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Remote State Estimation for Nonlinear Systems
Under Compression-Decompression Mechanism: A
Modified Unscented Kalman Filtering Approach
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Abstract—In engineering practice, some large-scale systems
have high-dimensional measurements that exhibit redundancy
and are suitable to be compressed. Measurement compression-
decompression is an effective approach to saving communication
resources in networked control systems, and compressive sensing
(CS) is a popular high-performance compression-decompression
method for such measurements. In this paper, we investigate
the remote state estimation for nonlinear systems under a
compression-decompression mechanism on the measurement out-
put. With the application of CS, a state estimator is designed
based on the unscented Kalman filter. Despite the prominent
advantages of CS, the presence of measurement noise and
quantization errors in practice is inevitable, which could lead to
a degradation in the performance of CS and an enlargement of
state estimation errors. To address this challenge, we analyze the
combined influence of measurement noise and quantization er-
rors on the performance of data compression-decompression and
state estimation. The design of estimator gains is approached by
minimizing an upper bound of the estimation error covariance.
Furthermore, a sufficient condition is derived to ensure the mean-
square exponential boundedness of the estimation error. Finally,
the effectiveness of the proposed method is verified through
simulation experiments conducted on power grid systems, which
are characterized by highly redundant measurements that are
suitable for compression-decompression.

Index Terms—State estimation, networked system, unscented
Kalman filter, data compression, compressive sensing.

I. INTRODUCTION

In the past few decades, networked control systems (NCSs)
have received ever-growing attention from both academia and
industry owing primarily to the rapid advancement of net-
work technologies. The introduction of networks into control
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systems has brought several remarkable advantages includ-
ing flexible architecture, simplified deployment, and reduced
maintenance costs [16], [31], [42]. These superiorities have en-
abled the extensive applications of NCSs in various scenarios
such as power grids, environment monitoring, and industrial
automation [7], [22], [30], [33]. During the implementation
and operation of NCSs, state estimation has been recognized
as an essential task whose aim is to obtain precise estimates of
system state information. State estimation is crucial for several
key tasks like control, decision-making, fault diagnosis, and so
on [44], [46], [49]. Consequently, state estimation for NCSs
has been identified as an important research domain in recent
years [12], [34], [45].

The limitation of communication resources has been identi-
fied as one of the most important challenges in the application
of NCSs [19], [40], [41], restricting the amount of information
that can be transmitted and thus degrading the performance
of state estimation. To handle this challenge, compression-
decompression of measurement data has been a widely ap-
plied technique in recent years [47], [48]. Specifically, the
fundamental task of data compression involves the reduction
of data size while retaining essential information, whereas
data decompression aims at recovering the original information
from the compressed data [14], [21]. In this paper, a partic-
ular interest is shown in large-scale practical systems with
high-dimensional state vectors and measurement vectors with
strong correlations between the vectors’ components. Typical
examples can be seen in power grids, transportation systems,
antenna arrays, and so on [2], [4], [10]. Such high dimen-
sions and strong correlations indicate extensive redundancy
in measurement vectors, which are suitable for compression-
decompression.

Compressive sensing (CS), a promising compression-
decompression technique attracting extensive attention over
the past two decades, is particularly effective for processing
data characterized by high dimensions and high redundancy.
Several remarkable advantages are associated with CS, in-
cluding a high compression rate, efficient data acquisition,
and low computational complexity for compression, among
others [25]. As a result, CS has found widespread application
in various scenarios such as sonar systems, radar systems,
geophysical sensing systems, image compression, data mining,
Magnetic Resonance Imaging, and others [17], [25]. Given
the significant strengths of CS demonstrated in engineering
practice, the employment of CS in state estimation tasks
to achieve high-performance data compression-decompression
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Fig. 1: A fundamental workflow of CS-based state estimation

has been a prevalent research topic [15], [23]. Therefore,
the main focus of this paper is on incorporating CS into
state estimation. A fundamental workflow of CS-based state
estimation is illustrated in Fig. 1, where the core idea involves
employing CS to convey measurement data while conserving
communication resources.

Despite the excellent performance and promising prospects
of CS, it is important to acknowledge that CS is a lossy
compression-decompression method, that is, the data obtained
after decompression is not identical to the original data prior
to compression. Here, decompression error is defined as the
difference between the decompressed data and the original
data. Such decompression error is unavoidable and is influ-
enced by various factors. A notable issue in state estimation
is the inevitability of measurement noise. Measurement noise
compromises the level of data redundancy, thereby rendering
the measurement data more challenging to compress and
decompress. Given that CS is particularly sensitive to such
redundancy degradation, measurement noise can lead to large
decompression errors and the loss of key information, which
is detrimental to state estimation. Thus, it becomes a major
challenge to analyze the influence of measurement noise on
data compression-decompression in CS-based state estimation.

Another notable issue arises from the necessity of data
quantization due to the prevalent use of digital communication
channels in NCSs. As illustrated in Fig. 1, compressed data
must undergo quantization before transmission through the
communication channel. Data quantization inevitably intro-
duces quantization errors into the transmitted data. Compared
to uncompressed data, compressed data possesses lower di-
mensions and less redundancy, and is therefore more sus-
ceptible to the effects of quantization errors. Therefore, the
negative impact of quantization errors must be considered
when implementing data compression-decompression meth-
ods. Unfortunately, analyzing the influence of data quan-
tization on CS presents a particularly challenging task as
the decompression process of CS typically involves complex
iterative optimization steps [6], [23], [29].

In recent years, there has been a surge in the literature
on assisting state estimation with CS-based data compression.
For instance, when system states possess high dimensions and
embedded redundancy, it has been shown in [3] that the mea-
surement vectors can be transformed into sparse vectors, where
the sparsity can characterize the redundancy, and are thus
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particularly suitable to be compressed by CS. Based on this
fundamental example, some well-established state estimation
approaches (i.e. Kalman filtering and Bayesian filtering) have
been integrated with CS [11], [15], [23]. A general case, where
special measurement models lead to measurement vectors with
high redundancy, has also been investigated by implementing
CS for measurement compression [28]. However, to the best
of our knowledge, a theoretical analysis of the impact of mea-
surement noise and quantization effects on the performance of
CS-based state estimation remains largely unexplored.

In light of the discussions presented above, the key chal-
lenges confronted include: 1) the application of CS for the
compression and decompression of noisy measurement data,
followed by the development of a state estimator based on
the decompressed measurements; 2) the analysis of the com-
bined impact of measurement noise and quantization errors
on the data compression-decompression process; and 3) the
design of state estimator gains to ensure the performance
of state estimation under the influence of data compression-
decompression. With the aim to address these challenges,
this paper focuses primarily on the state estimation problem
with measurement compression-decompression by taking into
consideration unfavorable factors such as measurement noise
and quantization errors. The contributions of this paper are
highlighted as follows.

1) The data decompression error is characterized by analyz-
ing the influence of measurement noise and quantization
errors based on a well-established CS approach for data
compression-decompression.

2) A modified unscented Kalman filter (UKF) is inte-
grated with measurement compression-decompression
and implemented for state estimation, wherein the filter
gains are designed to minimize an upper bound of the
estimation error covariance.

3) The impact of data compression-decompression on state
estimation performance is analyzed, and a sufficient
condition is derived for ensuring the mean-square ex-
ponential boundedness of the estimation error.

II. PROBLEM FORMULATION AND PRELIMINARIES

In Fig. 2, a block diagram is shown to illustrate the
architecture of the state estimation system considered in this
paper. In this system, the compression-decompression process
is implemented using CS, digital communication is taken into
account, and state estimation is performed utilizing data after
decompression. In this section, details will be provided to
model this state estimation system.

A. Redundancy in Measurement Data

As discussed in the previous section, the aim here is
to conserve communication resources by implementing data
compression-decompression through utilizing the redundancy
inherent in the measurement data. It is crucial to articulate the
nature of this redundancy and ascertain the suitability of the
measurement data for compression-decompression.

First, the concept of sparsity is defined as follows.
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Fig. 2: Block diagram of the state estimation system

Definition 1 (s-sparsity): A vector is called s-sparse if it
has no more than s non-zero components.

In a sparse vector, the quantity of non-zero components
is typically significantly lower than the vector’s dimension.
The bulk of essential information within a sparse vector is
conveyed by its non-zero components, creating a distinct
division between useful and redundant information in sparse
vectors. Consequently, the concept of sparsity is particularly
apt for characterizing the redundancy present in measurement
vectors.

To uncover redundancy and highlight key information in
measurement vectors, it is imperative to establish a linkage
between the redundancy in measurement data and sparsity.
In certain practical situations, vectors characterized by re-
dundancy can be transformed into sparse vectors through
appropriate transformations [28]. This transformation process
is termed sparsification, which is formally defined as follows.

Definition 2 (s-sparsification): For a vector x and a matrix
v, if Ux is an s-sparse vector, we say that W can s-sparsify
x.

In accordance with the discussion above, a measurement
vector amenable to sparsification is deemed suitable for com-
pression and decompression. Subsequently, the data that has
been decompressed can be employed for state estimation.
This paper is dedicated to providing a rigorous mathematical
description of both the compression-decompression process
and the ensuing state estimation process. Furthermore, and
most critically, the impact of compression-decompression on
the performance of state estimation will be subjected to further
analysis.

B. System Model

Consider a class of discrete-time nonlinear dynamical sys-
tems as follows:

i1 = f (Tr, ur) + we, 9]

where x;, € R™ is the state variable, f () : R® — R" is a
known nonlinear state transition function, uy represents the
known input vector, and wi € R™ denotes Gaussian white
noise with zero mean and known covariance ().

In this paper, a special type of system is considered wherein
the measurement vectors exhibit considerable redundancy and
are amenable to sparsification. An illustrative example of such
a system is the smart grid system as investigated in [28].

To fulfill the condition for sparsification, the measurement
model must adhere to certain complex conditions. For the sake
of concise expression, such systems are characterized by a
general nonlinear measurement model as follows:

yr = h(zg) + v, 2

where y;, € R™ is the measurement vector, h () : R — R™
is a known nonlinear measurement function, and vy € R™
represents Gaussian white noise with zero mean and known
covariance Ry.

To aid in unveiling the redundancy inherent in the measure-
ment, the following assumption is established.

Assumption 1: There exist a non-singular matrix ¥ €
R™*™ and a constant s € NT (s < m) such that the noise-
free measurement, namely h (x), can always be s-sparsified
by W.

A matrix ¥, which satisfies Assumption 1, plays a pivotal
role in revealing the redundancy inherent in measurement
vectors. Herein, such a matrix ¥ is defined as a sparsifying
transformation.

It should be emphasized that the choice of ¥ is not
unique. As mentioned in [28], for certain practical systems,
various transformations (e.g. Fourier transform and wavelet
transforms) can potentially act as sparsifying transformations
[27]. To verify whether Assumption 1 is satisfied, one can try
out different sparsifying transformations to see if a suitable
candidate for ¥ can be found. In practice, Assumption 1
is usually satisfied for systems with redundant or correlated
measurements. In this paper, it is assumed that a suitable
sparsifying transformation W is already known.

C. CS-Based Measurement Compression

Denote

2

VU (yp — o) = Wh(xp), 3)
Uy, = 2z, + Py, 4

2k =

In accordance with Definition 2 and Assumption 1, z is
classified as an s-sparse vector. However, due to the unknown
nature of the process noise v, the true value of z; remains
unattainable. Given the availability of zj, the objective is
to perform data compression on z;. Note that z; is not
necessarily s-sparse due to the impact of the process noise
vg. We will conduct a detailed analysis of the influence of the
process noise later.

In this paper, given that CS is a widely recognized high-
performance technique for the compression and decompres-
sion of sparse vectors, we choose to employ CS to process
z,. The fundamental principle of CS involves employing a
linear mapping to transform a high-dimensional sparse vector
into a low-dimensional non-sparse vector. By applying CS, the
compressed data vector, represented by [, can be expressed
as

lk = @Zk, (5)

where ® € RP*™ is a predefined matrix and p < m is a
known constant integer.
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Remark 1: As the compressed low-dimensional vector [, is
unable to convey as much information as the high-dimensional
vector zy, it is imperative that the matrix ¢ is selected with
care to ensure that the compression process does not result in
excessive loss of critical information. The criteria for selecting
® will be elaborated later in Lemma 1.

D. Network-Induced Quantization

In the context of the widely utilized digital communication
channels, data quantization is a prerequisite prior to data
transmission. Furthermore, since quantization is implemented
to the compressed data, the influence of quantization is non-
negligible to the state estimation process. Thus, quantization
is a necessary step in the data transmission process.

In this part, an element-wise uniform quantization, which is
commonly applied, is considered for the compressed data vec-
tor l,. Denoting [, = [lkJ lk.2 lk,p}T, the quantizer
is described as:

Q) £ [Q1 (k1) Q2(lx2) Qp (lk,p)]T.

Here, Q;(-) (i €{1,2,---,p}) are uniform quantizers for
scalars and Q; (-) is given as

ks
Qi (Iri) = iR ( g ) ;

where 0; > 0 is a pre-defined quantization level and R ()
stands for the function rounding a real number to the nearest
integer. As a result, the quantization error of each element
satisfies

&
|lk,i_Q’i (lkb)| < 57 Z:1727"' y D (6)

Denoting the quantization error as
A
er = Q (k) — Ui, (7
the result of quantization can be rewritten as
Q (lk) = &z, + k.

Denote

Using (6), it is clear that the quantization error vector
satisfies

llexlly < &

Though not being the main focus of this paper, limited
quantization levels may also be a practical concern. In this
case, we can consider clipping the measurement vector ¥y SO
that the compressed data vector [;, does not exceed the range
of quantization. The impact of clipping is the same as that of
sensor saturation, which has already been extensively studied
in the existing literature [36].
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E. CS-Based Measurement Decompression

In this paper, it is assumed that the quantized data Q (1)
can be transmitted through the digital communication channel
without any loss. Consequently, data decompression becomes
necessary. Adhering to the principles of CS, the decompression
of measurements can be undertaken by solving the following
optimization problem [6], [13]:

25 2 argmin ||Q (1) — Dzl
2 3
st |2kl < s,

where ||2|, stands for the /o norm of Z;, which represents
the count of non-zero components within the vector Z;. The
main idea of this optimization problem is to derive an s-sparse
vector Z7 that is capable of reconstructing the received data
vector Q (Ix) with maximal accuracy.

Due to the non-convex nature of the [y norm, the opti-
mization problem (8) is classified as NP-hard [9]. As a fea-
sible alternative, the Compressive Sampling Matching Pursuit
(CoSaMP) algorithm is employed to secure an approximated
solution [29]. In this context, CoSaMP; is denoted as the
CoSaMP algorithm specifically for obtaining an s-sparse vec-
tor.

Define supp (x) as the support of a vector x, which repre-
sents a set containing the indices of non-zero elements of x.
For a set T, |T| represents the number of elements in 7". For
z € R™ and T C {1,2,---,n}, denote z|r € RI”! as the
part of elements in z with indices in 7'. Similarly, for a matrix
® € RP*™ ®|p € RPXITI is composed of the columns of ®
with indices in 7'. Furthermore, denote 2z, as an s-sparse vector
obtained from the vector z by preserving the s elements with
the largest magnitudes and setting all other elements to zero.
Similarly, y25 can also be obtained by setting all elements in
y to zero except the 2s elements with the largest magnitudes.
by can be acquired in the same way. Moreover, denote Af
as the Moore-Penrose pseudo inverse of the matrix A. With
the above notations, the CoSaMP; algorithm for measurement
decompression can be summarized as Algorithm 1.

Algorithm 1 CoSaMP; for measurement decompression [29]

Input: Compressed and quantized data vector Q (l;), com-
pression matrix ®, number of iterations t;, and allowed
number of non-zero components s.

1: For initialization, let 2,&0} 0 and v + Q(lg).
2: for k <+ 1 to t; do

3: y — ®Tv.

4: Q + supp (yas)-

5: T + QU supp (2[’“*1]).
6 blp — ®LQ ().

7: b|TC — 0

g 2 b,

9: v Q (lk) - (I)Z?[k].

10: end for

11: Let 2z, < 2,[:]‘]

Qutput: Z; as an approximated solution to (8).
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Using Q (l), CoSaMP; tries to recover zj and produces
2. In light of (4), the decompressed measurement, denoted
by %, can be acquired with gj, = ¥ ~12;.

Unfortunately, the result of decompression ¢ is different
from the original measurement vector y; due to the following
three reasons: 1) CS is a lossy compression-decompression
method; 2) CoSAMP; only acquires an approximated solution
of (8); and 3) measurement noise and quantization errors pose
additional disturbances on the compression-decompression
process. Here, we denote the difference between ¢, and yj
as the decompression error:

di £ Yk — Ug- )

Apart from Q (l;) and ®, CoSaMP; is reliant on two
other important parameters, namely the number of non-zero
elements s and the number of iterations t;. Here, s is a
known constant that is related to the characteristics of the
system model. ¢; influences the decompression error, and will
be decided later based on requirements on the decompression
performance.

The performance of the CoSaMP algorithm is dependent
on the dimensions and sparsity of z;. Generally, a more
sparse vector zx with higher dimensions leads to a smaller
decompression error. Though a precise relation is currently
unavailable, as a rough guideline, CoSaMP would have a good
performance if the order of magnitude of p satisfies

11)2C'slogﬁ
s

where C indicates an algorithm-related constant. Therefore,
CS-based compression-decompression is typically suitable for
high-dimensional systems in which the measurement vectors
exhibit redundancy and sparsity.

Remark 2: An intuitive method to deal with data compres-
sion is to directly incorporate the compression process into the
measurement model, which involves considering

2 = U (h (1) + vr) (10)

as a modified measurement equation. Based on (10), a state
estimator can then be designed. This method appears to
be easily implementable and can circumvent the complex
decompression operation. However, this approach is flawed
because it neglects the critical aspect of sparsity, thereby
compromising observability. Given that a nonlinear system
is under consideration in this paper, a theoretical analysis of
observability is unfeasible. Furthermore, the disadvantage of
using (10) as the measurement model for state estimation will
be demonstrated through simulation experiments in section IV.

F. State Estimation Problem

It is worth noting that the remote estimator can only
receive the decompressed measurement ¢, which is inevitably
distorted by noises. Thus, the state estimation problem requires
us to utilize g, the system model (1)—(2), information about
the compression-decompression process, and knowledge of
the noises to design a state estimator that reaches optimal
estimation performance.

To help specify the performance index for state estimation,
we first construct the estimator. To handle the nonlinear system
characteristics in (1)—(2), a UKF with the following update rule
is implemented following [24]:

(11

where the notations are slightly different from the filter design
in [24]. Here, ZTy4q, is the one-step prediction at time
instant k& + 1, £ 1)x41 is the state estimate at time instant
k41, gr41 stands for the decompressed measurement, g)kﬂ‘k
represents the predicted measurement based on &y 1)y, and
K41 denotes the filter gain matrix. Zjq)x and §x4q)% can
be obtained by following the standard UKF method, while
K41 is to be designed later.

To help design and analyze the state estimator, the state
prediction error, state estimation error, and measurement pre-
diction error at time instant k+ 1 are denoted, respectively, as
follows:

Tt = Trp1)k + Kot (rt1 — Der1pr) »

~ A ~
Thi1k = Tht1 — Tht1|k (12)
~ A A~
Thi1)k+1 = Tht1 — Thp1)kt1 (13)
~ A ~
Yk+1k = Yk+1 — Ykt 1|k (14)

Based on the above notations, we further denote
Popr £ E {fk+1\kf£+1|k}
Petijir1 = E {fk+1\k+1i”£+1|k+1}
Poyssip = E {i‘kﬂ\kﬂgﬂ\k}
Pyt = E {?jk+1|k?3}{+l|k} ;

where Py is the covariance of the state prediction error,
Py 1)k+1 denotes the covariance of the state estimation error,
Ppy k1% stands for the cross-covariance of state prediction
error and measurement prediction error, and Py, p1 1) rep-
resents the covariance of measurement prediction error. In
this paper, tr {Pk+1|k+1} is selected as the main performance
index characterizing the overall estimation accuracy.

As will be clarified later, it is infeasible to analytically com-
pute the exact expression of Py 1|41 owing to the combined
impact of quantization errors and measurement compression-
decompression. As a tractable alternative, an upper bound
of Pyi1jkt1, denoted by Pjiqjpt1, is to be obtained. Sub-
sequently, the state estimator gain matrix Ky, should be
designed to minimize tr {Pk+1| k+1} to help improve the
estimation precision. Finally, the performance of the designed
estimator should be analyzed by evaluating the mean-square
exponential boundedness of the estimation error.

The main results, which are presented in the next sec-
tion, are in correspondence with the problems and objectives
stated above. Specifically, the impact of the compression-
decompression process on the data transmission process is ana-
lyzed in detail in Section III-A. In Section III-B, a comprehen-
sive analysis is proposed to illustrate how the data transmission
process influences the estimation error, and Pk+1| k41 1S sub-
sequently obtained. Filter gains are also designed to minimize
tr { Pyy1je41}. At last, performance analysis is conducted

Copyright © 2025 Institute of Electrical and Electronics Engineers (IEEE). Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted
component of this work in other works (see: https://journals.ieeeauthorcenter.ieee.org/become-an-ieee-journal-author/publishing-ethics/guidelines-and-policies/post-publication-policies/),.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
Citation information: DOI 10.1109/TAC.2025.3589276, IEEE Transactions on Automatic Control

6

for the designed estimator, where conditions are proposed
for ensuring the mean-square exponential boundedness of the
estimation error in Section III-C.

III. MAIN RESULTS
A. Analysis of Decompression Error

In this part, we aim to analyze the combined influence of
measurement noise and quantization errors on the decompres-
sion error.

We start by studying a basic decompression problem. Con-
sider a compressed vector y = ®x + e, where z is the original
data vector, ® is a matrix with fewer rows than columns,
and e denotes bounded disturbance. Denote x5 as an s-sparse
vector obtained by preserving s components with the largest
magnitudes in z and setting all other components to zero.
Here, =, is a best s-sparse approximation to x [29], which
satisfies

x, =argmin ||z — Z||,
z 15)
st [|z]], < s.

Let

1
& = IIw*ﬂfsller%IIr*fszlJrllellz- (16)
Let 2! represent the outcome obtained after executing the
CoSaMP; for ¢ iterations. Then, the efficacy of COSAMP; can
be described by the following lemma.
Lemma 1 (Theorem 2.1, [29]): If there exists a constant
0 < 045 < 0.1 such that the inequality

2 2 2
(1= das) [I2lly < 19213 < (1 +das) 2]l

holds for any vector z satisfying ||z||, < 4s, then there exists
a positive constant x so that

a7

Hx—m[t]H2 <27 |||, + Kés. (18)

Remark 3: The constant x in (18) is dependent on a
few factors such as the matrix ® and the specific value
of d4s in (17). Variations in system characteristics result in
differing values of k. The readers are referred to [29] for
further elaboration. Using random matrices as candidates is
an effective method for choosing @ [8].

It is pointed out in Lemma 1 that the upper bound of
|z — 2|, decreases and converges to ké, as the num-
ber of iterations ¢ increases. Specifically speaking, the term
27" ||zs]|, in (18) converges to zero while ¢ approaches
infinity. Therefore, we can always keep the term 27 ||z||,
below a predefined level § > 0 by selecting a proper t. With
0 given as a known constant, Lemma 1 can be extended as
follows:

Lemma 2: Consider the decompression process introduced
in Lemma 1. Suppose that the number of iterations ¢ in Lemma
1 is set as

0

where, for any a € R, [a] indicates the smallest integer equal
to or larger than a. Then, the decompression error satisfies

-] <+

FINAL VERSION

with €, defined in (16).
Proof: Combining (18) and (19) yields

=, <27 el +
0 ~
<m [[#]]5 + Kés
2
=0 + kés,
which completes the proof. [ ]

According to Lemma 2, when obtaining Z;, using Algorithm
1, we can set the number of iterations t; as

by = Tlog, 124127,

While z; remains unknown during the decompression
phase, it is accessible during the compression process, en-
abling the straightforward calculation of ?j. Subsequently,
can be relayed through the communication network together
with the compressed data vector. Given that t; is merely
an integer, its transmission imposes minimal strain on the
communication network.

With ¢;, decided, we can employ CoSaMP; for data decom-
pression. It is quite challenging to analyze the characteristics
of 2z, — 2 or yr — Ur due mainly to the existence of the
measurement noise and quantization errors. To address this
issue, we present Lemma 3 and Theorem 1.

Lemma 3: x4 satisfying (15) is also a solution to the
following optimization problem:

(20)

argmin ||z — ||
* 2D
st [|z]|, < s.

Proof: 1t is obvious that x5 can be obtained by setting
all but the largest (in magnitude) s components of = to zero.
A solution to (21) can be obtained in the same way, which
implies that x4 is also a solution to (21). |

Before proceeding further, the following lemma, which
can be easily derived from the well-known Cauchy-Schwarz
inequality, is presented as a useful tool.

Lemma 4: For any vector z € R™, the following relation
holds:

22T < 2121,

To analyze the characteristics of the decompression error,
we propose the following theorem.

Theorem 1: At time instant k, we apply CoSaMP; after
setting the number of iterations ¢; according to (20). Then,
with the decompression error defined in (9), dj; satisfies

E{dpdl} < Ut (v)7,

where & is a scalar given as

Vn
\/g
Proof: Using (2) and (4), we have

2
€ L o2 <1+ > w{URUT) 4 2(0+ nE) (22)

2 = Uh (ZEk) + \I/Uk. (23)
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According to Assumption 1, the term Wh () is a sparse
vector with no more than s non-zero components, namely

Wh (x|, < s. (24)

Define z; as an s-sparse vector obtained by preserving s
components with the largest magnitudes in z; and setting all
other components to zero. Following (15), z; satisfies

zp = argmin ||z — 2|,
z (25)
st [|Z]p < s
According to Lemma 3, the following relation holds as well:
zp = argmin ||z, — Z||;
z
s.t. [|Z]p < 5.

Due to the optimality of 2}, for any z satisfying [|z||, < s,

we have
2 — 25l < |21 — zlly s (26)
2k = 22l < Nz — 21l - 27
Combining (23), (24), (26), and (27) yields
2k — 2zilla < N2k — WA (i)l = [[Wvrll,,  (28)
|2k — 22lly < llzk — Ch(ze)lly = [[Qokll, . (29)

According to Lemma 2, (20), (28), and (29), we have
(e

S 1 S
<O+k (2w — 22l + 7 2k — zglly + llexlly

1
<o+ (1wl + = wul, + le,

Jn
<n(1+\/§ 1Wogll, + (0 + 5 llexll)

Considering the square on both sides of (30) leads to

(30)

2 — 2l
= (2 — &) (2 — 20)
Jn
S
#2014 V2] 90l 6+ ]
NG
NG
2
< 252 (1 + \\/ff) tr { Gopof U7} +2(0 + k2)*. (31

Taking the mathematical expectation of both sides of (31)
with respect to vy, we have

]E {(Zk — ZA’k)T (Zk — ,7:‘k)}
2
< 2w7 <1 + g) E {tr {Tvpof U7 }} +2(0 + k&)

v
NG

2
<2 (1+ ) 1wor]2+ (0 +  [lex o)

2
< 22 (1+ ) 1Wor]2 420+ 5 lexlly)?

2
< 2K7 (1+ ) tr {OROT) +2(0+kE) =& (32)

7
It follows from Lemma 4 and (32) that
E{ (-2 (2 — )" }
<E {(zk — 307 (2 — 2) I}
—E{(x - 20" (= 2 } T = &,
where I represents the m x m identity matrix.
Following the definitions of zj; and ¢, we have
E {dxd} }
_E {\11—1 (2o — 20) (21 — 20)T (sz—l)T}
— U 'E {(zk ~ 2 (2 — 2k)T} (v )"
<gu (v hHT,
and the proof is thus complete. [ ]

Remark 4: Theorem 1 points out that the decompression
error of the measurement is bounded. According to (22), the
upper bound approaches zero when the measurement noise
covariance Ry, the upper bound & of quantization error, and
0 converge towards zero. The characteristic of decompression
error holds significant importance as it reflects the impact of
the compression-decompression process on state estimation.

B. Design of State Estimator

As stated in Theorem 1, an upper bound of E{dkdg}
is known and can be further utilized in the state estimator
design. Using (14), the update rule of the state estimator can
be rewritten as

Trg1er1 = Trgie + Ker1Ger1e — Kep1dgr1-

In light of Theorem 1, it’s acknowledged that only an
upper bound of E {di41d{,,} is known, with the analytical
expressions for the mean or covariance of djy; remaining
elusive. This complexity poses substantial challenges in analyt-
ically determining the value of the estimation error covariance
Py 1|k+1. Consequently, it is very hard to obtain the optimal
filtler gain by minimizing Py4qr41. As a workaround, a
variance-constrained methodology is adopted to deduce an
upper bound for Py 1)1 and to formulate a suboptimal filter
gain by minimizing this upper bound of Py 11 [24].

To facilitate the derivation, a useful lemma is presented
below.

Lemma 5 ( [24]): For any real vectors x,y with the same
dimension and positive scalar o > 0, the following inequality
holds:

xyT + yxT <oxal + Jilny.

The establishment of the upper bound for Py, 1|51 and the
formulation of the suboptimal filter gain are presented in the
subsequent theorem.

Theorem 2: For an arbitrary positive scalar a > 0, an
upper bound of the estimation error covariance Pjiq|x41 1S
calculated as:

Peiijps1 £ (1+a) (Pk+1\k — K1 Pl i

T T
= Py o116 Kpy1 + Kk+1pyy,k+1|k'Kk+1)
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+(1+207Y) G Kp 0 (0N KE

To minimize the trace of Pk+1| k+1, the gain matrix K41 is
computed as follows:

K11
142" ]
=Py k+1/k Pyy,k+1|k+71+a Lo U (U

Proof: According to (12) and (13), we have
Try1jk+1 = Thr1k — Kir1Ukr1p + Keprde1. (34)
Then, the estimation error covariance can be computed as:
Pri1jk+1
=E {£k+1|k+la~:£+1\k+1}
= Pri1jp — Poy i p K1 — Kk+1PgZ;J,k+1\k
FE{Bapdl 1} KL+ KB {denil ), )
+ Kiy1Pyy o K
— K1 B {Gesnpedig } Kia
= Kipa {dk+1f’j1{+1|k} Kji
+ K1 B {dp1df 1 } KLy

Before proceeding further, we give some more details about
Ur+1)% according to the results in [26], [43]. Considering the
linear expansion of A (-), Ur+1)k can be written as:

(35)

Uktilk = Dkt He 1Tk + kst (36)
where
Hipr = a};(xx)
T=Fpp1k
is a Jacobian matrix, and
Dpt1 = diag {11, Vet1,25 "+ » Vet 1,m )

is applied to quantify the linearization errors. As will be shown
later, I';+1 only serves as a placeholder here and we do not
need to determine the specific value of I'y,; during state
estimator design.

With the expansion of 1|5, we have

~ ~ T
Pry k1 =E {Ik+1\k (Tt Hes1Z g + ve41) } ;

= P Hi o Thta,s (37
Pyy itk = E{(Coq1 Hep1 @1k + Vkg1)
X (Trp1Hpp1 g1 + Uk+1)T}
= Trp1 Hir1 Pogrn B 1 Thar + Resr. (38)

Substituting (37) and (38) into (35) yields

Priajk+1
= (I = Kpy1Tir1 Hyr1) Py (I — K1 D1 Hy1) '
+ Ski1 + S — T — Tia

+ K1 Ri1 KLy + K B {dyadl P KL (39)

FINAL VERSION

where
Sir1 2 E{(I — Ky Trg1 Hir1) Frpndf o Ky}
Terr £ E{Kpp1vpdi Kipq )

According to Lemma 5, for any positive scalar a > 0, we
have

Sk1 + i1 < aE{(I — Kppy1Thg1 Hiqr) Pegapi
x (I — Kk+lrk+1Hk+1)T}

+a 'K E{dediy, } Ky, (40)
~Tit1 — Ty < aKpp1 R KL+
+a Ky E{dpadig, } Kby (A1)
Using Theorem 1, we obtain the following inequality:
_ _In\T
E{dii1dfy ) <&@ (01" (42)

Combining (39), (40), (41), and (42), we have

Py < (L +a) (I — KUk Hi1) Progaje
x (I — Kip1Thar Hir)”
+ (14 a) Ky Ry Kjlyy
+ (142a7") &1 K U1 (‘IJ*I)T Kl
= Prtijet-
When designing the filter gain K1, we aim to minimize

the trace of the upper bound Py 1|k+1- Considering the partial
derivatives of tr { Py 1541}, we have

otr { P
Ot {Pevijpnn} _ 2(1+a) (~PeappHia T

OKk11
+ K1 D1 Hos 1 Pegr e Hy 1 D)
+2(1+a) Kgp1Riy1
+2(142a ) G Kp @ ()T
By letting
Otr { Pey1jit } _ 0
0K ’

the filter gain K, can be designed as

Kip1 = (14 @) PoprpHj Drgr (14 @) Thga
X Hk+1pk+1|ng+1Fk+1 + (1 + a) Rk+1

+ (14207 0! (\y—l)TT

T T
= Pyl Ui (Fk+1Hk+1Pk+1\ka+1Fk+1

1+42a7 !

-1
G () @

+ Rpq1 +

Using (37) and (38), K41 can be rewritten as

K1

14241 -t

14+a

T

= Py kt1ik (Pyy,k+1k + G U (U

(45)
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Noting that Iy, ; is not involved in the expression of K 1,
the specific value of I';,; is not required. With (43) and (45)
derived, the proof is complete. ]

Remark 5: In light of the derivation in Theorem 2, for

Al

gorithm 2 Modified UKF

Input: Initial state estimation o, initial estimation error

covariance g, and system model information.

1

: Let F)()\O = P()\O and k£ = 0.

any a > 0, Pyy154+1 is an upper bound of the estimation 2. At time instant k, generate 2n+ 1 sigma points as follows:
error covariance and Kj1 can always minimize the trace of 0 )
Py y1jk+1- The value of a will be determined later in (85) Xk|k = Tklk>
considering performance analysis. i . = .
. L . = P 1<i<
Given that only upper bounds of estimation error covari- Xeje = Tklk + (A7) Py ;] SEST
ances are attainable, it necessitates a modification to the ; R — '
UKF such that upper bounds are utilized in lieu of exact Xkl = Tklk — <\/ (A+n) Pklk) - ntl<isn,
values when computing sigma points. In alignment with the . . o
approach detailed in [24], the execution of the modified UKF where ) is a scaling factor defined in [39].
is encapsulated within Algorithm 2. 3: Obtain predictions of sigma points as
Remark 6: With the introduction of Algorithm 2, the issue i — ¢ ( i ) 0<i<?
of remote state estimation has been addressed for a specific Xkt1lk = J \ Xklko Uk )50 S S 2N
category of nonlinear systems influenced by quantization 4 Compute the prediction and the prediction covariance as
effects and the process of data compression-decompression. on
Embedded within the UKF framework, the proposed state & _ Zwm i
estimation algorithm offers a straightforward implementation. ht1lk pr i Xkt
2n )
C. Performance Analysis Pyp1e = ZWZC (X;H-l\k — af?kJrl‘k)
In this part, we aim to conduct the performance analysis of =0 -
the des.igne.d state estimator by assessing the boundedness of % <X2+ 1k — T4 k) + Qr,
the estimation error. First, some useful lemmas are presented. . .
Lemma 6 ( [20]): For arbitrary real vectors x,y, positive- where W™ and W are constant weights defined in [39].
definite matrix P with compatible dimensions, and positive ~ 5: Compute the measurement prediction and covariance ma-
scalar ¢ > 0, the following inequality holds: trices as follows:
2T Py + yTPx < oaT Pz + o~ 1yT Py. y]f;.l,—l‘k =y (X;ﬁ-i-l\k) ,0< 4 < 2n,
Lemma 7 ( [43]): For positive definite matrices A > 0, C' > R B 2n Wmyi
0, and matrix B with compatible dimensions, the following Yrt1k = Z i Vit 1k
inequality holds: P 0
A7 > B(B"AB+C) "' BT, Pryscstin = 2W; (Vs = D)
i=0
Lemma 8: By defining ; R T
1+ 2q-1 x (yk+1|k - yk+1|k) + Rit1,
~ a _ _I\T
Rii1 = Ryy1 + 1—|—7afk+1qj ! (‘I’ 1) ) (46) 2n .
_ o ) Py kt1pk = ZWf (X;Huk - fk+1\k)
K1 and P41 given in Theorem 2 can be rewritten as i=0
follows: i ) T
1 . . . X (yk+1|k: - yk+1|k) :
Ky = P H, Ty R -, 47 . . .
ML T4 g AR RS A e “7) 6: Determine the filter gain K1 according to (45).
Pl _ 1 (Pfl 7. Update the state estimation 41|41 according to (11).
ktllk+l ] 4 g U Rtk 8: Compute Py 1);4+1 according to (33).
9: Let k < k4 1 and return to Step 2 until the maximum

+HE+1Fk+1R,§i1Fk+1Hk+1) . (48)
Proof: Substituting (44) into (43), we have
Poijerr = (14 a) [Pogapp — Py Hiy 1 D
X (Fk+1Hk+1Pk+1\kaT+1Fk+1 + Rk+1> -

XDyt Hi1 P ]
= (1+a)(I = Kpy1Thr1Hir1) Pogaje- (49)

For the sake of simplicity, define

M1 2 U1 Hyor Py o Hjy Tt + Ry (50

step is reached.

Combining (44), (46), and (50) yields

K1 = P i Dl My
= Pk+1\kaT+1Fk+1R1:i1
- Pk+1|kaT+1Fk+1M,§+11Mk+1R;i1
+ ProprpH T My R R
= (I = PosapHi Tra My [\ Thp1 Hi )
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X Pk+1|ng+1Pk+1R;il
= (I = K1 D1 Hi1) Popin HE T R L -
(51)
According to (49) and (51), (47) can be obtained. Besides,
applying the matrix inversion lemma to (49), we have

Pijijprr = (1+a) (Pk+l1\k

+H,Z+1Fk+1R;+11rk+1Hk+1) (52

which indicates that (48) holds. Thus, the proof is complete.

|

Before proceeding to the performance analysis, we consider
the linear expansion of 1|, as follows:

Tpp1k = M FrZpp + wy, (53)

where the Jacobian matrix F}, is defined as

A of (z,u)
- Oz . ’

T=T |k ,U=Uk

Fy

and

Ay & diag {\e,1, M2 s Aen

quantifies the linearization errors. Then, we make the follow-
ing assumption about system parameters:
Assumption 2: There exist positive constants fiin, fmaxs

hmin’ hmaxv )\min’ Amax’ Ymin> Ymaxs @min> max> Tmax, and

Ymax such that the following bounds hold for any k& > 0:

mlnI X Fka X fmaXI (54)
R:. T < HyHE <h?,.1, (55)
N T <A AT <2 T, (56)
Ymind < TrLE < V] (57)
qmind < Qk < qmax], (58)
Tmind < R < Tmaxd, (59)
Vmind < U < Pmaxd, (60)

Emin < &k < max, (61)

Define
Frmin = Tmin ﬂ $min
14+a 9¥2..°
A 14207 &nax
Tmax — Tmax 71 + o ’(/)mm

we have the following theorem.
Theorem 3: Under Assumption 2, let 77 be a positive scalar
such that

Pyjo <7l
1 < 1 + h?nin’YrQnin
X — .
(1 + a) n A?naxfr%axﬁ + @max

Then, there exist positive constants Pyin and pmax such that

(62)

(63)

rmax

Pmind < pk\k: < Pmaxd.-

Proof: Using (53), we have

Pyy1jp = M FRPET Ay + Q. (64)

FINAL VERSION

It follows from (48) and (64) that

_ 1
Pk—‘rllk—‘rl 1 + a
+HkT+1Fk+1R,Z+11Fk+1Hk+1}
1

< —— TTa (Qk +Hk+1rk+1Rk+1Fk+lHk+1)

According to (59)-(61) and (46), Rk+1 is bounded by

[(AkakaTAk + Qk)_1

fminI g Rk-&-l g fmax- (65)
Using Assumption 2 and (65), we have
_ 1 1 h2..7?
P*l < ( + mzjx max I
k+1‘k+1 1 +a Qmin Tmin
Constructing
-1
min — ~ b)
1 +a QGmin Tmin
we have
Prei1jky1 2 Pminl. (66)

Next, let us prove the existence of the upper bound by
mathematical induction. Since P0|0 < 7l is bounded, we

assume ]3;6‘ ¢ < 1. Using (48), (63), and (64), we have
B 1 B2, ,yz, -1
P < 1 m~1n min I
er1)k+1 < (1+a) SR ZI E. o
<l
Then, construct
Pmax £ 7,
and we have
Pk+1|k+1 < pmaxl- (67)

It follows from (66) and (67) that the proof is complete. B

Remark 7: The boundedness of Pkﬂ‘kﬂ is intricately
linked to the observability and detectability of the system [18],
[35]. Given the focus on nonlinear systems within this paper,
pinpointing precise conditions for observability or detectability
proves to be impractical. As a feasible alternative, a sufficient
condition for the boundedness of the estimation error will be
contemplated. Theorem 3 serves as an important foundation
of Theorem 4, which is a core result of performance analysis
proposing conditions for the mean-square exponential bound-
edness of the estimation error.

With the boundedness of Pk+1\ k+1 Now assured, attention
shifts towards examining the properties of the estimation error
Tp41)k+1- To facilitate this analysis, the subsequent lemma is
presented as a foundational instrument.

Lemma 9 ( [1], [37]): For a stochastic process 1, assume
that there exist a stochastic process V (7;) and constants
Vmin > 0, ¥max > 0, p > 0, and 0 < A < 1 such that
the following two conditions are fulfilled for any k& > O:

Viin 176113 <V (1) <Vinax 175113 »
E{V () | =1} =V (e—1) < = AV (Mk—1) + p.
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Then, the stochastic process 7 is exponentially bounded in
mean square, namely

E{lInellz} < 7==E{lmlly} (1)
+Ui;]::11(1—A)’3

With the lemmas and intermediate results mentioned above,
the main results for performance analysis are presented as
follows.

Theorem 4: Consider the modified UKF designed in this
paper. Under Assumption 2, if the conditions in Theorem 3
are satisfied, then there exists a constant a > 0 such that the
estimation error Ty, is exponentially bounded in mean square.

Proof: We start the proof by constructing

Vi (i‘k\k) £ i‘akpk_\/ii‘k\k'
According to Theorem 3, Vj, (&) is bounded by

1 1

s < Vi (@) <o — [l ©9)

Denee H%k“z

Using (34), (36), and (48), we have
E{Vit1 (@rs1pp41) | Tapn}

=E{[(I = Kis1Trs1Hit1) Tps1jp — Kir1Vrg1
+Kpp1dyi]”

— K1Vt + Kiprdpsa] | Ty} -

Pl (I = K U Hi1) Erga

According to Lemma 6, for any o > 0, we can obtain
E{Vis1 (Zrtijp+1) | Tnp )
< 1+ 0)E{[(I = KitaTrp1Hpq1) Trpapi
—Kpp1vp1) " 15,;1”“1 (I = Kps1Trs1 Hpqr) T
—Kpprop] | Zept + (T+071)
x E {(Kk+1dk+1)T p{f”kﬂ (Kky1di+1) | i“k|k} . (69)
Defining

Eit1 £ [(I = Kpsr D1 His1) T — Kk-i—l'Uk-i-l]T
X P;:+1|k+1 (I = K1 Dry1 Hig1) Ergai
—Kpy1vk41], (70)

we have

k1
_ T
= TP e Treris + Cert Him @ + vren)
X Kk+1pk+1|k+1Kk+1 (Crr1Hps1Zh411k + Ok
- 5k+1|kpk+1\k+1Kk+1 (Crgr Hep1Zpga e + Vrg1)

T
- (Fk+1Hk+1£Uk+1\k +’Uk+1> KkTHP +1|k+1l’k+1\k
(71)
Substituting (44) and (48) into (71) yields
1

1= —aL, Pl oz
+ 1+a E+1|k" k41| k+ |k

- T 1~

— (Crp1Hr1 Ty 1pn) <1+a k1

1
C(1+a)

er+1R;+1> (Chr1 Hir1Zpg1ps)

Rk+1rk+1Hk+1Pk+1|k+1Hk+1

T H—1 D
V1 B 1 Dkt 1 Hier 1 P11

(1+a)’
X HkTHFkHR;Zilka- (72)
Let
1 = . Rt — %R;;l_1rk+lHk+l
14+a (1+a)

D T H—1
X Prytjke+1Higp D1 By g

According to (44), (46), and (47), we have

Hgqq
I 5
=T ath V(I =Thy1 Hyp1 K1)
S Ryl [ = Thy1Hosr Prorp HiEq T
T 14gq k1 k4141 +1 5 1|k g1 L k41

- —1
X (Fk+1Hk+1Pk+1|kaT+1Fk+1 + R,;L) }

1 - -1
~1+a (Fk+1Hk+1Pk+1|kaT+1rk+1 + Rk+1) - (73)
Combining (72) and (73) leads to

Ek+1
1
1l+a

N -1
X (Fk+1Hk+1Pk+1\kle+1Fk+l + R’Hl)

~ 1 ~ ~ T
{xk+1|kpk+1\kmk+1\k - (Fk+1Hk+1$k+1|k)

1 .
T H-1
——v R, T
2 Vk+14 k41t k+1
(1+a) *
5 T 51
X Hy1 Pry1jpr1 Hgp1 D1 By Vkt1-

X (Coy1Hep1Zpp1pk)] +

Since wy, is Gaussian white noise, we have
E {Zkq1 | Tppe }

:E{li [(Akaik\k) k+1|k (AkFr)
+ wy, Pk+11|kwk _ N-1

(Fk+1Hk+1Akai"k|k) 1

x (Dt He1 A Frdipi)

XN Yy (Drepr Hepwy)] +

— (T Hpwp) "

1 T p-1
mkaRkﬂ

D T H—1 ~,
XCpy1 Hyp1 Prgr i1 Hi 1 Ter1 Ry V1 | xk\k} :

(74)
where
Niy1 £ D1 Hyp 1 Ak Fy P DA G HG T
+ D1 Hop1 Qe Hpe1Trg1 + Rigr
Inequalities (54) and (56) imply that (AgFy)  exists.

Therefore, by applying Lemma 7 and (64), we acquire that

(Akaik\k) k+1|k (AxFiZyr)

_ 1 5
él’ak (ApFp)" (AkFyPep FEAR) (ARFg) Eggp
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= xk|kP |k$k\k = Vi (Zkp) - (75)
According to Lemma 7, we have
(k1 Hipn Ak F) " Nty (Dea Hiepn AgFy) < Pt (76)
Defining

Cht1
A Thik (ThsrHyr1AxFr)" N, k+1 (L1 He 1 A Fi) i,
= T — :I: b)
Tk lc\k k|k

it follows from (76) that (11 < 1.
Using (54)—(57), (65), and Theorem 3, we have

2
Ck-l—l 2 Pmin (’Yminhmin)\minfmin) [Qmax’yimxh?ndx
~ 2
+7Tmax + Pmax (meathax)\maxfmax) }
£ Cmin~

From the definitions of (41 and (yin, We obtain

A (Crr Hi1 A Fi) " N (Cosr Hep 1 ApFy) Epi

> CuinVis (Zhjr) - a7
Additionally, define
frt1 = % {wkT k__:ukwk — (Phsr Hyrwg) "
x<A@+1(rk+1L@+1u%)}4—Zf1:5503+1
X R;jlrk+lHk+1Pk+1k+1le+1Fk+1R;j1Uk4E;é)

Applying Lemma 7 yields
(Cpp1 Hyr1w) " Nzt (Crsr Hisrwg,)
< wi (AxFrPop F A + Qk)_1 wy,
= wy, 1;+11|k“’k-
Subsequently, we have
tr+1 > 0.

Since pu41 1s a scalar, using the property of trace, the upper
bound of fi;41 can be obtained as

Prt1 = tr {pp+1}
tr { (AuFy Py il Ay + Qk)71 Qk}

< 1
S 1+4a
1 - _

+ ———tr {Rfl Drp1Hp 1 Py
(1+ a)2 k+1 |
T H5—1
XHk+1Fk+1Rk+1Rk+1}
< 1 n 1
S 14 an

2
Vinax MmaxPmaxmax

(1+a)’ i

(>

(79

:u’max-
Combining (74), (75), (77), and (78), we have

1 - Cmin

T+a Vie (Zp) +E {ptrsr | Tpi } -

(80)

E{Zpt1 | Tapp} <
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Let
Ok1 = (1+0)E {,Uzk+1 | ik‘k} =+ (1 + 0'_1)
T 5— -
xE {(Kk+1dk+1) Pl (Keadi) | xk\k}
> 0, 81)
and
Pmin = Gmin T >‘m1n mmpmln7
pmax é Qmax + AInaX muxpma)m
k A pmathax’Ymax
ax pminh?‘ﬂin’y?nin + fr2nin .
Then, it follows from (44) and (64) that
ﬁminl < Pk+1|k < ﬁma)u Kk+1Kg+1 krznax‘[
Subsequently, we have
T 5—
(Kk+1dk+1) PkJrll\k+1 (Kk+1dk+1)
_ _I\T
=tr {€k+1K}?+1P;€+1‘k+1Kk+1\I/ 1 (\II 1) }
k2 max
< B o (82)

2
pmmwnnn

According to (79), (81), and (82), an upper bound of g1
can be expressed as

Qk+1 (]- + 0) Mmax + (]- + o ) Smax é Omax- (83)
Define a ) (1= Coin)
+0) (1 — Cmi
é 1 _ min .
¢ 14+a
From (69), (70), (80), and (83), it is illustrated that
E{Vit1 (Zrs1p+1) | Zupe ) — Vi (Tn)
- ¢Vk (i'k|k) + Omax- 84

Since 0 < (min < 1, we can choose a and o satisfying:

1- min min
o<a<——i—,o<a<—i——. (85)
min 1- Cmin
Then, it follows that
0<op<l1. (86)

Since (68), (84), and (86) hold, we can apply Lemma 9.
Therefore, Ty, is exponentially bounded in mean square and

satisfies
~ 2 Pmax 2 k
E{|Jaul;} < 2B {Jlzoll3} (1 - 9)
0 k-1 ‘
Sy
Pmin i—1
which completes the proof. [ ]

Remark 8: Theorem 4 suggests that, despite the presence of
measurement noise and quantization errors, the state estimator
employing decompressed data maintains assured performance.
The convergence rate of the developed estimation algorithm is
related to ¢. Specifically, the convergence is quick when ¢ is
close to 1. This theorem addresses the previously identified
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gap, where scant research has delved into the impact of CS-
based data compression and decompression on the perfor-
mance of state estimation.

Remark 9: This paper distinguishes itself from the existing
literature on state estimation in NCSs by introducing novel
contributions that center around the integration of CS and
analysis for handling high-dimensional and redundant mea-
surement data, particularly in the presence of measurement
noise and quantization errors. The key distinctions and novel
contributions of this work can be summarized as follows:

1) Innovative Use of CS: While CS has been explored in
various contexts, this paper uniquely applies CS to the
compression and decompression of measurement data in
NCSs.

2) Comprehensive Analysis of Decompression Error: The
paper provides a detailed examination of the decompres-
sion error introduced by CS, factoring in both measure-
ment noise and quantization errors.

3) Development of a Modified UKF: The adaptation of the
UKF to accommodate the nuances of CS-based data
compression and decompression, particularly through
the innovative handling of decompression error, show-
cases a novel integration of CS with established state
estimation techniques.

4) Rigorous Performance Analysis: The paper goes beyond
simple implementation by offering a thorough perfor-
mance analysis that includes the derivation of a sufficient
condition for the boundedness of estimation error.

5) Practical Implications and Versatility: By demonstrat-
ing the effectiveness of the proposed approach through
simulation experiments on power grid systems (in the
next section) and potentially other large-scale systems,
the paper underscores the practical applicability and
versatility of its contributions.

IV. NUMERICAL SIMULATIONS

In this paper, numerical simulations are conducted on the
IEEE 69 bus system to assess the performance of the proposed
state estimation method. The system architecture of the IEEE
69 bus system is shown in Fig. 3. As stated in [28], power
grid systems are typical examples of systems whose measure-
ment vectors can be sparsified. In this study, we follow the
structure of the power system given in [32], and the system
configuration described in [5].

When performing simulations, we follow the system model
utilized in [28]. The state variable is defined as:

T
o = [[Valy, VNl Ok Oni)
where N = 69 is the total number of buses. |V|, and
0k (i€{1,2,---,N}) represent the voltage magnitude and

the voltage angle of the i-th bus at time instant k, respectively.
By tradition, the first bus is set as the slack bus serving as a
reference for all other buses, and we have |Vi|, = 1 and
01, = 0 for any £ > 0. In this paper, we mainly focus on
the tracking problem of the power grid and assume the system
state is slowly varying over time. Therefore, we consider the
following state transition equation:

Tk4+1 = Tk + Wk,

36 37 38 39 40 41 42 43 44 45 46

47 48 49 50

©

54 55 56

57 58 59 60 61 62 63 64 65

28 29 30 31 32 33 34 35

Fig. 3: System architecture of the IEEE 69 bus system [38]

where wy is the white Gaussian process noise with known
covariance matrix Q; = 10747 [28]. Besides, Py)o is set as
10727 and a is chosen as 0.1.

The measurement of the considered power grid system
consists of the active and reactive injected power of each bus.
As to the ¢-th bus at time instant k, its active injected power
P, ; and reactive injected power (); . can be computed using
the following nonlinear expressions [28]:

N

Py = Vil D Vi), (GijcosOij + Bijsin55) , (87)
j=1
N

Qik = Vi, Z Vil (Gijsin®;jx — Bijcostijr), (88)
j=1

where 0;; 1. £ 0;.1 — 0,1 denotes the difference between the
voltage angles of the ¢-th and the j-th bus. Known constants
G;j and B;; represent the real and imaginary terms of the
element at the ¢-th row and j-th column of the power grid
admittance matrix, which is dependent on the configuration
of the power grid system. Finally, the measurement vector is
defined as

ye £ [Py Q1,k QN,k]T + vk, (89)

where v}, indicates the zero-mean Gaussian measurements with
known covariance Rj = 10741.

To design ®, we follow [8] and set ® as a random matrix
of which each entry is drawn from i.i.d. Gaussian distribution
N (0,1/p) with p = 40. By evaluating the measurements
of the IEEE 69 bus system, we found that the Haar matrix
[27], [28] performs well in obtaining sparse representations
of measurement vectors. Therefore, we apply the Haar matrix
as the sparsifying transformation. Then, the sparsified mea-
surement can be compressed and decompressed by the CS
method. Fig. 4 illustrates the original measurement and the de-
compressed measurement. Here, the measurement is split into
two parts, namely active injected power and reactive injected
power. It is shown that the values of active injected power
are relatively large and strongly correlated, and can thus be
decompressed accurately. In contrast, the values of the reactive
injected power are small and prone to measurement noise and
quantization errors. As a result, the difference between the
original reactive injected power and the decompressed values
is relatively large.

Py j,
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Fig. 4: Original and decompressed measurement

Fig. 5 illustrates the true value and estimated value of the
state vector at the last time instant. It can be seen that both
the voltage magnitude and voltage angle can be precisely
estimated. Fig. 6 shows the mean-square error (MSE) of state
estimation over time. It is demonstrated that the designed state
estimator can quickly converge and reach a high estimation
performance.
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Fig. 5: State estimation at the last time instant

To verify the necessity of data decompression, we follow
the intuitive method described in Remark 2, which can be
operated without data decompression. As shown in Fig. 7, the
method without data decompression can hardly obtain accurate
state estimation. Furthermore, without data decompression, the
MSE is much higher than the MSE of our method with data
decompression. Therefore, data decompression is a crucial step
that effectively utilizes information of sparsify and maintains
the observability of the system.

Since it is infeasible to analytically obtain the expression
of E{dkrdf}, an upper bound of E {djd{} is derived in
Theorem 1 as an alternative. The utilization of Lemma 1 and
inequality manipulations inevitably lead to conservativeness in
the upper bound of E {dkdg}, and thus increases the conser-
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Fig. 7: Comparison of state estimation at the last time instant

vativeness in the upper bound of estimation error covariance.

To reduce the conservativeness, one possible countermea-
sure is to perform Monte Carlo experiments to assess the
statistics of the vector z; — Z; and subsequently provide an
estimate of E {dxd} }. In other words, this method focuses on
obtaining an empirical upper bound of E {dkdz} to assist the
practical implementation of the designed approach.

V. CONCLUSIONS

In this paper, the remote state estimation has been ad-
dressed for a class of NCSs integrated with data compression-
decompression. Considering the redundancy embedded in the
measurements, CS has been utilized for high-performance
data compression-decompression. Then, a modified UKF has
been applied for the state estimation task using decompressed
measurement data. A key challenge of this task is that mea-
surement noise and quantization errors lead to nonnegligi-
ble decompression errors, which inevitably degrade the state
estimation accuracy. Accordingly, the combined impact of
measurement noise and quantization errors on decompression
errors has been analyzed. Then, filter gains of the modified
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