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Optimal Regulation Performance of MIMO Networked Time-delay Sys-
tems With Limited Bandwidth and Interference Signals
Qianhao Li, Qingsheng Yang, Xisheng Zhan* � , and Jie Wu

Abstract: In this paper, we investigate the optimal regulation performance of networked time delay systems with
limited bandwidth and interference signals. Communication networks are primarily influenced by parameters in-
cluding bandwidth, packet dropouts, coding and decoding, interference signals, and channel noise. For a given
system, non-minimum phase zeros, unstable poles, and time delay are considered. The corresponding regulation
performance expressions are derived using coprime decomposition, spectral decomposition techniques, and norm
correlation theory in the frequency domain. Results indicate that regulation performance is dependent on the loca-
tion and direction of non-minimum phase zeros and unstable poles of a given system, as well as the internal time
delay of the controlled plant. In addition, network communication parameters such as bandwidth, channel noise,
packet dropouts, and external interference signals influence the performance of the regulation. Finally, simulation
examples are provided to demonstrate the theory’s validity.

Keywords: Bandwidth limitation, incomplete information, interference signal, packet dropouts, regulation perfor-
mance, time-delay system.

1. INTRODUCTION

It is well-known that the problem of studying the sta-
bility of control systems has always been a control classic
[1-5]. However, in recent years, there has been a grow-
ing interest in studying the performance of control systems
[6,7], especially the regulation performance and tracking
performance [8-11]. In contrast to studies that only exam-
ine the relationship between external environmental influ-
ences and the performance of the controlled plant, an in-
creasing number of researchers have shifted their attention
to the influence of internal plant characteristics on perfor-
mance. The results indicate that the non-minimum phase
(NMP) zeros and unstable poles (UPs) of the controlled
object, as well as their direction, impact the system’s reg-
ulation performance. Using the regulation performance as
an example, the research on the regulation performance of
the system is evaluated primarily by the response limit of
the system output to the disturbance after the controlled
system has been disturbed.

Networked control systems (NCS) are widely used
in smart grids [12], environmental monitoring [13],
aerospace [14], and other fields due to the continuous
advancement of Internet technology and network commu-

nication technology. In contrast to conventional control
systems, it is commonly assumed that the information
transfer between the controller and the controlled system
is ideal when analyzing its regulation performance. How-
ever, in reality, the information interaction between the
controlled objects cannot be so idealized. For instance,
although NCS offers advantages such as high flexibility,
high reliability, greater resource sharing, easy installation
and maintenance, and low cost compared to traditional
systems, with the intervention of communication net-
works, factors such as packet dropouts [15], time delay
[16], bandwidth [17], quantization [18], and channel noise
[19] are also affecting the controlled system, resulting in
the information interaction between the controller and
the controlled object being often missing. Therefore, the
study of NCS performance under incomplete information
is receiving more and more attention.

Currently, there are many works on the stability analy-
sis of NCS communication channels with incomplete in-
formation [20-22]. The paper [20] analyzed the stabil-
ity of control systems with non-periodic sampling and
time-varying time-lag networks. Xiao et al. [21] examines
the robust stability of networked linear control systems
with asynchronous continuous and discrete-time event-
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triggered schemes. In [22], the robust stability and sta-
bility conditions of nonlinear NCS with network-induced
delays based on the T-S fuzzy model are analyzed. More
related work is also available in [23,24]. However, it is not
sufficient to just examine the stability of NCS. For perfor-
mance research, the main focus nowadays is on its track-
ing performance, which is evaluated by the error between
the system output and the reference signal. It is known
that the paper [25] discussed robust optimal tracking con-
trol for multiple-input multiple-output (MIMO) discrete-
time systems with unknown uncertainties based on neu-
ral networks and presented an adaptive estimator design
scheme. Jiang et al. [26] studied the output tracking con-
trol of a SIMO system under fading channels. Cheng et
al. [27] analyzed the optimal tracking performance of a
MIMO control system under multiple constraints. Less re-
search has been conducted on the performance aspects of
regulation. Li et al. [28] explored the problem of event-
triggered output regulation of a networked flight control
system using a switching system approach and designed
an error feedback controller. Model-free optimal output
regulation for linear discrete-time systems was discussed
in [29]. Performance limitations in tracking and regula-
tion problems for discrete-time systems were investigated
in [30]. It is worth noting that the performance of system
regulation is primarily investigated in this paper using a
frequency domain approach. This differs from the pub-
lished literature [31]. Most scholars have mainly focused
on network-induced time delay in nowadays, and few have
considered time-delay systems. However, the time delay
phenomenon is pervasive in all types of practical systems,
and the presence of time delay is a significant cause of
system instability and performance deterioration. As a re-
sult, people have begun to pay extensive attention to the
impact of the time delay phenomenon on system perfor-
mance and how to eliminate or exploit this impact, and
stability analysis and feedback control of time delay sys-
tems have become a hot topic in the study of automatic
control theory. In addition, due to the limitations of the
communication channel. Bandwidth limitations can cause
channel data transmission delays or data loss. Interference
signals can also pose a significant obstacle to message
transmission. Consequently, bandwidth restriction and in-
terference signal have become crucial research variables
for optimal regulation performance today. This paper fo-
cuses on the relationship between MIMO networked time-
delay systems (NTDSs) and regulation performance based
on limited bandwidth and interference signal, as opposed
to traditional studies of regulation performance. The con-
tributions are as follows:

1) This paper employs a frequency domain approach
to investigate the regulation performance of a newly
constructed MIMO NTDS.

2) A single-degree-of-freedom (SDOF) controller is

proposed to achieve optimal regulation performance.
A controller-based Youla parameterization technique
that fully considers multiple communication channel
constraints and derives the corresponding explicit ex-
pressions.

3) This study quantitatively reveals the effects of the in-
herent characteristics of the controlled object (the di-
rection and location of the UPs and NMP zeros) and
channel constraints on the regulation performance of
NTDSs. In addition, suggestions for the design of op-
timal controllers and NTDSs for practical applica-
tions are presented. The aforementioned results are
indicative of the optimal controller design and system
regulation performance index.

The present work is organized as follows: The prepara-
tory work is presented in Section 2. Section 3 investigates
the regulation performance of NTDSs under incomplete
information and gives the corresponding expressions. Sec-
tion 4 provides simulation examples to demonstrate the
method’s accuracy. In Section 5, the paper’s contributions
and directions for future research are summed up.

2. PRELIMINARIES

All proper, stable, and rational transfer function (TF)
matrices are denoted as RH∞. Given any complex number
z, z̄ is its complex conjugate. For any vector u and matrix
A, uT and AT are represented as their transposes, and uH

and AH as their conjugate transposes. The open left and the
open right planes are denoted by C− := {s : Re(s)< 0},
C+ := {s : Re(s)> 0}. In addition, define ‖·‖2 as the Eu-
clidean norm, and the space L2 is a Hilbert space with the
inner product

〈F,G〉 :=
1

2π

∫
π

−π

[
FH (e jω1

)
G
(
e jω1

)]
dω1,

where H2 and H⊥2 are a pair of orthogonal subspaces of
the Hilbert space L2 whose expressions are

H2 :=
{

f : f (s) analytic in C+,

‖ f‖2
2 := sup

θ>0

1
2π

∫
∞

−∞

‖ f (θ+ jω1)‖2
F dω1<0

}
,

H⊥2 :=
{

f : f (s) analytic in C−,

‖ f‖2
2 := sup

θ<0

1
2π

∫
∞

−∞

‖ f (θ+ jω1)‖2
F dω1<0

}
.

In this paper, we consider a block diagram of multi-
channel NTDSs as shown in Fig. 1. G represents the con-
trolled plant, and K is an SDOF controller. G(s) and K(s)
are their TF matrices, respectively. H is expressed as band-
width, H(s) is represented as TF matrix, define H(s) as
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Fig. 1. NTDSs with communication constraints.

H(s) = diag(h1, h2, · · ·, hn). A and A−1 represent the mul-
tichannel coding and decoding of the system. y represents
system output, d denotes multichannel interference sig-
nals, n1 denotes white Gauss noise, and dr denotes packet
dropouts.

In this paper, we set the MIMO NTDSs regulation per-
formance metrics as: J = E

{
‖y‖2

2

}
.

From Fig. 1, we obtain{
u = KA−1n1 +KdrHG(u+d) ,

y = G(u+d) ,

u = (I−KdrHG)−1 (KA−1n1 +KdrHGd
)
,

y = G(u+d)

= G(I−KdrHG)−1d +G(I−KdrHG)−1KA−1n1

= T1d +T2n1, (1)

where T1 =G(I−KdrHG)−1, T2 =G(I−KdrHG)−1KA−1.
Next, let’s introduce some important decomposition.

The given plant is described as: G(s) = G1(s)e−τs, where
G1(s) denotes the rational TF matrix, τ represents the time
delay. For any left-integrable and right-integrable TF ma-
trix G, the following double coprime factorization is de-
fined as follows:

drHG = e−τsNM−1 = e−τsM̃−1Ñ, (2)

where N, Ñ, M, M̃ ∈ RH∞, and satisfy the double Bezout
identity[

X̃ −Ỹ
−e−τsÑ M̃

][
M Y

e−τsN X

]
= I, (3)

where X , X̃ , Y , Ỹ ∈RH∞. For a stable plant G, an arbitrary
SDOF controller could be expressed by the Youla param-
eterization as

K =
{

K : K =
(
X̃− e−τsQÑ

)−1 (Ỹ −QM̃
)
,

Q ∈ RH∞

}
. (4)

Remark 1: The Youla parameterization is applied in
this paper. The Youla parameterization allows us to trans-
form a design problem into an almost unconstrained op-
timization problem. Besides, all closed-loop sensitivity

functions are affine w.r.t. the so-called Q parameter and
hence, it can be employed for H∞ controller design in a
convex optimization problem. Further more, comparing
with the Lyapunov method in solving the stability prob-
lem, the construction of Lyapunov function is no need in
this paper. Since the Lyapunov function is not established,
the amount of calculation is greatly reduced.

It is well known that an NMP TF matrix can be factor-
ized into a minimum phase part and an all-pass factor.

N = drHLzNm, (5)

where Nm represents the minimum phase fraction and Lz

is the all-pass factor. Lz contains the NMP zeros zi ∈ C+,
i = 1, 2, 3, ..., n, and for a given system, is expressed as

Lz(s) =
n

∏
i=1

Li(s), Li(s) = I− 2Re(zi)

s+ z̄i
ηiηi

H ,

where ηi is denoted as the unit vector in the direction of
the NMP zeros.

In addition, the data packet dropouts process in this ar-
ticle can be simulated by a Bernoulli distributed random
process dr.

dr =

{
0, when a data loss occurs,

1, when no data loss occurs.

The probability distribution of this dr is P{dr = 1} =
1−α , P{dr = 0} = α , with 0 ≤ α ≤ 1, α represents the
probability of packet dropouts.

It is assumed that both the forward multichannel in-
terference signal d and the feedback multichannel white
noise n1 considered here are random signals with zero
mean and variance of υ2

i and σ 2
i , and that the noise in

each channel is independent of each other. Therefore, the
NTDSs regulation performance index can describe as

J = ‖T1U‖2
2 +‖T2V‖2

2 ,

where U = diag(υ1, υ2, · · · , υn), V = diag(σ1, σ2, · · · ,
σn).

Finally, we define the optimal regulation performance
of this paper as J∗, i.e., the optimal regulation performance
achieved by the setK of all stable controllers, is described
as

J∗ = inf
K∈K

J. (6)

3. OPTIMAL REGULATION PERFORMANCE
WITH LIMITED BANDWIDTH AND

INTERFERENCE SIGNALS

From (1)-(4), we obtain

T1 = G(I−KdrHG)−1



390 Qianhao Li, Qingsheng Yang, Xisheng Zhan, and Jie Wu

= e−τsdr
−1H−1NM−1

[
I−
(
X̃− e−τsQÑ

)−1

×
(
Ỹ −QM̃

)
e−τsM̃−1Ñ

]−1

= e−τsdr
−1H−1NM−1

[(
X̃− e−τsQÑ

)−1

×
(
X̃− e−τsỸ M̃−1Ñ

)]−1

= e−τsdr
−1H−1NM−1

[(
X̃− e−τsQÑ

)−1M−1
]−1

= e−τsdr
−1H−1NM−1M

(
X̃− e−τsQÑ

)
= e−τsdr

−1H−1N
(
X̃− e−τsQÑ

)
.

Similar to T1,

T2 = G(I−KdrHG)−1KA−1

= e−τsdr
−1H−1NM−1

[
I−
(
X̃− e−τsQÑ

)−1

× (Ỹ −QM̃)e−τsM̃−1Ñ
]−1(

X̃−QÑ
)−1

×
(
Ỹ −QM̃

)
A−1

= e−τsdr
−1H−1NM−1

[(
X̃− e−τsQÑ

)−1M−1
]−1

×
(
X̃− e−τsQÑ

)−1 (Ỹ −QM̃
)

A−1

= e−τsdr
−1H−1NM−1M

(
X̃− e−τsQÑ

)
×
(
X̃− e−τsQÑ

)−1 (Ỹ −QM̃
)

A−1

= e−τsdr
−1H−1N

(
Ỹ −QM̃

)
A−1.

So, we can get

J = E
{
‖y‖2

2

}
=
∥∥e−τsdr

−1H−1N
(
X̃− e−τsQÑ

)
U
∥∥2

2

+
∥∥e−τsdr

−1H−1N
(
Ỹ −QM̃

)
A−1V

∥∥2
2 . (7)

From (6) and (7) we have

J∗ = inf
K∈K

J

= inf
Q∈RH∞

∥∥e−τsdr
−1H−1N

(
X̃− e−τsQÑ

)
U
∥∥2

2

+ inf
Q∈RH∞

∥∥e−τsdr
−1H−1N

(
Ỹ −QM̃

)
A−1V

∥∥2
2 .

(8)

In order to obtain J∗, any suitable Q can be chosen.
Theorem 1: Consider the given system as shown in Fig.

1, define zi (i = 1, 2, 3, ..., n) as the NMP zeros of the
controlled plant and p j ( j = 1, 2, 3, ..., m) as UPs, then
the optimal regulation performance can be expressed as
follows:

J∗ = J∗1 + J∗2

≥
n

∑
i, j=1

4Re(zi)Re(z̄ j)

zi + z̄ j
eτ(zi+z̄ j)[ξ H

i EH
i A−H(zi)

×Uγ
H
i γ jA−1(zi)UE jξ jξ

H
j L jLH

i ξi]

+
m

∑
k, j=1

4Re(p j)Re(pk)

p j + p̄k
[ωH

j FH
j V A−H(p j)λ

H
j λk

×A−1(p j)V Fkωkω
H
k OkOH

j ω j],

where

Ei =

(
i−1

∏
k=1

DΛk (zi)

)−1

, Li =

(
n

∏
k=i+1

DΛk (zi)

)−1

,

γi = Nm (zi)M−1 (zi) ,

Fj =

(
j−1

∏
k=1

TΛk (p j)

)−1

, O j =

(
m

∏
k= j+1

TΛk (p j)

)−1

,

λ j =−eτ p j d−1
r L−1

z (p j)H−1 (p j) .

Proof: First, from (8), we can obtain

J∗ = inf
K∈K

J

= inf
Q∈RH∞

∥∥e−τsdr
−1H−1N

(
X̃− e−τsQÑ

)
U
∥∥2

2

+ inf
Q∈RH∞

∥∥e−τsdr
−1H−1N

(
Ỹ −QM̃

)
A−1V

∥∥2
2

= inf
Q∈RH∞

∥∥∥∥e−τsdr
−1H−1N

(
X̃− e−τsQÑ

)
U

e−τsdr
−1H−1N

(
Ỹ −QM̃

)
A−1V

∥∥∥∥2

2
.

Substituting (5) into (8), since Lz and e−τs are all-pass fac-
tors, we achieve

J∗ = inf
Q∈RH∞

∥∥∥∥e−τsdr
−1H−1N

(
X̃− e−τsQÑ

)
U

e−τsdr
−1H−1N

(
Ỹ −QM̃

)
A−1V

∥∥∥∥2

2

= inf
Q∈RH∞

∥∥∥∥e−τsLzNm
(
X̃− e−τsQÑ

)
U

e−τsLzNm
(
Ỹ −QM̃

)
A−1V

∥∥∥∥2

2

= inf
Q∈RH∞

∥∥∥∥Nm

[(
X̃− e−τsQÑ

)
U(

Ỹ −QM̃
)

A−1V

]∥∥∥∥2

2

= inf
Q∈RH∞

∥∥∥∥[NmX̃U
NmỸ A−1V

]
−
[

e−τsNmQÑU
NmQM̃A−1V

]∥∥∥∥2

2
.

Further definition is

ÑU = ÑΛLΛp,M̃A−1V = M̃ΛBΛP,

LΛp(s) =
n

∏
i=1

DΛi(s),BΛp(s) =
m

∏
j=1

TΛ j(s),

where DΛi(s)= I− 2Re(zi)
s+z̄i

ξiξi
H , TΛ j(s)= I− 2Re(p j)

s+p̄ j
ω jω j

H ,
ξi and ω j are unit vector. From the above equation we have

J∗ = inf
Q∈RH∞

∥∥∥∥[NmX̃U
NmỸ A−1V

]
−
[

e−τsNmQÑΛLΛp

NmQM̃ΛBΛP

]∥∥∥∥2

2
.

Since e−τs, LΛp and BΛP are all-pass factors, so that

J∗ = inf
Q∈RH∞

∥∥∥∥∥
[

eτsNmX̃UL
−1

Λp

NmỸ A−1V B
−1

ΛP

]
−
[

NmQÑΛ

NmQM̃Λ

]∥∥∥∥∥
2

2

.
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Following a partial fraction procedure, it is obtained
that

eτsNmX̃UL
−1

Λp

=
n

∑
i=1

eτzi Nm (zi) X̃ (zi)UEi
(
D−1

Λi − I
)

Li +R1,

where R1 ∈ RH∞, Ei =

(
i−1
∏

k=1
DΛk(zi)

)−1

, Li =(
n
∏

k=i+1
DΛk(zi)

)−1

.

Similarly,

NmỸ A−1V B
−1

ΛP

=
m

∑
j=1

Nm (p j)Ỹ (p j)A−1 (p j)V Fj

(
T−1

Λ j − I
)

O j +R2,

where R2 ∈ RH∞, Fj =

(
j−1
∏

k=1
TΛk (p j)

)−1

, O j =(
m
∏

k= j+1
TΛk (p j)

)−1

.

Thus, we can obtain

J∗ = inf
Q∈RH∞

∥∥∥∥∥∥∥∥∥∥


n
∑

i=1
eτzi Nm (zi) X̃ (zi)UEi

(
D−1

Λi − I
)

Li

m
∑
j=1

Nm (p j)Ỹ (p j)A−1 (p j)

×V Fj

(
T−1

Λ j − I
)

O j


+

[
R1−NmQÑΛ

R2−NmQM̃Λ

]∥∥∥∥2

2
.

In addition, because
n
∑

i=1
eτzi Nm (zi) X̃ (zi)UEi

(
D−1

Λi − I
)

Li

and
m
∑
j=1

Nm (p j)Ỹ (p j)A−1 (p j)V Fj

(
T−1

Λ j − I
)

O j ∈ H⊥2 ,

R1−NmQÑΛ and R2−NmQM̃Λ ∈ H2.
Then, it follows that

J∗ =

∥∥∥∥∥∥∥∥∥∥


n
∑

i=1
eτzi Nm (zi) X̃ (zi)UEi

(
D−1

Λi − I
)

Li

m
∑
j=1

Nm (p j)Ỹ (p j)A−1 (p j)

×V Fj

(
T−1

Λ j − I
)

O j


∥∥∥∥∥∥∥∥∥∥

2

2

+ inf
Q∈RH∞

∥∥∥∥[R1−NmQÑΛ

R2−NmQM̃Λ

]∥∥∥∥2

2
.

Next, we define

J∗1 =

∥∥∥∥∥∥∥∥∥∥


n
∑

i=1
eτzi Nm (zi) X̃ (zi)UEi

(
D−1

Λi − I
)

Li

m
∑
j=1

Nm (p j)Ỹ (p j)A−1 (p j)

×V Fj

(
T−1

Λ j − I
)

O j


∥∥∥∥∥∥∥∥∥∥

2

2

,

J∗2 = inf
Q∈RH∞

∥∥∥∥[R1−NmQÑΛ

R2−NmQM̃Λ

]∥∥∥∥2

2
.

After calculation, we have∥∥∥∥∥
[

n

∑
i=1

eτzi Nm (zi) X̃ (zi)UEi
(
D−1

Λi − I
)

Li

]∥∥∥∥∥
2

2

=
n

∑
i, j=1

4Re(zi)Re(z̄ j)

zi + z̄ j
eτ(zi+z̄ j)

×
[
ξ

H
i EH

i Uγ
H
i γ jUE jξ jξ

H
j L jLH

i ξi
]
,

where γi = Nm (zi) X̃ (zi). According to (3) and N (zi) = 0,
we can get Nm (zi) X̃ (zi) = Nm (zi)M−1 (zi).

Similarly, we can obtain∥∥∥∥∥ m

∑
j=1

Nm (p j)Ỹ (p j)A−1 (p j)V Fj

(
T−1

Λ j − I
)

O j

∥∥∥∥∥
2

2

=
m

∑
k, j=1

4Re(p j)Re(pk)

p j + p̄k
[ωH

j FH
j V A−H(p j)λ

H
j λk

×A−1(p j)V Fkωkω
H
k ×OkOH

j ω j],

where λ j = Nm (p j)Ỹ (p j). According to (3) and M (p j) =
0, we can get Nm (p j)Ỹ (p j)=−eτ p j d−1

r L−1
z (p j)H−1 (p j).

Therefore, it is possible to obtain

J∗1 =
n

∑
i, j=1

4Re(zi)Re(z̄ j)

zi + z̄ j
eτ(zi+z̄ j)

×
[
ξ

H
i EH

i Uγ
H
i γ jUE jξ jξ

H
j L jLH

i ξi
]

+
m

∑
k, j=1

4Re(p j)Re(pk)

p j + p̄k
[ωH

j FH
j V A−H(p j)λ

H
j λk

×A−1(p j)V Fkωkω
H
k OkOH

j ω j].

And since Nm, ÑΛ, M̃Λ belong to the minimum phase
function matrix, we can choose appropriate Q to make

inf
Q∈RH∞

∥∥R1−NmQÑΛ

∥∥2
2 = 0,

inf
Q∈RH∞

∥∥R2−NmQM̃Λ

∥∥2
2 = 0,

which means

J∗2 = inf
Q∈RH∞

∥∥∥∥[R1−NmQÑΛ

R2−NmQM̃Λ

]∥∥∥∥2

2
≥ 0.

In summary,

J∗ = J∗1 + J∗2

≥
n

∑
i, j=1

4Re(zi)Re(z̄ j)

zi + z̄ j
eτ(zi+z̄ j)

×
[
ξ

H
i EH

i A−H (zi)Uγ
H
i γ jA−1 (zi)UE jξ jξ

H
j L jLH

i ξi
]

+
m

∑
k, j=1

4Re(p j)Re(pk)

p j + p̄k
[ωH

j FH
j V A−H(p j)λ

H
j λk
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×A−1(p j)V Fkωkω
H
k OkOH

j ω j],

where

Ei =

(
i−1

∏
k=1

DΛk (zi)

)−1

, Li =

(
n

∏
k=i+1

DΛk (zi)

)−1

,

γi = Nm (zi)M−1 (zi) ,

Fj =

(
j−1

∏
k=1

TΛk (p j)

)−1

, O j =

(
m

∏
k= j+1

TΛk (p j)

)−1

,

λ j =−eτ p j d−1
r L−1

z (p j)H−1 (p j) .

The proof is completed. �

4. ILLUSTRATIVE EXAMPLE

In this section, we will examine the effect of various
conditions on the regulation performance of NTDSs and
provide simulation examples to illustrate and validate the
theoretical results.

Consider the following expression for the TF matrix in
the given system

G(S) =
( s−3

s+2 0
0 s+3

(s−k)(s+5)

)
e−τs.

For the given system, it can be known that NMP zeros is

zi = 3, which direction vector is η =

(
1
0

)
, the UPs is p j =

k. We assume that U =

(
1 0
0 2

)
, V =

(
2 0
0 3

)
and α = 0.5.

Similarly, it can be selected ξ =

(
0
1

)
and ω =

(
1
0

)
. In

addition, we assume that the codec and bandwidth TF ma-

trices are A(s) =
( s+1

s−2 0
0 s+2

s−2

)
and H(s) =

(
µ

s+µ
0

0 µ

s+µ

)
,

where µ is the bandwidth rate.
Assuming µ = 5, then from Theorem 1 we obtain

J∗ = 0.96e6τ +1.28ke2τk

(
k3 +6k2− k−30

)2

(k2−2k−3)2 .

First, in order to prove that the system optimal reg-
ulation performance will be affected by the time delay,
three groups of different length data τ1 = 0.2, τ2 = 0.5
and τ3 = 0.8 are selected here. Then, we can get

J∗ = 0.96e1.2 +1.28ke0.4k

(
k3 +6k2− k−30

)2

(k2−2k−3)2 ,

J∗ = 0.96e3 +1.28kek

(
k3 +6k2− k−30

)2

(k2−2k−3)2 ,

J∗ = 0.96e4.8 +1.28ke1.6k

(
k3 +6k2− k−30

)2

(k2−2k−3)2 .

Fig. 2. Optimal regulation performance with different
time delay.

Fig. 3. Optimal regulation performance based on packet
dropouts and limited bandwidth.

Fig. 2 demonstrates that as the time delay increases, the
performance of the system’s regulation degrades. In addi-
tion, when the NMP zeros close to the UPs, the system
regulation performance will tend to infinity.

The following discussion focuses on the effect of band-
width and packet loss on the regulation performance lim-
its of NTDSs. With the previous data settings unchanged,
assuming τ = 0.5, k = 5, α ∈ (0,1), µ ∈ [5,10] then ac-
cording to Theorem 1 it is obtained that

J∗ = 0.96e3 +
160e5

(1−α)2
(µ +5)2

µ2 .

Fig. 3 depicts the regulation performance limitations of
NTDSs under the constraints of bandwidth and packet
dropouts. According to Fig. 3, bandwidth and packet
dropouts have a significant impact on the performance of
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Fig. 4. Optimal regulation performance with different in-
terference signals.

the controlled plant’s regulation system. The regulation
performance limit is negatively correlated with the packet
dropout rate, and the greater the packet dropout rate, the
worse the regulation performance. The bandwidth rate
is positively correlated with the regulation performance
limit, such that the greater the bandwidth, the higher the
regulation performance.

Finally, assuming τ = 0.5, k = 3, α = 0.5 and µ = 5.

Select three groups of interference signals U1 =

(
1 0
0 3

)
,

U2 =

(
4 0
0 5

)
and U3 =

(
8 0
0 10

)
with different variances

to verify the regulation performance of NTDSs under dif-
ferent interference signals. From Theorem 1, we can ob-
tain

J∗ = 2.16e3 +1.28ke0.4k

(
k3 +6k2− k−30

)2

(k2−2k−3)2 ,

J∗ = 6e3 +1.28ke0.4k

(
k3 +6k2− k−30

)2

(k2−2k−3)2 ,

J∗ = 24e3 +1.28ke0.4k

(
k3 +6k2− k−30

)2

(k2−2k−3)2 .

Fig. 4 illustrates the regulation performance limits of
the controlled system in the presence of various interfer-
ence signals. It can be seen that under the influence of in-
terference signals with different variances, the regulation
performance of the controlled system is not very different,
so it can be seen that the NTDSs designed in this paper
have strong robustness.

In addition, the regulation performance limit under
channel noise is examined in [30]. Using this information,
[9] added the effects of packet dropouts and quantization
noise. In this paper, we examine the constraints of band-

Fig. 5. Optimal regulation performance with different
UPs.

width and packet dropouts. Therefore, according to [30],
[9] and Theorem 1 can be obtained.

Fig. 5 depicts the optimal regulation performance un-
der various UPs. Since the controlled system in [30] only
considers channel noise interference and this paper in-
troduces various constraints such as bandwidth limitation
and packet dropouts, the results of Theorem 1 are inferior
to those of [30]. However, compared to [9], the results ob-
tained in this paper with the same introduction of commu-
nication constraints are superior. In conclusion, the results
obtained in this paper are superior in terms of their regu-
lation performance while ensuring that they are realistic.

5. CONCLUSIONS

This paper investigates the limits of the regulation per-
formance of MIMO NTDSs under limited bandwidth and
interference signals. The optimal regulation performance
expression of the system is deduced using the frequency
domain method, double coprime decomposition technique
and H2 norm. According to the results, the optimal regula-
tion performance depends on the location and direction of
NMP zeros and UPs, as well as the influence of inherent
properties such as system delay. In addition, the effects
of network channel parameters such as packet dropouts,
codec, bandwidth, channel noise, and interference signals
on the optimal regulation performance of MIMO NTDSs
are also revealed. Finally, the optimal controller param-
eters are derived, and the effectiveness of the proposed
method is demonstrated by some simulation examples.

In future work, we will generalize the present results
to more general models. For example, due to the limita-
tion of network resources nowadays, to save network re-
sources, the input energy of the system is often limited. In
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addition, the influence of the external environment will not
only have interference signals, but also network attacks in
the network communication channel. Moreover, due to the
poor external environment, we will take quantitative mea-
sures to ensure the integrity of information transmission
as far as possible. Therefore, the introduction of these fac-
tors may be considered in subsequent studies. A more in-
depth study of system performance based on this will be
conducted.
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