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Abstract—The coming fifth-generation (5G) cellular networks
encourage to support several innovations and services, some of
which will demand Ultra-reliable and Low-latency Communi-
cations (URLLC). For instance, URLLC can support real-time
control to facilitate several emerging applications, such as robotic
arms in industrial applications, and remote surgery for health-
care applications. However, URLLC is expected to be supported
without considering the resources usage efficiency in wireless
control systems due to the challenging to satisfy Quality of
Service (QoS) requirements at the expense of diminishing energy
efficiency. In this paper, we analyze uplink energy efficiency in
URLLC utilizing multiple antennas in the transmitter and the
receiver as well (MIMO) in real-time wireless control systems.
We firstly formulate an optimization problem to maximize energy
efficiency concerning the effect of the control convergence rate
constraint. Then, we develop an exhaustive search method to
obtain the maximum energy efficiency. Finally, simulation results
are provided to demonstrate the performance of our proposed
method.

Index Terms—URLLC, Real-time wireless control, Uplink,
MU-MIMO, Energy Efficiency, Joint design.

I. INTRODUCTION

Ultra-reliable and low latency communications (URLLC) is
one of most important scenarios for the coming 5G cellular
networks. This technique is considered as an enabler of real-
time control in wireless control systems due to its high Quality
of Service (QoS) requirements (i.e., the reliability should be
more than 99.999 %, and End-to-End (E2E) delay should
be less than 1 ms [1]), which can guarantee the control
performance. It can provide an indispensable contribution to
the applications of real-time wireless control such as utilizing
remote surgery with high demands of accuracy to perform
surgical operations in which the wireless network is expected
to connect a sensor to a controller as well as a controller to
an actuator [2]. However, it is extremely challenging to satisfy
the URLLC QoS requirements at the expense of diminishing
energy efficiency in wireless networked control systems.

The first attempt to study the design of energy efficient
URLLC has been done in [3], which uses the effective
bandwidth to describe queuing delay. A transmit power and
bandwidth allocation policy was studied in [4] to maximize the
energy efficiency under constraints on packet loss correspond-
ing to latency components (e.g., transmission and queuing de-

lays). Additionally, the authors in [5] studied the maximization
of the energy efficient URLLC by obtaining optimal resources
allocation, such as transmit power, bandwidth, and the active
number of the transmit antennas. Consequently, this research
found that a large amount of wireless resources is required to
meet the URLLC QoS requirements. However, it is only from
the communication perspective without considering the actual
control requirements from control perspective.

In this paper, we use uplink multi-user multiple input mul-
tiple output antennas technique (UL-MU-MIMO) in wireless
control system, and we obtain the relationship between the
URLLC and control system from the perspective of commu-
nication and control joint design. We demonstrate the relation-
ship between the control convergence rate and URLLC QoS.
We maximize energy efficiency, which can be defined as the
number of transmitted bits per Joule of energy through wire-
less network, by optimizing transmit power while maintaining
the control performance. Also, the formulated optimization
problem is concave based on the obtained conversion regard-
ing to the relationship between communication and control.
Therefore, we develop an exhaustive search method to obtain
the maximum energy efficient URLLC by finding the optimal
transmit power while maintaining the control performance.

The remainder of this paper is organized as follows. Section
IT presents the system model. In section III, from the perspec-
tive of communication and control co-design, the optimization
problem to maximize the energy efficiency is formulated
with the control performance constraint. In section IV, the
relation between communication and control joint design is
presented, then an exhaustive research method is used in order
to obtain the maximum communication energy efficiency by
determining optimal transmission power. Simulation results
are provided in section V. Finally, we conclude the paper in
section VI.

II. SYSTEM MODEL

As illustrated in Fig.1, it is considered a typical centralized
real-time wireless control system. Sampling signals are trans-
mitted to the remote controller in the base station (BS) by i
static sensors via imperfect wireless network, then the remote
controller conducts the calculations of the control command



signals in order to send them to the k static plants. Since
we focus on uplink transmission design, and adopt (UL-MU-
MIMO) systems, we presume each plant has multiple sensors
and each sensor is equipped M antennas as well as the remote
controller in the BS which is the receiver side is also equipped

k
N antennas, and Z M < N.
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Fig. 1. Wireless control system structure for each plant.

A. Wireless Networked Control Model

The wireless control model is adopted from [6]. Constant
sampling period is considered due to the communication QoS
and control convergence rate are taken into our account in this
work. The discrete time control model can be obtained by

Ty = Tt + dic,s (D

where T}, ; indicates to the sample period of k — th plant at
time index [, where [ = 1,2,..., L, and L is the maximum
sampling time index. T}, is the idle period and dy; is the
transmission time delay. The discrete time control function
with the transmission time delay dj,; is expressed as

k.l Kl
Thi41l = QraTr) + Vg Uk + U7 Uk -1 + weg,  (2)

where d)k,l _ GAT)“’Z, ,l/}g,l _ ( Tkt eAk’ltdt)Bk’l,

0
and ! = (f# e/kitdt) By, ;. By considering the packet
loss and wirelessk Jnetwork induced delay, we assume an aug-
mented discrete time state variable Zj ; = (z, ukJ_l)T,
then the discrete time control function is written as

Zki+1 = Ok,d Lk + Yk,d Uk + Wk, 3

k,l

where Wy, = (w,zl O)T, wk,d = < ‘(;_ ), and ¢k,d = ¢,

we assume ¢p 4 = . Packet loss is considered

Pk f’l
0 0
in this work to explain the system behavior, which is ex-
pressed as P{ap; = 1} = 1 —e5; > 1 — &4p,, when the
control system in under closed loop condition due to the
packet is successfully transmitted. On the other side, when

P {ag; =0} = e, < e, this is known as the failure of the

packet transmission, and the control system is under open loop
conditions. Therefore, perfect state estimator is assumed, and
the linear state feedback, when the transmission time delay is
zero, is expressed as uy,; = O Zj,;, where Oy, is the control
input, then we have

D125, + Wi
G0 Lk, + Wiy
where ¢1 = ¢p.a + Vr,q O and ¢g = ¢y, 4.

B. Wireless Communication Model

ag; =1

“4)

L1 = o 0
kil =

Since we focus on uplink transmission design. We use
UL-MU-MIMO technique, which is adopted from [7]. The
channel states information (CSI) between sensors and remote
controller is predetermined through a feedback channel as
in a frequency-division duplex system, and the channel state
is constant during each data frame due to block fading [7],
[8]. Each sensor has its CSI while the remote controller in
the BS has the CSI for all sensors. We further assume flat
fading channel environment. The received signal at the remote
controller is given by

k
i=1
where y = [y1,%2,...,yn]T, the transmitted signal of sen-

sor i is x; = [Tp1,Tr2,.Tear)t, [T is the vector

transpose, and the power allocation of sensor i is p; =
diag(\/pi1, /Di2s s /Pirt). Gi is the precoding matrix of
sensor i, and H; is the channel matrix with size MxN of
sensor i as well as n is known as the noise vector, which is
Gaussian distributed with zero mean and a covariance matrix
o021y, where Iy is the identity matrix of size N.

z =[xy, z0,... 257,
P = diag{ Py, P,, ..., P},
G = diag{G1,Gs,...,Gy},
and
H = [Hy, Ho,...,H].

With a linear detector, the decision vector of the transmitted
signal is obtained by

i=QY =Q.HG.Px+Qn. (6)

The channel matrix H can be expressed by using singular value
decomposition (SVD) as

A;

m:m[o

} Vit = [U; Un] AVH, (7
where U; and V; are NxN and Mz M unitary matrices, and
A; = diag{\i1, N2, ..., \ins }, where \;; > 0. [J7 indicates
the Hermitian transpose. U; is composed of of M columns
of U;. With local knowledge H;, sensor i sets the precoding
matrix G; = V;. Define

U= [Uly U27 sty Uk])



and

A= diag{A17A27 ,Ak}

Then, the decision can be easily obtained as shown in equation
below
z=Q.UAPzx+ Q.n. (8)

Since the receiver design is not the focus of this work,, we
employ the zero-forcing (ZF) receiver as Q = (U7 U)~1UH
k

It is necessary to take the restriction on Z M < N for the

ZF receiver. n = @Q.n is Gaussian dist;ﬁ)hted with a zero
mean and a covariance matrix E[pnfl] = o?[(UHU)~1)H,
thus, the diagonal elements being o2 [7]. Each symbol can be
detected separately by the remote controller in the BS due to
the transmissions of each sensor are not coupled. The received
signal-to-noise-ratio (SNR) of all symbols for sensor i is
Piidin? Pp)ip? PimAim” T
Vi = [ 2 9 2 } . 9
g g g
Each sensor obtains the optimal data rate and power on each
antenna with given the transceiver structure and the channel
state. The Shannon capacity based on the received SNR is
expressed as

M 2
C,‘, = E lOg(l 4+ —
m=1

From URLLC perspective, the blocklength is short as well
as the packet size is small [9]. Sensor in the control system
usually transmits small size of the payload data, such as 100
bits [10]. The channel dispersion V;, which is utilized to ex-
press the capacity loss due to packet loss during transmission
process at high SNR regime [9] as illustrated in the equation
below

). (10)

o2

V; = (loge)®. (1)

The available uplink rate with finite blocklength for k£ — th
plant is eliminating by the channel dispersion, which is as
expressed [11] below

Vi log(T; Bo)
T; By 2T By '
where fél is known as the inverse of the Q-function, T;
is the uplink time resource for sensor i, and By is the
system bandwidth. Then, the packet error probability e; can
be expressed [9] as
e Viv 1By

C. Energy Efficiency and Power Consumption Model

R, =C; —

fol(e) + (12)

). (13)

In a communication system, the energy efficiency metric
is known as the ratio between the average achievable infor-
mation rate in bits per channel use, and the entire average
power consumption in Joule per channel use [12]. The overall
transmission power for the sensor i is expressed as

M )
PTi — Z pzm,
m=1 K

(14)

where 0 < p < 1, which is the efficiency of the amplifier.
Additional circuit power consumption endured for mobile
devices due to unavoidable electronic operations which are
independent of the radio frequency transmission, and therefore,
P., symbolizes to the circuit power consumption [7], [12].
Consequently, the overall power consumption for sensor i is
demonstrated as

P =P +P.. (15)

The uplink energy efficiency of the K-th plant can be obtained
from (14), (15), (17), (19) and (16), and it is expressed as

k

Z§(1 — €i)

(16)

where ¢ indicates to the payload information transmitted by
the sensor i. In this paper, we intend to obtain the maximum
energy efficiency by finding the optimal transmit power for
each antenna in sensor i.

III. COMMUNICATION AND CONTROL JOINT DESIGN

From communication and control joint design, this subsec-
tion presents the constraints of the control system as well as
the communication systems in order to formulate the joint
design problem to obtain the maximum energy efficiency.

A. Communication and Control Constraints

From the communication aspect, there exist several con-
straints. The first constraint is the total available transmission
power of sensor i is P™%*, then the sum of the transmission
power of all antennas should be smaller than or equal P™%*
as expressed below

M
3 b < P

m=1

a7

The second constraint is the reliability from the perspective
of URLLC QoS, therefore, the successful transmission of the
packets is expressed as

M
P{ag, =1} = PT{Z pig S P =1—¢p; > 1—¢ey.

m=1
(18)
On the other hand, the probability of the failure transmission
of the packets is described as

M
P{aks =0} = Po{>_ pim > P} = exy < e, (19)

m=1

where e, is the probability of the transmission packet error
which is bounded by URLLC QoS requirement. Last constraint
is related to communication time delay which is also bounded
by the latency requirement of URLLC QoS as expressed below

T; < Tin. (20)



From the control aspect, it is considered the control con-
vergence rate ['; as a control constraint, in which the state
sampling period m as well as the control input ©f can
both influence the control convergence rate I'y, which in turn
playing a significant role in terms of the control system perfor-
mance [13]. This constraint can be obtained by Lyapunov-like
function for each plant as written in equation below

Vii(Zy) = ZE Qi Zy, (21)

where () is the positive definite matrix. For provided rates
I', < 1, the main demand for the Lyapunov-like function is
that these functions decrease with that given rate under closed
loop condition during the control process [14]. Furthermore,
the better control performance can be guaranteed when the
plant state effortlessly updates. Thus, for any possible value
of the current plant states Zj, ;, the Lyapunov-like function at
the second step decreases at the desired rate I'y, < 1 in the
expectation that is

EVi(Zk141)| Zea) < TaVi(Zea) + Tr(QeRy),  (22)
where Rj, = (Ry 0) which is the variance of wy(t).
B. Problem Statement

The original communication and control joint design can be
expressed as

k
> 1-=)
. i=1
poly 1 E kM
> P+ X ke
=1 1=1m=1
M
s.t. Z Dim < P
m=1
Ti S Ttha
€i < €t
E[Vi(Zr141)|Z11) < TiVi(Zra) + Tr(QrRy).

(23)
As demonstrated in the above optimization problem, based on
the control-communication co-design, it is required to study
the impacts of control convergence rate constraint on the
communication performance by converting this constraint into
communication constraint.

IV. THE PROPOSED METHOD FOR MAXIMIZING UPLINK
ENERGY-EFFICIENT URLLC IN WIRELESS CONTROL

In this section, we present how to convert the previous
optimization problem into solvable problem regarding to the
relationship between communication and control models.

A. Problem conversion based on the relationship between
communication and control

From the equation (5), the relationship between communi-
cation with respect to reliability constraint, and the Lyapunov-
like constraint from the control system as [14]

EVi(Zr51)| Za] = Prlowg = 1} 21,07 Qo Ziy
+Pr{3kn = 0} 25160 Quo Zn,i

“FT?“(Q;CR;C).

When Z;,; # 0, plugging (28) at the left hand side of the
constraints in (26), thus, we can obtain

ZE (06 Qe do — Tk Qi) Ziy
ZE (98 Qk d0 — o] Qr ¢1) Zi

It is noticed that the lower bound of the communication
reliability decreases monotonically with 'y, due to its small
value which leads to updating the plant state smoothly. Con-
sequently, small value of I';, means obtaining better control
performance as well as high reliable communication system
and vice versa. The supremum of left-hand side in (29) is
expressed as

(24)

P?"{Ozkyl = 1} Z

(25)

y' (6F Qu o — Tk Qi) y
yT (oF Qu o — T Qr 1) y

By using the method in [13], we can easily obtain the optimal
c.-

Lemma 1: The control convergence rate ' is bounded by
€tn, and therefore, the communication reliability in real-time
wireless networked control system can be determined by this
bounded convergence rate I'y. Consequently, the relationship
between the communication reliability and the control conver-
gence rate 'y, [14], [15] is expressed as

cp = (26)

yER™,y#0

Prioag, =1} > ¢. (27)

Based on Lemma 1, it is required to convert the optimization
problem into a solvable problem, and an algorithm is devel-
oped in order to find the maximum uplink energy efficiency.
Due to the energy efficiency is independent over time, the
time index is dropped and decomposed by k subproblems.
Additionally, the communication reliability in (27) is replaced
the relationship as mentioned in Lemma 1. Therefore, (27) is
expressed as

Zf(l - 51)
max = =1
pmm,%rk n N k k M
Yo P+ ) B
y i=1 i=1m=1 (28)
s.t. Z Pim < P,

m=1

T‘i S Tth7

g < 1-— Cz.

Consequently, the control convergence rate I'y, is determined
by €; < 1 — ¢;. The large time delay is required in order to
reduce some resources consumption [15], i.e., T; = Tip.



B. Problem Solution

(23) is concave function with respect to p;,,,. By obtaining
fo(.) which decreases with optimal transmission power of
each antenna. Thus, ¢; increases as well as the uplink energy
efficiency increases. Based on that, we propose an exhaustive
search method to obtain the solution of the optimization prob-
lem in (28). The proposed algorithm is described in detail in
Algorithm 1 for case I, and same algorithm is straightforwardly
applied for case II.

Algorithm 1: The proposed exhaustive search method
to obtain the maximum uplink energy efficiency
Input: Tth’ BOa Hy ga NOa PT?LGJL” N
for i=1:length (P™*") do
,ym o Phn A'i'm2

for i=1:length (P;) do

M
it S pim < PMOT then

m=1
M
Ci = Zm:] lOg(l + ’Ym);
T;BoC;—E&+1 T; B 2)\.
5i:fQ(( 0 Vf Tng(o 0)/ )),
To obtain p;y,*, it is required to solve;
ok (T3 BoCi—&+log(TiBo)/2) y .
1 Ck - fQ( Vi/T: Bo )’

*

end

find (g; < e)
end

for i = I:length (¢;) do

k
D (1 —ei(i))
1=1

== kM *(i);
Pet 3 > Hm—=
i=1 i=1m=1
end
Output: Maximum n
1 =14+ 1;

end

V. SIMULATION RESULTS AND DISCUSSION

This subsection provides the simulation results. Table 1
shows the simulation parameters. We assume there exist two
sensors for each plant. Each sensor has two antennas and the
remote controller has four antennas in the BS. We further
assume the identical dynamics are considered for the plant.
Therefore, we propose ¢g = 1.5, and ¢; = 0.5. The positive
definite matrix Q) is 1, and Ry is equal 1. We consider the
sample period is 150 ms. Because of using the exhaustive
search method, we choose N=1000 in order to reduce the
complexity of this method and obtain accurate results of the
maximum energy efficiency. When we choose, for example,
N=100 the results are not accurate as well as when N= 10000,
the complexity will be increasing.

Fig.2 shows that the energy efficiency in bits per Joule
increases linearly with the control convergence rate I'y. That

TABLE I
SIMULATION PARAMETERS
Number of sensors k 2
Payload information & 100 bits
Number of transmit antennas for each sensor N 2

Number of receive antennas for remote controller M | 4

Single-sided noise spectral density Ng -173 dBm/Hz [11]

System Bandwidth Bg 1000 Hz [15]

Maximum transmission time delay 73, 1 ms
Maximum transmit power P™%% 40 dBm
Circuit power consumption P, 10 dBm
Power amplifier efficiency p 0.5 [7]
Maximum packet transmission error probability €4, 10—5
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Fig. 2. The relationship between the control convergence rate and the energy
efficiency.

means small value of I';, can reduce the communication reli-
ability when the value of ¢ increases. This is reasonable due
to high reliability of the communication system can guarantee
high control performance with respect to small decrease of the
plant state due to the small value of ¢;,. Consequently, based
on different values of I';, we can obtain

e Case I: I'y < I'y, then ¢ > 1 — g, The energy
consumption in this case is high due to high communica-
tion reliability can be guaranteed by high transmit power.
Thus, more power allocation is needed to guarantee the
required control performance.

e Case II: I'y, > Iy, then ¢ < 1 — &¢,. The energy
consumption in this case is lower than the previous case
because low communication reliability can be obtained
by low transmit power. Thus, the required control per-
formance is guaranteed by lower power allocation than
URLLC.

Fig.3 illustrates that the energy efficiency, regarding to men-
tioned in case I and case II, with the total transmit power
in dBm. When the transmit power of each antenna in sensor
i increases, the communication reliability increases as well.
Thus, when the actual system requirement is larger than
the communication reliability threshold, the energy consump-



tion decreases. As mentioned previously, high communication
reliability consumes high wireless resources. Consequently,
more wireless resources are required in order to achieve the
needed control performance. Additionally, the required control
performance can be obtained by lower power allocation than
what is required in URLLC.
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Fig. 3. The energy efficiency with different transmit power in dBm.

Fig.4 shows that the energy efficiency increases with dif-
ferent payload information in the proposed method compared
to the traditional method in this paper which is considered as
each sensor is equipped with single antenna. Consequently,
the energy efficiency in the proposed method with optimal
power allocation increased by 100% when payload information
increased as well.
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Fig. 4. The energy efficiency with different the transmitted payload informa-
tion in bits.

VI. CONCLUSIONS

In this paper, we proposed the energy efficient power allo-
cation method in URLLC enabled real time wireless control

for industrial automation applications. From the perspective of
communication and control joint design, the control conver-
gence rate constraint from the control perspective was taken
as a control performance constraint, and was converted into
communication reliability problem. To make this problem
solvable, we defined the relationship between communication
and control systems, and we developed exhaustive search al-
gorithm to obtain the maximum energy efficiency with optimal
transmit power. The simulation results in this paper illustrated
that the proposed method can increase the energy efficiency
by 100% than the traditional method while maintaining the
control performance. Additionally, lower power allocation
can guarantee the required control performance compared to
URLLC which requires higher power allocation to achieve
better QoS.
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