈N ′
{ΩΔ,n};

34: θn′,m(k)← 1;
35: Mn′ ← Mn′ ∪m;
36: Ω0

n′ ← Ω1
n′ ;

37: end for
38: end if
39: return θ(k);

− αA(t)

(
pAmax−

∑
n∈N ′′

∑
m∈M

θn,m(k)pAn,m(k)

)
,

(45)

λR
n (t+ 1) = λR

n (t)− αR(t)
(
RC

n (k)−Rmin
n (k)

)
, (46)

where αS(t), αA(t) and αR(t) are sufficiently small step and t
is the iteration index.

The detailed solution procedure of SP2 is shown as Algo-
rithm 3. Specifically, in each iteration, the transmission mode
of the scheduled sensors is firstly determined (Step 5-Step
7). The corresponding computational complexity is O(|N ′|).

Algorithm 3: Adaptive Cooperative Transmission Algo-
rithm.

1: Input: N′,M;
2: Output: δ(k), θ(k), pS(k), pA(k);
3: Initialization: t = 0, T = 0, fit(t) = 0, Fit(T ) = 0,

λS(t), λA(t), λR(t);
4: while T ≤ Tmax do
5: for Each sensor n ∈ N ′ do
6: Update δn(k) according to (31);
7: end for
8: Update θ(k) according to Algorithm (2);
9: for Each sensor n ∈ N ′ do

10: Calculate the maximum achievable transmission rate
Rmax

n , where the transmit power is pSmax;
11: if Rmax

n < Rmin
n (k) then

12: N′ = N′\n, pSn(k)← pSmax;
13: en(k)← e0

n(k);
14: end if
15: end for
16: for Each sensor n ∈ N ′ do
17: if δ(k) = 0 then
18: Calculate pSn,m(k) based on (34);
19: else
20: N′′ ← n|δn(k) == 1;
21: end if
22: end for
23: while t ≤ tmax do
24: t← t+ 1;
25: Update λS(t), λA(t) and λR(t) according to Eq.

(44), (45) and (46), respectively;
26: Update p∗,S(k) and p∗,A(k) according to Eq. (39)

and Eq. (43), respectively;
27: fit(t)←∑

n∈N ′′
∑

m∈M θn,m(k)p∗,Sn,m(k);
28: if fit(t)− fit(t− 1) < ε then
29: Fit(T )← fit(t);
30: Break;
31: end if
32: end while
33: if Fit(T )− Fit(T − 1) < ε then
34: Break;
35: end if
36: end while
37: Update remaining energy ER(k) according to Eq. (16);
38: return δ(k), θ(k), pS(k), pA(k);

Then, the subcarrier allocation is determined with Algorithm
2 (Step 8). The corresponding computational complexity is
O(|N ′|M +M 3). Subsequently, check whether the require-
ment of minimum transmission rate is met. If not, the transmit
power of the sensor will not be optimized, and the estimated
error value will be returned (Step 9-Step 15). The corresponding
computational complexity isO(|N ′|). Next, the sensor transmit
power under the direct transmission mode is solved by a standard
convex optimization solver, and the sensor transmit power under
the cooperative transmission mode is iteratively solved by the
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Fig. 3. The diagram of solution process.

Lagrangian method (Step 16-Step 32). To simplify the analysis,
we assume that the number of iterations of Algorithm 3 is
Φ and the number of iterations of the Lagrangian method is
φ. Therefore, the computational complexity of Algorithm 3 is
O(Φ(3|N ′|+ |N ′|M +M 3 + φ)).

In summary, the original problem is a MINLP problem,
whose optimal solution is difficult to obtain. As a solution, the
original problem is divided into two subproblems, namely the
sensor scheduling subproblem and the sensory data transmission
subproblem. Both subproblems are non-convex problems. The
former one is transformed into a binary integer programming
problem based on the proposed estimation gain index. The trans-
formed problem then can be optimally solved with the designed
Algorithm 1. The latter one contains non-convex constraints,
which is decomposed into three subproblems and then solved
with an iterative method. The detailed solution process is shown
as Fig. 3. Subsequently, we will discuss the solvability and opti-
mality of each subproblem. The sensor scheduling subproblem
is transformed into a binary integer programming problem based
on the proposed estimation gain index. Then, the transformed
problem could be optimally solved with the designed Algo-
rithm 1 in the revised manuscript. Thus, the sensor scheduling
subproblem is solvable and could be solved optimally with
designed algorithm. The sensory data transmission subproblem
is decomposed into three subproblems and solved in an iterative
manner. The convergence of the iterative process is show in
Fig. 4. It can be seen that the solution process is convergent after
about 1000 iterations. Therefore, the sensory data transmission
subproblem is solvable. As the iterative process is converged to
0.018 rather than zero, the solution of sensory data transmission
subproblem obtained with the designed iterative algorithm is
near-optimal. In summary, solvability can be guaranteed, but
optimality can not.

IV. PERFORMANCE EVALUATION

In this paper, the proposed adaptive cooperative transmission
(ACT) scheme jointly designs the sensory data transmission and
sensor scheduling for state estimation to enhance the accuracy
of state estimation in the AGV-assisted industrial IoT system.

Fig. 4. The convergence of the iterative solution process for the sensory data
transmission subproblem.

Fig. 5. Network topology.

In this section, we perform extensive simulations to evaluate
the performance of ACT scheme in terms of mean square error,
energy consumption and transmission success rate. The trans-
mission success rate is defined as the ratio of the number of
sensors whose sensory data is not successfully received by CE
to the number of scheduled sensors. Four additional schemes
are considered as comparing ones. The first one is the direct
transmission and sensor scheduling (DTSS) scheme, where all
the scheduled sensors select the direct transmission mode. The
second one is an adaptive cooperative transmission with random
scheduling (ACTRS) scheme, in which the scheduled sensors in
each estimation step are randomly generated. The third one is
an adaptive cooperative transmission scheme based on random
subcarrier allocation (ACT-RSA), in which subcarriers are ran-
domly assigned to the scheduled sensors without considering
subcarrier allocation optimization. The fourth one is an adaptive
cooperative transmission scheme based on maximum transmit
power (ACT-MTP), in which the scheduled sensors transmit
sensory data at maximum transmit power.

The performance comparison is evaluated according to
the network topology covering a rectangular area [0, 80]m ×
[0, 300]m, where N = 30 sensors are placed, the antenna height
of the AGV isHA = 1.5 m and the RE is placed at the horizontal
center of the network whose height is HR = 5 m, as shown
in Fig. 5. Moreover, the initial residual energy of the sensor is
ER(0) = 100 mJ,ED

0 = 0.1 mJ/s. The main parameters used in
the simulation are shown in Table I. The computer is built on the
Windows 10 with Intel Core 3.40GHz i5-12500 CPU and 16GB
of RAM. According to simulation settings, the running time of
proposed algorithm is about 15 ms. Based on the running result,
the transmission duration of one data packet is about 70ms.
Then, the total duration of data transmission and algorithm
running is 85 ms, which is less than the duration of estimation
step. Therefore, the timeliness requirement of state estimation
in control systems could be satisfied.
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TABLE I
MAIN PARAMETERS

Fig. 6. Performance comparison among different approaches. (a) Mean square
estimation error. (b) Average energy consumption. (c) Transmission success rate.

A. Performance Comparison With Different Schemes

The performance comparison among five compared ones
terms of mean square estimation error, average energy con-
sumption, and transmission success rate is shown in Fig. 6.
It can be seen that DTSS scheme performs worse than ACT
scheme in terms of mean square estimation error, average energy
consumption, and transmission success rate. Moreover, the mean
square estimation errors of ACTRS and ACT-RSA schemes are
much larger than that of the other three schemes as shown in
Fig. 6(a). In addition, as shown in Fig. 6(c), ACT-RSA scheme
has a minimum transmission success rate, less than 80%, while
the other four schemes have a transmission success rate greater
than 90%. The reason is that ACT-RSA scheme adopts a random
subcarrier allocation strategy, making it difficult for sensors to
obtain satisfied subcarriers, leading to a significant decrease in
the data transmission success rate. The low transmission success
rate of ACT-RSA scheme makes some of scheduled sensors
transmit sensory data at the maximum transmit power, which
causes the average energy consumption of ACT-RSA scheme
larger than that of other four schemes, as shown in Fig. 6(b).
Fig. 6(a) and (c) show that although the mean square estimation
errors of both ACTRS and ACT-RSA schemes are relatively

large, the transmission success rate of ACTRS scheme is much
larger than that of ACT-RSA scheme. The reason is that ACTRS
scheme results in a large mean square estimation error due
to its random scheduling of sensors. Furthermore, ACT-RSA
scheme leads to a decrease in the transmission success rate
due to the random subcarrier allocation, consequently leading
to an increase in the mean square estimation error. The above
simulation results verify that the mean square estimation error
is influenced by both sensor scheduling and transmission status
of sensory data. It also demonstrates the superiority of the joint
optimization of sensor scheduling and data transmission in ACT
scheme for the considered industrial IoT system.

B. Performance Comparison With Different Parameters

The impact of average packet length on performance is shown
in Fig. 7. It can be seen that the mean square estimation error
and the average energy consumption of all schemes increase with
the growth of the average packet length, while the transmission
success rate gradually decreases. Moreover, we find that there is
a critical point in the average data packet length. If the average
packet length is less than this critical point, the increment mean
square estimation error is small and the mean square error
changed gradually flattened. However, if the average packet
length is larger than this critical point, the mean square estima-
tion error increases significantly, especially in DTSS scheme, as
shown in Fig. 7(a). The reason is that with the growth of average
packet length, some sensors located at the edge are constrained
by transmission distance, which makes the data transmitted by
these sensors unable to be successfully received by RE within
the one estimation step. Even though the optimal transmission
resources are allocated to these sensors, thus leading to a signif-
icant increase in the mean square estimation error. In addition,
with the adaptive cooperative transmission scheme, the sched-
uled sensors can adaptively choose cooperative transmission or
direct transmission according to the transmission conditions.
Due to the mobility of AGV, the number of edge sensors whose
transmitted data cannot be successfully received by RE can
be effectively reduced. Therefore, the increase of mean square
estimation error with ACT scheme is much smaller than that
with DTSS scheme.

As shown in Fig. 7(b), when the average packet length is small,
the average energy consumption of DTSS scheme is almost
equal to that of ACT scheme. However, as the average packet
length increases, the average energy consumption of DTSS
scheme increases significantly and gradually exceeds that of
ACT-MTP and ACT-RSA schemes. Therefore, ACT scheme has
a significant advantage over DTSS scheme on reducing energy
consumption during large data packet transmission. As shown
in Fig. 7(c), ACT-RSA scheme has a much lower transmission
success rate than ACT scheme due to its random subcarrier
allocation. In addition, the transmission success rate of DTSS
scheme decreases significantly with the increase of the average
packet length, about 40%. In contrast, the transmission success
rate of ACT scheme is consistently greater than that of DTSS
scheme, especially when the average packet length is large. This
indicates that ACT scheme is more resilient when the packet

Authorized licensed use limited to: University of Waterloo. Downloaded on March 04,2025 at 21:56:16 UTC from IEEE Xplore.  Restrictions apply. 



LYU et al.: AGV-ASSISTED ADAPTIVE COOPERATIVE TRANSMISSION FOR STATE ESTIMATION 2401

Fig. 7. Performance comparison of different average packet lengths. (a) Mean square estimation error. (b) Average energy consumption. (c) Transmission success
rate.

Fig. 8. Performance comparison of different duration of one estimation step. Here, the average packet length is 2.2 Kbits. (a) Mean square estimation error.
(b) Average energy consumption. (c) Transmission success rate.

length increases, which can effectively delay the degradation of
the transmission success rate and then ensure the performance
of state estimation.

The effect of the duration of one estimation step on the perfor-
mance is shown in Fig. 8. It can be seen that with the increase of
the duration of one estimation step, the mean square estimation
error first drops sharply and then gradually remains flat, as shown
in Fig. 8(a). Moreover, with the increase of the duration, the mean
square estimation error of DTSS scheme decreases significantly
and is smaller than that of ACTRS and ACT-RSA schemes. In
addition, when the duration is small, the mean square estimation
error of DTSS scheme is much larger than that of ACT scheme
(about 8 times). Therefore, compared with DTSS scheme, ACT
scheme could significantly improves the estimation performance
for industrial IoT systems with strict requirements on the dura-
tion of one estimation step.

As shown in Fig. 8(b), the average energy consumption
of ACT-RSA scheme decreases linearly with the increase of
the duration of one estimation step, while the average energy
consumption of other four schemes decreases first and then
increases with the increase of the duration of one estimation
step. The reason is that with the increase of the duration of
one estimation step, the number of sensors whose sensory data
cannot be successfully received by RE within the one estimation
step decreases, leading to a decrease in the average energy
consumption. With the further increase of the duration, the
transmission duration of all scheduled sensors is extended, so

that the average energy consumption increases. As shown in
Fig. 8(c), DTSS scheme has the lowest transmission success
rate when the duration of one estimation step is small. With the
duration increase, transmission success rate with the increase of
the duration increases rapidly and exceeds ACT-RSA scheme,
but it is still smaller than that with ACT scheme.

The impact of the number of subcarriers on performance is
shown in Fig. 9. With the increase of the number of subcarriers,
the number of sensors that can be scheduled in one estimation
step increases. Therefore, the mean square estimation error
decreases with the increase of the number of subcarriers, as
shown in Fig. 9(a). Moreover, ACTRS has a much larger mean
square estimation error than other four schemes due to its random
sensor scheduling scheme. As shown in Fig. 9(b), the average
energy consumption of ACT-RSA scheme gradually decreases
with the increase in the number of subcarriers, while the average
energy consumption of other four schemes first decreases, then
increases slightly and gradually remains constant. As shown in
Fig. 9(c), the transmission success rate of all schemes gradually
increases with the growth in the number of subcarriers. The
reason is that the probability of sensors allocated to the satisfied
subcarriers increases with the growth of the number of available
subcarriers, leading to an increase in the transmission success
rate. The increase in the transmission success rate reduces the
number of sensors transmitting data at maximum transmit power,
thereby resulting in a decrease in average energy consumption.
In addition, the transmission success rate of ACT scheme is
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Fig. 9. Performance comparison with different number of subcarriers. (a) Mean square estimation error. (b) Average energy consumption. (c) Transmission
success rate.

Fig. 10. Mean square estimation error comparison with different maximum
transmit power of sensors.

consistently greater than that of DTSS scheme, consistently
above 90%. The transmission success rate of ACT-RSA scheme
is the lowest, basically below 80%. This indicates that in a
spectrum-constrained environment, ACT scheme has a signifi-
cant advantage in enhancing the reliability of data transmission.

The effect of sensor’s maximum transmit power on the mean
square estimation error is shown in Fig. 10. It can be seen that
with the increase of maximum transmit power, the mean square
estimation error with all schemes decreases sharply and then
slowly decreases. Moreover, under the same maximum transmit
power, the mean square error of ACT scheme is smallest. It
verifies that ACT scheme has obvious advantages on improving
the performance of state estimation.

V. CONCLUSION

In this paper, we investigated an AGV-assisted cooperative
transmission in industrial IoT systems to improve the reliability
of sensory data transmission and the accuracy of state estimation.
We designed an ACT scheme to jointly optimize sensor schedul-
ing and data transmission. In particular, the best transmission
mode is chosen to deliver information according to the channel
gain of line-of-sight transmission link between sensors and
remote estimator. Moreover, only when the line-of-sight trans-
mission link is heavily obstructed by AGV, the AGV-assisted
cooperative transmission mode is activated. Then, an adaptive

cooperative transmission algorithm was designed to maximize
the amount of sensory data successfully received by the RE under
the consideration of energy consumption. Simulation results
show that ACT scheme can significantly improve estimation
performance with low energy consumption. It is appropriate
for applying the proposed adaptive cooperative transmission
scheme into the area of smart manufacturing, since there are
generally many moving obstacles and large metal equipments
in the plant. Furthermore, the proposed scheme has advantage
on the choosing adaptivity of transmission modes, which then
could effectively enhance the transmission performance and
estimation accuracy. For the future work, we will study sensor
scheduling and data transmission in industrial IoT systems with
heterogeneous sensor networks.

APPENDIX A
PROOF OF THEOREM 1

The detailed expression of transmission energy consumption
is given by

ET
n (k) =

∑
m∈M

θn,m(k)pSn,m(k)tn(k)

=
∑
m∈M

θn,m(k)pSn,m(k)

(
(1− δn(k))

qn(k)

RD
n (k)

+ δn(k)
qn(k)

RC
n (k)

)
. (47)

It can be seen that the energy consumption expressions are
different under different transmission modes. Therefore, we
prove the monotonicity of the transmission energy consump-
tion function under the two transmission modes respectively.
To simplify the expression, the expression of single subcarrier
transmission is adopted in the following.

case 1: δn(k) = 0, the derivative of ET
n (k) to pSn(k) can be

expressed as

dET
n (k)

dpSn,m(k)
=

qn(k)

(
log2

(
1 + ΓD

n,m(k)
)− ΓD

n,m(k)

(1+ΓD
n,m(k))ln(2)

)
Blog2

2

(
1 + ΓD

n,m(k)
) .

(48)
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Let g0(p
S) = (1 + ΓD

n,m(k))− ΓD
n,m(k)

(1+ΓD
n,m(k))ln(2) . It can be seen

that the monotonicity ofET
n (k)depends on the size of theg0(p

S),
if g0(p

S) > 0, ET
n (k) is monotonically increasing, otherwise,

ET
n (k) is non-monotonically increasing. Let g0(p

S) = 0 to get
pSn,m(k) = 0, so the positive or negative value of the g0(p

S) can
be determined by its monotonicity. Then, the derivative of g0(p

S)
to pSn,m(k) is

dg0(p
S)

dpSn,m(k)
=

ΓD
n,m(k)(

1 + ΓD
n,m(k)

)
ln(2)

, (49)

where ΓD
n,m(k) > 0 when pSn,m(k) > 0, so g0(p

S) is monoton-
ically increasing when pSn,m(k) > 0 (i.e., g0(p

S) > 0). There-
fore, in the case of δn(k) = 0, ET

n (k) is monotonically increas-
ing to pSn,m(k) when pSn,m(k) > 0.

case 2: δn(k) = 1, the derivative of ET
n (k) to pSn(k) can be

expressed as

∂ET
n (k)

∂pSn,m(k)
=

qn(k)

(
log2

(
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where Γ
′,C
n,m(k) is the partial derivative of ΓC

n,m(k) to pSn,m(k).

Let g1(p
S, pA) = log2(1 + ΓC

n,m(k))− pS
n,m(k)Γ

′,C
n,m(k)

(1+ΓC
n,m(k))ln(2) .

Clearly, the monotonicity of ET
n (k) depends on the size of the

g1(p
S, pA). Similarly, let g1(p

S, pA) = 0 to get pSn,m(k) = 0,
thus the positive or negative value of the g1(p

S, pA) can be
determined by its monotonicity. The partial derivative of
g1(p

S, pA) to pSn,m(k) can be expressed as
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whereΓ
′′,C
n,m(k) = − 2(γSR
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n,m(k)γAR

n,m(k))2

(pS
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n,m(k))3 is the sec-

ond partial derivative of g1(p
S, pA) to pSn,m(k). ΓC

n,m(k) >

0, Γ
′′,C
n,m(k) < 0 when pSn,m(k) > 0, so g1(p

S, pA) is mono-
tonically increasing to pSn,m(k) when pSn,m(k) > 0 (i.e.,
g1(p

S, pA) > 0). Therefore, in the case of δn(k) = 1, ET
n (k)

is monotonically increasing to pSn,m(k) when pSn,m(k) > 0.
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