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/JAS.2024.124590, IEEE/CAA Journal of Automatica Sinica
IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. X, NO. X, X X

Cubature Kalman Fusion Filtering Under
Amplify-and-Forward Relays with Randomly
Varying Channel Parameters

Jiaxing Li, Zidong Wang, Fellow, IEEE, Jun Hu, Member, IEEE, Hongli Dong, Senior Member, IEEE, and
Hongjian Liu

Abstract—In this paper, the problem of cubature Kalman fu-
sion filtering (CKFF) is addressed for multi-sensor systems under
amplify-and-forward (AaF) relays. For the purpose of facilitating
data transmission, AaF relays are utilized to regulate signal
communication between sensors and filters. Here, the randomly
varying channel parameters are represented by a set of stochastic
variables whose occurring probabilities are permitted to exhibit
bounded uncertainty. Employing the spherical-radial cubature
principle, a local filter under AaF relays is initially constructed.
This construction ensures and minimizes an upper bound of the
filtering error covariance by designing an appropriate filter gain.
Subsequently, the local filters are fused through the application of
the covariance intersection fusion rule. Furthermore, the uniform
boundedness of the filtering error covariance’s upper bound is
investigated through establishing certain sufficient conditions.
The effectiveness of the proposed CKFF scheme is ultimately
validated via a simulation experiment concentrating on a three-
phase induction machine.

Index Terms—Cubature Kalman filtering, amplify-and-
forward relays, covariance intersection fusion, multi-sensor sys-
tems, uniform boundedness.

I. INTRODUCTION

Accompanying the increasing popularity of multi-sensor
networks, research interest in multi-sensor fusion filtering has
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surged due primarily to its extensive applications in areas
such as inertial navigation, environmental monitoring, and
fault diagnosis [2], [15], [27], [38]. Multi-sensor fusion fil-
tering is generally categorized into centralized fusion filtering
and distributed fusion filtering. The centralized approach is
known for achieving optimal state estimation, albeit at the
cost of significant resource consumption [40]. In contrast,
the distributed fusion filtering scheme, which involves first
computing a local estimate before sending it to a fusion center
for further processing, offers notable advantages in reducing
network load and enhancing reliability [19], [43]. Considerable
efforts have been dedicated to exploring distributed fusion
filtering, particularly for linear systems [3], [4], [44]. However,
it is important to recognize that the practical systems often
exhibit nonlinearity due to complex external environments,
and the scarcity of research on distributed fusion filtering
algorithms for nonlinear systems serves as the impetus for
the current study.

Various filtering schemes have been proposed for estimat-
ing the state of dynamic systems in nonlinear contexts, see
e.g. extended Kalman filtering (EKF) [5], [12], [26], unscent-
ed Kalman filtering (UKF) [11], [24], [46], and cubature
Kalman filtering (CKF) methods [25], [29], [30]. The CKF,
in particular, seeks to approximate the posterior probability
distribution of the real state using a set of cubature points with
equal weights, which operates under the common assumption
that the predictive probability density functions of the system
variables conform to a Gaussian distribution. Compared to
other nonlinear filtering methods, CKF is seen as an effective
approach for addressing nonlinear state estimation problems.
Notably, CKF offers advantages over the popular EKF by
avoiding the computation of the Jacobian matrix, thereby im-
proving computational efficiency. Furthermore, CKF requires
fewer sampling points than the UKF scheme, effectively re-
ducing the computational load. Recent efforts in CKF research
for nonlinear systems have seen notable developments. For
instance, the CKF problem has been investigated in [20] within
the context of nonlinear systems under stochastic communi-
cation scheduling. Moreover, the event-based CKF issue has
been addressed in [22] for nonlinear dynamical systems.

The widespread deployment of wireless communication
networks in practical engineering can be attributed to their
notable advantages such as high scalability, low cost, and
straightforward installation [8], [13], [14], [16], [41], [47].
Nevertheless, it is crucial to acknowledge that network com-
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munication quality is significantly affected by the distance
between sensors and receivers [6], [9], [34], [42]. Due to
the limited transmission capabilities of sensors, directly de-
livering data signals to receivers often poses challenges. To
extend signal propagation distance and ensure transmission
quality, relays are employed to receive and process data from
source nodes before transmitting it to destination nodes [1],
[21], [32], [48]. Relays are generally classified into several
types, including amplify-and-forward (AaF) relays [17], [37],
compute-and-forward relays [35], filtering-and-forward relays
[36], and decode-and-forward relays [18], [33]. Notably, AaF
relays have garnered significant research interest due to their
clear engineering significance and ease of implementation.

It is noteworthy that filtering approaches involving AaF
relays have been developed based mainly on deterministic
channel parameters [39]. However, in practical engineering
scenarios, channel parameters are often stochastic due to vari-
ous external factors such as multi-path propagation, hardware
imperfections, and environmental influences [10], [23], [28].
Therefore, it is both valuable and urgent to devise a novel
filtering algorithm that incorporates AaF relays with stochastic
channel parameters so as to reflect real-world conditions more
accurately. Furthermore, it is crucial to acknowledge that much
of the existing literature on AaF relays assumes precise proba-
bilities for stochastic channel parameters. This assumption can
be overly restrictive since variations in statistical experiments
could influence the determination of these probabilities. A
potential solution to this challenge is to incorporate uncertain
probabilities into the characterization of stochastic channel
parameters. Despite its importance, the problem of filtering in
multi-sensor systems under relay scheduling, particularly when
dealing with stochastic channel parameters with uncertain
probabilities, remains underexplored, and this gives rise to
another key motivation for the current paper.

Inspired by the discussions outlined above, this paper
addresses the challenging task of cubature Kalman fusion
filtering (CKFF) under AaF relays by focusing on minimizing
the filtering error covariance (FEC). The key difficulties we
face include: 1) how to accurately represent the stochastic
nature of channel parameters? 2) how to develop a CKFF
algorithm for multi-sensor systems operating under AaF relays
with stochastic channel parameters? 3) how to theoretically
assess the performance of the developed CKFF scheme in
conjunction with AaF relays? In tackling these difficulties, the
paper makes significant contributions in the following areas.

1) AaF relays are introduced into the design of the cubature
Kalman fusion filter for multi-sensor systems, thereby
offering a representation closer to practical scenarios.

2) An innovative CKFF strategy is developed that ensures
enhanced filtering precision, which is achieved by de-
riving a minimum upper bound for the FEC, facilitated
through the construction of an appropriate filter gain.

3) Sufficient conditions are established for the uniform
boundedness of the proposed CKFF algorithm, ensuring
robustness and reliability in its application.

Overall, these contributions aim to advance the field of CKFF
under conditions involving AaF relays, addressing the unique

complexities presented by stochastic channel parameters in
multi-sensor systems.

Notations. R™ signifies the m-dimensional Euclidean space.
The symbol I represents the identity matrix of a suitable
dimension. I; is used to denote the ¢-th column of the identity
matrix. Prob{€} stands for the probability of an event £.
E{c} is the mathematical expectation of a stochastic variable
c. diag{-} refers to the block-diagonal matrix. For a real-
valued matrix U, U > 0 (U > 0) indicates that U is positive
definite (positive semi-definite) and tr{l/} is the trace of .
Superscripts 7" and —1 signify the transpose and inverse of
matrices, respectively.

II. PROBLEM FORMULATION AND PRELIMINARIES

Consider the following class of nonlinear systems:

Tst1 =f(2s) + ws, (1
Yi,s :gi(ws) + Vis, )

where s is the time instant, x; € R™* is the system state,
the initial value x( obeys the Gaussian distribution with mean
Zo and covariance Fy, and y; € R™v is the measurement of
the i-th node for i € S = {1,2,---, M} with M being the
number of sensors. w; is the zero-mean Gaussian white noise
(ZMGWN) in the process with covariance R and v; ¢ is the
ZMGWN in the measurement with covariance Q; . f(-) :
R™ — R"™ and g¢;(-) : R™ — R™ stand for known and
continuously differentiable nonlinear functions.

In this paper, the AaF relays are deployed in the com-
munication channels between sensors and filters to enlarge
the signal propagation distance. Specifically, there exist two
transmission channels between sensors and filters, i.e., the
sensor-relay-channel and the relay-filter-channel.

Let z; o be the measurement obtained by the i-th relay
through the sensor-relay-channel, which satisfies

Zi,s = \/ Ef’yi,syi,s + mM; s, (3)

where E! € R is the average signal energy of the i-th sensor,
m; s is the ZMGWN with covariance Qg’fs > 0 in the sensor-
relay-channel, and ~; 5 is the channel parameter satisfying the
following probability distribution

Prob{y,, =7} =3 + a9 1=1,2,--- 6 @

where 'y(l) is a scalar, ¢ is a positive integer, 0 < Wz(lz +

1,8
Af’yl(fs) <1, Zle(fyl(lz + Aﬁfg) =1, and Afygs) is used to
characterize the uncertainty satisfying \Aﬁflﬂ < pglz with pglz,
being a non-negative scalar.

After receiving the signal z; s, the AaF relay retransmits
it to the filter side. Denote measurement received by the i-th

filter via the relay-filter-channel as #; s modeled by

gi,s = 04 s/ Eirgi,szi,s + Ni,s, (5)

where E7 € R is the average signal energy of the i-th relay,
a; s € R is the amplification factor, n; ; is the ZMGWN with
covariance ()7 > 0 from the relay to the filter channel, and
&i,s 1s the channel parameter satisfying

Prob{& =€)} =€)+ A&), r=1,2, .0 (6)
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where §(T) is a scalar, ¢ is a positive integer, 0 < E(T)
A¢ (r) <137 (T) + Ag(’“)) =1, and AE( ") is utilized
to descrlbe the uncertamty satisfying |A§ | < K, S) with n(r)
being a non-negative scalar. Furthermore, it is assumed that
stochastic variables g, ws, Vi s, Vi,s, &i,s» Mi,s and n; ;o are
mutually independent.

Remark 1: Tt is noted that when the distance between the
sensor and filter is exceedingly long, the difficulties in data
communication might be caused. In order to cope with such an
issue, the AaF relays are adopted in the transmission process.
To be specific, the deployment of AaF relays in transmission
channels serves two primary purposes: to extend the signal
propagation distance and to improve communication quality.
In this context, the channel parameters are characterized
by a collection of stochastic variables, each associated with
uncertain probabilities. Unfortunately, the introduction of AaF
relays into the system also introduces additional complexities
to the CKFF problem. These challenges stem mainly from the
stochastic nature of the channel parameters and the presence
of channel noises, which complicate the process of accurately
estimating and filtering the state of the system. Addressing
these challenges is crucial for the effective application of
CKFF in environments where AaF relays are utilized.

The local filter is designed as

Tist1ls+1 = Tioq1)s + Kisr1Tis41, @)

N = _ N _ 2
where Tis+1 = Yi,s+1 Oy, s+1 V 52 s+1’7i,s+1yi,s+1|s9 Yi,s =

Zz 1%2%”2’ fi,s £ f(r)ff:)’ E; £ Ezl'EzT9 Tisy1)s
denotes the one-step predlctlon Z;5|s represents the state
estimate, ¢; sy1|s is the measurement prediction, and Kj 511
denotes the filter gain to be designed.

To improve the estimation precision of the filtering algorith-
m, the covariance intersection (CI) fusion criterion is utilized
in this paper to fuse the obtained local filters. Let 332\5 denote

the fusion filter and §S|S stand for the fusion covariance. Then,
the CI fusion rule can be described as

M
pe =% E o=l s
xs|5 ——sls gz,s—'i7s‘sx7,,s|sa
=1
M —1
A ——1
s|ls — E givs“i,s\s s 3
=1

where =; ;|5 is an upper bound on the FEC, and ¢; s is the

[11y

weight parameter with 0 <¢; , <1 and Zﬁ1 Gs = 1.
The objectives of this paper are threefold as described as
follows.

1) The first objective is to identify an upper bound of the
FEC for each local filter, which involves constructing an
appropriate filter gain with the aim of minimizing the
identified upper bound. This step is crucial for ensuring
that the local filters operate within an optimal error
range, enhancing the overall accuracy and reliability of
the system.

2) The second objective is to fuse all the local filters using
the CI fusion rule. This fusion process is essential for
combining the information from multiple filters, thereby

creating a more comprehensive and accurate estimation
of the system state.

3) The third objective is to investigate the uniform bound-
edness of the upper bound of the FEC. This analysis
is key to understanding and evaluating the performance
of the developed CKFF scheme. By ensuring that the
upper bound is uniformly bounded, the paper aims
to demonstrate the stability and effectiveness of the
CKFF scheme under the challenging conditions posed
by the presence of AaF relays and stochastic channel
parameters.

III. MAIN RESULTS

In this section, the focus is on proposing a CKFF scheme
incorporating AaF relays and the development of this scheme
involves several key steps: 1) computation of the upper bound
of the FEC; 2) derivation of local filter gain; 3) design of the
fusion filter; and 4) proof of the uniform boundedness of the
upper bound.

Before proceeding, we denote

)
Ay 2 Zv(l AT NG 23T AL,

r=1

%32@>m,

r=1

S CATGA
r=1
- ‘%i,s\sv Pi,s|s £ E{ei,s\segjs‘s}a

A,
€is+1|s —Ts+1

¢
Fis 2 (251,

Il
—

M@

A’?i,s é (71 s) AFY’L ER Agb

Il
-

A
€i,s|ls —Ts

N A T
— Ti s41]s> Pi,s+1|s = E{ei,s+1|sei,s+1\s}7
Yy A s Ty A ) Yy T
ei,s+1|s =VYi,s+1 ylw“""1|37 Pz s+1|siE{ez 9+1‘3(ei,s+1|s) }’
vy L X T vy A T
‘P'L',s _E{ylﬁsyiﬁ} ‘PZ s+1s E{ez s+1|s z s+1\s) } (9)

The following lemmas are necessary in obtaining the main
results of this paper.

Lemma 1: [24] For any positive scalar 8 and vectors a,b €
R™, we have
ab” +ba” < Baa® + Lokt
Lemma 2: [7] For matrices X,),Z and O of suitable
dimensions, one has
otr{xYyz otr{xy’z
I'{ y }:XTZT, I‘{ y }:ZX,
oy oy
ot {xyzyro
r{gyy} =XTOTyzT + OxXYZ.

A. Local Filter Design

An upper bound of the local FEC is computed in the
following theorem.

Theorem 1: For given scalars 81 > 0 and S > 0, an upper
bound of the FEC =; ;4 1|541 is computed as

Ei ,s+1]s+1
(]- + ﬁl) i,54+1|s + az 5+1E 51 s+1 (% s+1 + pz s+1)
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x K; s+1Piyf+1Kfs+1 + a?sﬂE‘(é o1+ Fist1)?
X Fis+1Ki 1P VoK + (L4 Bo)og 9+1E & s+ 1
X%, s+1Ki s+1PZ 3+1‘SK’L st H(1+ 51 + By )
X o P BN s+1Ki,s+1Pi,s+1Ki,s+1 + 041'2,5+1Ef
X (Eisrt + Rt 1) Ki a1 Qa1 KTy + Ko
X QF o1 K1 — i sy 1VE& a1 01

x (Ijz‘fg+1|sKEs+l + Ki73+1(Pi:?E}J+1|S)T)’

under the initial condition P; g|o

_ l l _
Pis *Z 18, &

(10)

< Ej0/0, Where

§]€”<ﬂ
Z(s )26,

r=1

!
>

1) 7
Pi,s = Z ’Vl g QPE s) Ri,s =

Ais =§i,sﬁi,s + B, sVi,s + FisDiyss
gi,s é(fi,s + gi,S) (gz s — Ki, s) ,
Yis E(Tis + Pis) + (Fis — Piss)- (11)

Proof: According to (7) and (9), the filtering error is
computed as

€i,s4+1]s+1
— Ki s+1(, 511V Ei&i s11%i,541Yi, 541

+ Qi s+1 \/Eiirgi,s-&-lmi,s-&-l + N s41
— Q541 \/Egi,s+1’_>’i,s+1@i,s+1\s)~
Adding the following term
Qo1 \/E(f_i,s+1 + A& s+1)Yi 5415, 541V 541
— Q11 \/Ei(f_i,s-s-l + Agi,s—H)7i,s+1Ki,s+lyi,s+1
+ Wit 1V Ei(Eisr1 + Afior1) Fis1 + Aior1)
X Ki s11Yis11 — Qisi1V Ei(& g1 + A s11)
X (Vi,s+1 + A%i,s41) K s41Vis41

:ei,s+1\s

12)

(13)

into the right-hand side of (12), it follows from (9) that
€i,s4+1|s+1

— Ol s41 \/E'éz‘,sﬂ%',sﬂKi,sﬂyi,sﬂ

— Ol s41 \/E(gi,s+1 + A& s41) i s+1 5K s+1Yis 41

— Ol s41 \/Ei)\i,erlKi,sﬂyi,sH — Kist1mi s+1

— Qist1 \/Eiéi,s+1'7i,s+1Ki,s+1€i-},s+1|s

:ei,s+1\s

— Qs 1V B Gi st 1 K s 1M 41, (14)
where
él}s éfiys - (gi,s + Af_i,s),
:Yi,s é’}/i,s - (’%,s + A’%,s)a
s égi,sA’S/i,s + Agi,sﬁi,s + Agi,sAﬁi,s“ (15)

In light of (9) and (14), it is clear that

Py o i1)511
. T
_E{ei,s+1\sei75+1\s} + E{ a; s+1E gz s+171 s+1

X Ki,s-ﬁ-lyi,s-i-lyij:s-i-l[(gs-&-l} + E{ a; o1 B
X (&i,51 + A& s11)* 37 41 K s1Yi 541

X y3:5+1K3:s+1} + ]E{ Q; s+1E fz s+1% s+1
x Kz S+1e’L s+1|s( gs+1\s) Kl S+1}

1E >\’L s+1I(Z s+1Yi,s+1Y;, s+1Kz s~+1}

1,8

efo
efar
Y

r
lEz 4 s—i—lKl s+1M, 6+1mz 5+1Kz s—i—l}

i,54+110, s+1nz s+1Kz s+l}

+)  (Siest1+ Sl ei1) (16)

=

—

where
Sits41 = E{ai,s-i-l \/Egi,s+17i,s+1€¢,s+1|s
x ( ZS-H\s)TKZ s+1}
g1 = E{ai,erl \/EM,sHei,s+1\syiT,s+1K¢T,s+1}7
E{ 12,s+1E g s+1£1 s+17i, s+1Kz S+1€z s41]s

[
~343,54+1

X yi,s-{—lKi,s—l-l };

>

Sigs41 = — E{ai,s+1 \/Egi,s+17i,s+1€i,s+1|s
X y3:5+1Kz s+1}
Siseq1 = — E{ai,s+1 \/E(gi,sﬂ + A& s11)Vist1
X ei,s+1\sy3:s+1Kz::s+1}v
Sies41 = — E{ai,s+1\/E>zT§i,s+1ei,s+1|smzjs+1KZs+1}7
Sizs41 = — ]E{ei,s+1|sng:s+1K €+1}
giS,s+1 —E{ a; 5+1E gz s+174, a+1(€z s+1+ Agz s+1)
X ’%,s+1Ki7s+1yi,s+1y3:s+1Kgs+1},
\fzg s+1 —E{ ay s+1E 51 s+174, S+1§l s+1’71 s+1Kz s+1
X yi,erl(ez‘/SJrl‘s)TKz s+1}
\Sle s+1 *E{ 1 s+1E 51 s+171 s+1)\z s+1Kz s+ly1 s+1
X yz?:s+1Kz‘T,s+1}a
Sit1,s+1 —E{ a; 5+1\/> \/7& s+1%4,54+180,s+1 K 541
X yi7s+1mfs+1KiT,s+1}a
S412,5+1 éE{ai,erl \/Eigi,s+1'7i,s+1Ki,s+lyi,s+1
X nz:s+1KZs+1}v
\%13 s+1 *E{ «; §+1E (fz s+1 T Afl s+1)’71 s+l€1 s+1
X Vst 1 K s 1Yo 1 (€] 1)) T I s+1}

\5114 s+1 —E{ 1 s+1E (gz s+1 + Agz s+1)r>/z s+1Az s+1
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T T
X Ki,s+1yi,s+1yi,s+lKi,s+1 }7

Si1s,s+1 éE{aisH VENE! (& 41+ A& s11)Tis41

T
X i s+1Ki s+1Yis41My g1 K erl}
A - = ~
416,541 :E{ai,erl \/E(fi,sﬂ + A& s11) Vi 541

T T
X Ki,s+1yi,s+1ni7s+1Ki,s+1}a

A 2 ~ —
Si17,5+1 ZE{%’,SHV EiN/E7&; s11%i,5+18i,5+1 K541

Y T T
x ei,s+1\smi;8+1Ki75+1}’
a 3 . Y
318,541 —E{ai,erl V Eili st1%is+1 K s 1€ )

T T
X ni,s+1Ki,s+1 }7

A 2
319,541 :E{ai75+1 VENET N 6118054155 s 13,641

X my, s+1K1 9+1}

A T
Fi20,5+1 ZE{OH,SH VEiXNi s41Ki s41Yi,5+17 541

X Kz s+1}
N T
Si21,5+1 ZE{C%,SH VE[ i s+1 K s+1mi s41m; 1q
X Kz s+1}

Considering the statistical properties of stochastic variables
&i.s» Vi s» Mi s and n; 5, we can see easily that 3 s and 995 B
,21. As such, according to

are zero matrices for £ = 4,5, ---
(9), the FEC (16) is rewritten as

P)i,s+l|s+1
_ 2 F2 2
—Pz',s+1|s =+ ai,s+1EiE{§i,s+1%,s+1}Ki,s+1Pz s+1

X Kij:erl + %2 s+1E-(§_i s+1 T Af_i s+1) IE{%. 1}

X Kt S+1Pz s+1Kz s+1 + az 5+1E gz 5-&-171 s+1
X Kl SJrle 5+1‘5K2 s+1 + al s+1E )‘z s+1KZ s+1

Yy T
x P; s+1Kz s+1 T @ s+1Ei E{gi,s+1Ki,s+1mi¢s+1

T T
X mi,s+1Ki7s+1} + E{Ki st1mi 5117 511K o1}

3

T
+ E : (%M,sﬂ + %M,Hl)'
=1

It is worth pointing out that the accurate FEC is unattain-
able. Consequently, we are dedicated to finding an upper
bound of the FEC as a suboptimal solution to facilitate the
desi n of the CKFF scheme. Firstly, it follows from (9),

A58 < p, and |AET)| < k{7 that

[
_ l
|A7i75| gZh/zé ()

_st,

IAE | < Z €7 |kS) = i,

l l
|A'YZS|<Z ’Yz(s) 2,052—;0157
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(%2}
A 4] sz )hi) = Ris, (18)

where p; s, Kis, pi,s and &; s are denoted in (11). With the
help of (9), (15) and (18), we have

E{f?,sﬂ} =E{& 11 — (i or1 + A 641)°}
S(Q,SH + Rist1) + (Eisp1 — Risi1)?
=5i7s+1, (19)
where fi7s+1 is defined in (11). Similarly, one has
E{:Yiz,sﬂ} <(Fist1 + Piyst1) + Fiys1 — Piyst1)”
=Yi.s41, (20)

where ; o1 is defined in (11).
From (9), (18) and (19), we obtain

0‘127s+1EiE{5~i2,s+1%‘2,s+1}Ki,s+1PZ s+1Kiq:5+1
S%Z,SHE'& s+1(Vi,s41 + Piyst1)
x Kisp1 PP K] (21)
In view of (18) and (20), it is clear that

0 1 Ei(& o1 + A& o11) E{7] 41}
X Ki’SHP;{gHKiT,sH

<07 1 Ei&i o1 + Rist1) ¥i 541
X K s41P; s+1Ki1:8+1' (22)

Noting (15) and (18), we have

>‘z s+1 (51 s+1pz s+1 + K;z s+1'71 s+1 + Hz s+1p1 s+1)

:)‘i,s+1a (23)
where 5\17$+1 is defined in (11). According to (23), one has
a?,s+1Ei>‘?,s+1Ki,s+1P¢ s+1KiT,s+1
SO‘?,SHEM?,SHKi,erle',;HKi:,FsH' (24)

Considering (9), (18) and the statistical properties of the
channel noise sequences, one obtains

@; S+1ETE{€7, s+ 18K sr1mi s 1M s+le s+1}
+ E{Ki,s+1ni,s+1ng;s+1KiTs+1}
§a2275+1EZ(575+1 + Kisr1) Ki s 11Q7 s+1Kz 541
+ Ki,s—&-lQ;];s-i-lKiT,s-&-l' (25)
By virtue of (9), we have

T
Sit,s+1 + Si1s41
_ ;o= zy T
== i1V Eiis1%is41 (P oy Kot

+ Ko (PP, )7). (26)

Using Lemma 1, other cross terms in the right-hand side of
(17) can be handled as
T
Siz,s1 + Sz st1
-1 2 32 T
Sﬂlpi,sﬂ\s + f4 av;,s-s-lEi/\i,s-s-1Ki,s+1Pz 5+1K¢,s+17

o T
43,541 T 553 41
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2 2 =2 4 Yy T
Sﬁ2ai7s+1Ez§i7s+17i7s+1K1,3+1Pi,s+1|sKi>S+l

-1 2 12 v T
+ By i o1 By g1 Kios 1 Py G o1 27

where $; and (3 are positive scalars.
Substituting (21), (22) and (24)—(27) into (17) yields

P sy1)s+1

<1+ B1)Psq1ys + 0412,5+1Ei§ui,s+1(%,s+1 + fis+1)
X KistrlPﬁngle‘T,sH + a?,s+1Ei(€i,s+1 + Risg1)
X 'in,s-s-lKus-HPz'l{g+1KiT,s+1+(1+52)04i2,s+1Ei52i,s+1
X Vi sy Kise1 PPy K + (L4 B+ 8370)

2 2 vy T 2 -
X af o B 1 Ko s Py g1 B g1 + 05 1 B

J = T
X (&ist1 + Rist1) K s11Q7 s 11 K g1 + Ki s
T = —

X QZS+1K¢,s+1 — i s1V Eibi s11%i,541

X (ny KZ-Z:S+1 + Ki,s+1 (PiI,;J«Fl\s)T)'

i,s+1]s (28)

Consequently, it follows from (10) and (28) that =; ;1541 is
an upper bound of P; ;11541 and the proof of this theorem
is complete. ]

In Theorem 1, the upper bound of the FEC is computed
via solving matrix equations. Next, we aim to derive a proper
filter gain, which is achieved through minimizing the trace of
the obtained upper bound matrix.

Theorem 2: Let the filter gain K, ;41 be calculated as

_ e = Ty -1
Kisp1 = i1V Eili s 17,5418 {1 sh1

where

(29)

Qi,s+1
éa?7s+1Ei£i,s+1(’%7s+1 + Bis1) PP
+07 1 BilGiser + Risrn) Fisn P
+ (14 B2)0f 1 Bi o1 Ve s PPV
+ azz,s+1E¢T(§_;,s+1 + Rist1) QT + QF oy

+ (1 + /81_1 + /82_1)a12,s+1Ei;\127s+1Pi2{g+1' (30)

Then, tr{Z; s41|s41} is minimized, and the minimum upper
bound =; ¢ 1js4+1 is computed as

= 2 2 =2
Eistfs+1 =1+ B1) Py sr1)s — 05 o1 Bibi o1 7is 1
Y -1 Y T
x Pi’SJrl\SinS‘f‘l(Pi,erl\s) . (31)

Proof: Taking the partial derivative of tr{Z; s 1js41} (as
shown in (10)) regarding K, ;41 and using Lemma 2, one
obtains

OT{Z; sy 1)s41}
0K s41
:2a?,s+1Ei5i,s+1(’7i,s+1 + Pisi1) Kis1 P
+207 1 Ei(Gisg1 + Riysr1) Viss1 Ko a1 PYY
+2(1+ 52)a?,s+1Eigz‘2,s+1’7i2,s+1Ki,s+1pgg+1|s
+2(14 87 + By 1)ad o1 X 1 Ki s PYY
+ 202 B (& o1 + Risr1) Ko s1 Qs

+ 2K s+1Q7 s11 — 20 541V Ei&i o1

X ’77i75+1pfg+1\s' (32)

Letting
Otr{E; sy1)s11}
aKi,erl
the filter gain K; 4 can be determined as in (29).
Next, substituting (29) into (10), one has

0,

Ei,s+1\s+1
T /
:(1 + 61>Pi,s+1\s + Ki,erlQi,s«lei’er] — O 541 Ez

T oy T -

X st 17541 By (o G s — Qs 1 VEG s
_ Ty T

X Yis 41K 511 (B ¢y y))

_ 2 2 =2 xy

=1+ B1)Pisq1)s — ai,s+1Eigi,s+17i,s+1piys+1‘3

<O (PR T,

4,8+1\" 4,5+1]s (33)

and the proof of this theorem is complete. [ ]

B. Fusion Filter Design

For the obtained local filters Z; ;, (7 € S) and the minimum
upper bound matrices Z; |, (¢ € S), we employ the CI fusion
principle of the form (8) to realize the fusion estimation, in
which the weight parameters are determined by the solutions
to the following optimization issue

min tr{Zs},
§1,5562,s5" " »SM,s

M
s.t.ZQ,S =1,0<¢s<1

i=1

(34)

It is significant to observe that the nonlinearity leads to
certain difficulties in calculating the error covariances. With
the purpose of coping with such a problem, the CKF approach
is utilized to approximate the one-step prediction and the re-
lated error covariances. Specifically, the steps of the developed
CKFF algorithm are outlined in Algorithm 1. Next, we shall
analyze the performance of the developed CKFF algorithm
from a theoretical viewpoint.

C. Boundedness Analysis

The primary purpose of this section is to analyze the
boundedness of the upper bound of the FEC to evaluate the
performance of the developed CKFF algorithm.

Employing the Taylor expansion method, by resorting to the
result in [45] and (9), we expand 7441 and Z; 5415 around
T;,5|s to obtain

ei,s+1|s = qji,sei,s\s + O(|ei,s\s|) + Ws, (35)

where

P, éaf(xs)
e axs xszii,s\s7

A
0(|€i,s|s|) :Mi,sHi,sNi,sei,s\sv
M; s and N; ¢ are given matrices of suitable dimensions, and

IT; ; is an unknown matrix describing the linearization error
with Hi,sHZs < I. To this end, (35) can be rewritten as

€i,s+1|s = ((I)i,s + Mi,sHi,sNi7s)ei,s|s + ws. (36)
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Algorithm 1: The CKFF Algorithm Under AaF Relays
Step 1. Initialize the parameters &; g|o and éi,O\Ov and set s =0

© oy Nay

Step 2. Select 2n, cubature points
irols + \/naZiagele, (= 1,2,

s N«

59 —

Xi,s|s =,

oCHng [ =

Xf’s"’; =T, s|s — nx:‘i,s\sICv ¢=12
) 2Ny,

Step 3. Prediction
¢ —r(<S
X s+1|s _f(Xz s|s>’ ¢=12

21y

Ti,s+1]|s = E Xz ,s+1|s’
2n1
» E T
Pi:5+1|5 - XL ,5+1|.5< i ‘5+1|.5) Li,s+1[sTg ,54+1]s
s N
y Ny

+Rs,
()A(Z-CHHS)* =i s1)s T /2P si1)sle, C=1,2,+-
i“i,s+1\s - \/nzpi,s+1|sIC7 ¢=1,2,---
=1,2,---,2ng,

(Hng
(Xz s+1\s)
e (<6 *
Ui s41)s ((Xz s+1]s) ) (=12
21y
Zyz s+1]s’

Qi,s+1|s -
277,1.

~ 1 ¢ ¢ T
i,5+1|s :277, Z Yis+1|s (yi,s+1|s) Yi,s+11sYs 541
=1

+ Qi s+1,
2ny
T
pTY <
Pi,s+1|s 2Ny sz s+1\5< 'Ls«l»l\s) 7«S+1‘5y1 s+1]s?
2'nm

zs+1 Zyzs+1|s( 1s+1| ) +st+1

Step 4. Calculate the ﬁlter gain
Kz s+l = Qg 541V '57, 9+1’Y'L 9+1P1 s+1\s +11

where
2 -2
x Fi&; 5+1’Y¢,5+1PZ s1ls T ai,s+1Ei

X (&z s+1 + Ei,5+1)Qi,s+1 + Qz s+1
32
s Pz ,s+1°

+ (1 + B]__l + /82_1)a12,5+1Ei)‘z,s+1

Step 5. Update the local filter £; ;41541 using (7) and compute the
) =2
i s+1Ez'fi,s+1%,s+1

minimum upper bound
—‘7, ,s+1]s+1 7(1 + 61) i,5+1|s
TY A —
X P’L s+1|sQi,s+1

DTY T
(Pi,s+1|s) :

Step 6. Conduct the CI fusion operation
M

=1

2 ) =-1
s+1|s4+1 — Zs+1|s+1 Z<2a3+1“i,s+1\s+1 i,s+1|s+1s

R M -1
E3 A a1
Sst1ls+1 = <Z §i,s+1:i15+1|5+1> )
i=1
where the weight parameter is optimized as
tr{Es 41541}

min
©SM,s+1

S1,54+1:52,541
Sty it Sist1 =1, 0< g sq1 <1

~E{(®
x Nis)' } + E{wsw!} + E{(®

Qz s+1 =05 g+1E gz 5+1(’YL .5+1+pz .5+1) A ‘5+1+Oéz 9+1E
X (61 s+1 +Rq s+1) ’Yi s+1P,yy+1 + ( + 62) A s+1

we have
P st1s

zerMst”J\fzs)ezs\s o) (@i M ST

3 is + M s N )

X ei,s|sw3} + E{ws sz|s(q)i,s + M; 11 N 5 T}

(@i, + M; I1; s Ni o) P g15(Pi,s + M; JL N )T

+ R;. 37

Next, it follows from Lemma 1 that
“Otr{Ni o Py g5 N,

<(1+e
+ (1 + e)q)i,spi,s\sq),iljs + Rav

ZS}MLSMZS
(38)

Pz',s-i—l\s

where € is a positive scalar.
For simplicity, we denote

Ei S\S)Ni,s}

_=, )
—i,s|s

- AR
Pi,s—&-l\s =Ls+1)s — Lis+1)ss
1 —_
Nz s+1 _(1 + € )tr{Ni,s(:i,s\s

X My M+ (1+ €)®; o(Z5 4
X (I)st + Pi,s+1|s + R
To proceed, the following assumption is useful in obtaining

(39)

the uniform bound.
Assumption 1: There are positive constants a;,7n;,m; and

®; @, <a;l, N; N, <nil,
M; SMES <ml, Ny o < Xl
Theorem 3: Under Assumption 1 and the initial value

éi,mo < 9;1, let 0; < 19; be satisfied with
0; £(1+ B1)((1 + €)@ + (1 + e Vngngdim; + Xi). (40)

i such that

i 2(1
Then, one has ém‘s < ;I for any time instant s > 1
Proof: The proof is performed by using the mathematical
il, i

inductive method. Supposing Z; ;| < ¥;I, we aim to prove

that Z; ;1511 < ¥;] holds
In view of Assumption 1, (38), (39) and P; s < =; |5, We

obtain
‘pi,s+1|s

<(14e FOIM; M

+ (1 + e)él = s|5q) + Ny ,5+1

(( +e)ad; + (1+e )tr{ﬁiﬂil}ml + Xz)f

1 a;v;
(1 +e)av; + (1 + e Mngnidim; + Xi)l

1)tr{Ni 5,515 N
41)

= 1 Q.

It is not difficult to observe that Qi,sﬂ (shown in Step 4 in
Algorithm 1) is positive definite. As a result, combining the
expression of =; ;11|54 given in Step 5 in Algorithm 1 with

(41), one obtains
i,5+1|s+1
2 &2 2 5 T
i s+1E'fi s+17i,s+1 5+1|sﬂz q+1( i 5+1\5)

(]- + 61) i,s+1|s
(1 + 61) i,5+1|s

(1P

Step 7. Repeat the related steps if not stopped
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<6.1, (42)
where 0; is defined in (40). It follows from (42) and ¢; < ¥;
that Z; 54 1js+1 < 91 holds, which ends the proof. [ |

By virtue of the CI fusion rule and Theorem 3, there is
an upper bound such that the fused upper bound of the FEC
satisfies

1y

M -1
—s|s < <Z gi,sﬂi1> I
i=1

Remark 2: In this paper, a fusion filter for multi-sensor
systems with AaF relays is designed within the framework
of the CKF based on the CI fusion principle. Key theoretical
developments in this paper are presented through several
theorems. Theorem 1 deals with the computation of the upper
bound of the FEC using matrix theory. Establishing this upper
bound is crucial for assessing the potential error range of the
filter’s estimations. In Theorem 2, the optimal filter gain is
determined by minimizing the upper bound matrix identified
in Theorem 1. The derivation of an appropriate filter gain
is essential for enhancing the accuracy and efficiency of the
filter. Theorem 3 extensively discusses the boundedness of the
upper bound of the FEC. Proving the boundedness is important
for validating the theoretical robustness and reliability of the
CKFF scheme. The paper also includes Algorithm 1, which
outlines the specific implementation strategy of the proposed
method. This algorithm is a step-by-step guide to applying the
developed CKFF scheme in practical scenarios. In particular,
due to the presence of the nonlinearity, a sequence of cubature
points with equal weights is firstly selected in Step 2, and
then in light of the spherical-radial cubature rule, the one-
step prediction and its related error covariances are calculated
in Step 3. An important aspect of the designed filter gain is
its incorporation of various significant factors, such as time-
varying system parameters, channel parameters, and channel
noise covariances. The consideration of these factors ensures
that the filter gain is dynamically adapted to the specific con-
ditions of the multi-sensor systems with AaF relays, thereby
improving the overall performance and applicability of the
CKFF scheme in real-world scenarios.

Remark 3: As is well recognized, the traditional Kalman
filtering can be viewed as an optimal estimation strategy within
the context of linear systems subjected to Gaussian noise.
Nevertheless, when the nonlinear systems are concerned, the
traditional Kalman filtering method will be no longer effective.
Compared with the traditional Kalman filtering scheme, the
advantages of the designed filtering scheme can be highlighted
as follows: 1) the CKF is adopted in this paper to provide an
effective estimation algorithm for dealing with the nonlinear
state estimation problems; 2) the local filters are fused based
on the CI fusion rule to enhance the estimation accuracy; and
3) the AaF relays are deployed in the transmission channels
to enlarge the transmission distance of data signals and ensure
the communication quality.

Remark 4: In this paper, a comprehensive and systematic
investigation is conducted on the CKFF problem for nonlinear
systems equipped with AaF relays. The study stands out for
its novel contributions in several key areas given as follows.

1) Novelty of the CKFF Problem: The CKFF problem as
proposed in this study is a new exploration for the
specified multi-sensor systems that are influenced by
AaF relays. This introduces a unique perspective to the
field, considering the specific challenges and dynamics
introduced by the inclusion of AaF relays in multi-sensor
systems.

2) Integration of AaF Relays with Stochastic Channel Pa-
rameters: A significant novelty of this study is the
arrangement of AaF relays with stochastic channel
parameters within the transmission channels. This ar-
rangement is designed to enhance signal communica-
tion quality. The consideration of stochastic channel
parameters in the design and operation of AaF relays
represents a forward-thinking approach, acknowledging
and addressing the inherent uncertainties in real-world
communication environments.

3) Examination of Boundedness in the CKFF Scheme:
Another notable contribution of this research is the
thorough examination of the boundedness of the CKFF
scheme. By providing sufficient conditions for bounded-
ness, the study ensures that the CKFF algorithm remains
robust and reliable under various operating conditions.
This aspect is crucial for practical applications, where
stability and predictability of the filtering process are
essential.

IV. SIMULATION RESULTS

In this section, a simulation example is adopted to validate
the efficacy and superiority of the proposed CKFF algorithm.
The objective is to remotely monitor/estimate the flux and the
angular velocity of an induction machine through a commu-
nication network subject to AaF relay mechanism.

As given in [31], the state nonlinear function is described
as

M+ n (bw[s” + k1$[52] + 5233?] + kQ)
24 (fkle” T bz 4 pyrl®

- x[f]):v[f] ,

22 4 b (gl + gl 4 (kg
e 4 h (sl — (kg — 2PNl 4 pyal!

x[SS] +h (65(x[51]x[54] — JU[SQ]ZC[SS]) + b6k3)

flzs) =

where x; = {:c[sl] x[s2] x[s?’] :c[s4] st]}T with xE] x?] as[s?’]

xL4] representing the components of the stator and the rotor

flux in order, and ac[ss] being the angular velocity. k; denotes
the frequency, ko refers to the amplitude of the stator voltage,
and k3 stands for the load torque.

The output equations are described as

and

Ts) =
i) [b7x22]+bst4]

bozl) + ozl
Ts) = 5
92(ws) [nggz] + ol

b7$£;1] + b8$L3]‘|
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blll‘[z] + b1 1‘[4]

blll'[sl] + b12$[s3]
g3(xs) =

braal! 1 bygal?
g4($s):[ 13T 4T s )

blSI[ Ly b14x[s4]
The initial values are selected as (i = 1,2,3,4)

Py =0.00011, Z; o9 = 1.251,

Zo=1[025 —055 —04 02 015]",
F1o0=[022 —045 —054 023 0.22]",
a0 =[0.21 —0.38 —0.54 032 0.19]",
#3000 = [042 —0.55 —0.51 031 021]",
Fa000=[0.09 —0.62 —0.52 033 021]".

The related parameters with respect to the induction ma-
chine are chosen as b; = —0.186, by = —1.778, bz = 6.125,
by = —6.234, b5 = 0.081, bg = 4.643, by = —4.448, bg =
1.11, bg = —4.428, b1y = 1.21, by; = —4.435, b1o = 1.05,
biz = —4.441, byy = 114, h = 0.1, kb = 2, ks = 0.1
and k3 = 0.55. The noise covariance matrices are set as
R, =1x107%1, Q; s = 0.251, Q", = 0.2] and Q}, = 0.11.
The amplification factor is selected as «; ; = 0.25. The aver-
age signal energy is set as El E7 = 0.05. The uncertainties
Aﬁi(yls), Af’yi(i), A%(‘SS), A{Z < 51(25) and AEE? are uniformly
distributed over [—0.01,0. 01} Other parameters are selected
as 5(1) (1) — 0.1, 5(2) (2) — 0.5, 5(3) (3) — 1

€020 d0 03 & 0 i =04, 752 =03,
:yi(?’s) =0.3, H(l) = /@(2) = Ii( ) = pgls) = p§2s) = p§38) = 0.01,
B =1x10" éanciﬁ2—1><1o

For the sake of evaluating the performance of the developed
CKFF algorithm, the root mean square error (RMSE) is

adopted in this paper, which is defined as follows:

T 5
I IR

j=1.:=1

RMSE; , £

where Y denotes the number of the Monte Carlo experiment
runs with T = 50 in this paper, z17 and #!" ]’lj denote the
t-th element of the real state and its estimate at the j-th Monte
Carlo experiment, respectively.

Building on the theoretical foundations, the CKFF scheme
can be implemented to deal with the proposed issue, and the
related experiment results are depicted in Figs. 1-12. Specifi-
cally, the trajectories of the real states and their estimates are
displayed in Figs. 1-5. These figures obviously demonstrate
that the developed CKFF algorithm can reliably estimate the
system states, even taking into consideration the effects of AaF
relays. The trajectories of the trace of the minimum upper
bound under local filters and the fusion filter are portrayed in
Fig. 6. It is clear from this figure that the minimum upper
bound under the fusion filter significantly stays below the
local filters. The curves of the RMSE and its upper bound
are exhibited in Fig. 7, in which the RMSE definitely remains
below the upper bound, thus demonstrating the effectiveness
of the CKFF scheme in practical scenarios.

It is well known that the EKF is based on the linearization
technique and therefore works well for systems with rela-
tively weak nonlinearities. In this example, the nonlinearities
addressed are relatively strong (described by 2nd-order poly-
nomials) and therefore the CKF is expected to outperform the
corresponding EKF, which is indeed the case as confirmed
by the simulation. It is seen from Figs. 811 that the RMSE
calculated by the local CKF always keeps below the local EKF.
Moreover, with the purpose of exhibiting the superiority of the
developed CKFF algorithm, the curves of RMSE regarding the
CKFF and the local CKF are given in Fig. 12, from which we
observe that the RMSE of the CKFF stays below the CKF. All
these experiment results confirm that the effectiveness of the
designed CKFF algorithm can be well ensured in handling the
state estimation problem in relation to the induction machine.
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V. CONCLUSION

In this paper, the CKFF issue has been handled for multi-
sensor systems with AaF relays. To enhance communication
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quality, AaF relays have been deployed in transmission chan-

nels to prolong the signal communication distance. Specifi-
‘ cally, the local filters have been firstly constructed such that,
05r * in the presence of AaF relays, an upper bound of the FEC
has been ensured and minimized by selecting an expected
filter gain. After that, the fusion filter has been designed
according to the obtained local filters and CI fusion rule.
Moreover, the boundedness of the upper bound of the FEC has
been examined in light of some sufficient conditions. Finally,
a simulation experiment concerning a three-phase induction
02f 1 machine system has been utilized to validate the effectiveness
of the developed CKFF algorithm.
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