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Unscented Kalman Filtering Over Full-Duplex Relay
Networks Under Binary Encoding Schemes

Licheng Wang, Zidong Wang,

Abstract—In this paper, a modified unscented Kalman filter design
algorithm is proposed for discrete-time stochastic nonlinear systems
over full-duplex relay networks with binary encoding schemes. In order
to enhance the transmission reliability, a full-duplex relay is deployed
between sensors and the filter, and a self-interference cancellation scheme
is introduced to eliminate the interference caused by the relay itself.
To accommodate the digital communication manner, a binary encoding
scheme is adopted, and a sequence of random variables obeying Bernoulli
distribution is introduced to characterize statistical behaviors of the
random bit flips. The objective of the addressed problem is to design
an unscented Kalman filter over full-duplex relay networks with binary
encoding schemes that reflects the impacts of the decoding error, the bit
flips, and the full-duplex relay on the filtering performance. A sufficient
condition is developed using the matrix inverse lemma to guarantee the
exponential mean-square boundedness of the filtering error. Finally, a
simulation study is carried out to demonstrate the effectiveness of the
developed binary-encoding-based unscented Kalman filter over a full
duplex network.

Index Terms—Unscented Kalman filtering, full-duplex relay networks,
binary encoding schemes, bit flips, exponential mean-square boundedness.

[. INTRODUCTION

Considerable increase in research on the filtering problem has been
witnessed in the past few decades from both the control systems
and the signal processing communities [5], [13], [40]-[44]. Various
filtering techniques have been proposed and applied to a variety of
areas including target tracking, missile guidance and control systems,
and fault detection [30], [31], [33], [38], [47]. Notably, the Kalman
filtering algorithms have been recognized as an optimal filtering
strategy for linear systems under the assumption of Gaussian noises
in the sense of least mean square. However, for nonlinear systems, the
traditional Kalman filtering algorithm is no longer applicable, which
may lead to severe deterioration of filtering performance. As a result,
alternative filtering schemes have been put forward for nonlinear
systems with Gaussian noises, such as the extended Kalman filter
(EKF) method, unscented Kalman filter (UKF) algorithm, and particle
filter strategy [2], [9], [14]-[17], [19], [22].

Compared to the EKF algorithm, the UKF algorithm has proven
to be an extremely powerful method for stochastic nonlinear sys-
tems. The UKF algorithm has obvious advantages including 1)
effectively avoiding the decrease of filtering performance caused
by the linearization error, 2) approximating the probability density
function (rather than approximating the nonlinear function itself), 3)
suiting for nondifferentiable nonlinearities, and 4) circumventing the
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calculation of the Jacobian matrix. As a result, the UKF algorithm
has attracted ever-growing research attention, and various modified
UKF algorithms have been proposed to cope with imperfect signal
transmissions [12], [20]. For instance, in [25], the Round-Robin
protocol has been incorporated with the UKF algorithm to decrease
the communication traffic of the resource-constrained network, where
the period scheduling characteristic of the Round-Robin protocol has
been reflected. In [26], the UKF algorithm has been applied to the
neural networks, where the remote estimator can only receive partial
components of the measurement output.

In the remote estimation problem, the measurement signals usually
need to be transmitted over a long-distance transmission channel
[28], [39]. However, because the sensor’s communication capacity
is limited and the path loss is nonnegligible, the remote estimator
may fail to receive the signal sent by the sensor. In this case, relays
are typically deployed between the sensor and the estimator, which
are used to amplify and forward the measurement signal. Various
relays are commonly used, including amplify-and-forward relays,
decode-and-forward relays, and so on [1], [11], [18], [23], [32],
which have been pervasively put into practice in various networked
systems. For example, in [35], the recursive filtering problem has
been discussed for stochastic uncertain systems under the amplify-
and-forward relays.

On the other hand, the mobile communication system is usually
divided into simplex communication, full-duplex communication, and
half-duplex communication [8], [45]. In recent years, full-duplex
relays have attracted some research attention, where the relays can
receive and send signals at the same time. Consequently, it is of vital
importance to appropriately deal with the self-inference signal sent
by the relay itself. For example, in [34], a self-inference cancellation
technique has been adopted to eliminate the impact of the self-
inference caused by the full-duplex relays.

With the popularity of network technology, the digital commu-
nication era has arrived with evident advantages in strong anti-
interference capability and high reliability compared to the analog
pathway [3], [6], [27], [46]. For digital communication equipment,
only a finite number of bits can be processed at each execution
point, and therefore, the signal needs to be truncated to meet the
bit requirement/constraint. After truncation, the signal is encoded into
binary codewords to follow the digital communication manner, which
is usually referred to as the binary encoding scheme. This encoding
technique has been recognized as the most effective and has attracted
much research attention [36], [37].

Due to the complicated and noisy communication circumstance,
the communication quality cannot be guaranteed during the codeword
transmission. As such, bit flips often occur in a random fashion, which
can be viewed as one of the main reasons for data distortion that
deserves further investigation. Recently, the binary encoding scheme
with random bit flips has gained some primary research attention
in the filtering problem [21], [48]. For example, in [24], the binary
encoding scheme has been expanded to address the moving-horizon
estimation problem for linear networks, while in [7], it has been
applied to the consensus control problem for multi-agent systems.

Summarized from the above discussions, this paper focuses on
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Fig. 1: Block diagram for the remote state estimation problem

the unscented Kalman filtering problem for a class of discrete-
time stochastic nonlinear systems over a full-duplex network with
the binary encoding scheme subject to random bit flips. The main
challenges stem from the following two aspects: 1) establishing a
unified measurement model for stochastic nonlinear systems over full-
duplex relays with the binary encoding scheme is essentially difficult;
and 2) designing an unscented Kalman filter to reflect the impacts
of full-duplex replay and the binary encoding scheme on filtering
performance is nontrivial. To overcome these two challenges, the
main contributions of this paper can be highlighted as follows.

o A rather comprehensive system model is considered, which cov-
ers general nonlinearities, Gaussian noises, full-duplex relays,
binary encoding schemes, and random bit flips.

o A new unscented Kalman filter algorithm is proposed to account
for the impacts of full-duplex relay and binary encoding errors
on the filtering error.

o A sufficient condition is established using the matrix inverse
lemma to guarantee the exponential mean-square boundedness
(EMSB)of the filtering error.

II. PROBLEM FORMULATION

A. System Model

In this paper, the following stochastic nonlinear system is consid-
ered:

{ up+1 =Agug + f(ur) + wi (1)

yr =h(uk) + vk

where u,, € R™ and y, € R™ denote, respectively, the system state
to be estimated and the measurement output. w; € R" and v €
R™ are unrelated zero-mean Gaussian white noise sequences with
variances Ry p = E{wiw{} and Ras = E{vxv] } where Ry
and R, are known positive-definite matrices. f(-) : R"™ — R"
and h(-) : R™ — R™ are nonlinear functions with f(0) = 0 and
h(0) = 0. Ay, is a known time-varying matrix.

It should be noted that the focus of this paper is the remote state
estimation issue for a stochastic nonlinear system over a full-duplex
relay network equipped with a binary encoding scheme, as shown
in Fig. 1. Specifically, the measurement signal is first transmitted to
the relay side via a digital communication channel with a certain
transmission power, and the binary encoding scheme is employed
to encode the transmission signal into binary codewords. However,
due to the unreliability of the digital network and undesired channel
noises, probabilistic bit flips are taken into consideration in the binary
encoding process. At the relay side, the received binary codewords
are decoded, amplified, and then forwarded to the filter side. Based
on the above discussions, the following mathematical descriptions are
provided.

The measurement signal is first transmitted to the relay side
with certain transmission power and the transmitted signal is then
characterized by the following form:

2k = /Ity + vk 2

where z;, € R™ is the transmitted signal, [ is the transmission
power, ;" denotes the stochastic channel coefficient for the sensor-
to-relay network with B{t;"} = ;" and R{(¢t;" — £")*} = of"
where ;" and o} are known positive scalars. vj € R™ stands for
the transmission noise satisfying the Gaussian distribution E{v;} = 0
and E{v; (vi)"} = R3 with Rs being a known positive-definite
matrix.

B. Binary Encoding Scheme

Suppose that a scalar signal gy, falls into a given interval G £
[~g, g). Here, G is uniformly grouped into 2 — 1 small intervals
denoted by [z1,i, x2,;] where x1,; can be represented as z1,; = —§+
2,?31 (i—1) (i =1,2,...,2% — 1) and the length of each interval
is expressed as m £ 20—

Because of the limited communication bandwidth, only finite bits
can be transmitted to the communication network. This means that
the original signal g; needs to be truncated to meet the bandwidth
constraint. Without loss of generality, we assume that L bits are
permitted for transmission at each time instant. Different from the
traditional fixed truncation technique, in this paper, a stochastic
truncation function R : gr — qx(gx, L) is utilized to map gx to
a truncated signal g (g, L) obeying the following law:

{ Prob{qr(gk, L) = x1,i} =1 — &

3)
Prob{qk(gx, L) = x2,:} = &k
where &, = Z2L1 € [0, 1).
Defining the truncation error as 6% (gx, L) = gx — qx(gx, L) and
considering gr = x1,; + ,7m, we can easily obtain from (3) that

Prob{0x(gr, L) = &} =1 — &
Prob{dx(gk, L) = (& — )7} = &

Then, it follows from (4) that the mean of the truncation er-
ror 8x(gk, L) is 0 and its variance is bounded by “Tz, that is,
E{0(ge, L)} = 0 and E{67 (gx, L)} < =.

In what follows, denote g¢i(gr,L) as a linear combination of
the first L terms of the series {2°" 'z}, that is, q(gw,L)
—g + Zle li,g, 2" 1. Moreover, introduce the notation L,
{l1,95, 12,9510, } as the codeword sequence with l; g,
{0,1} i =1,2,...,L).

During the transmission of the codeword sequence L,4, via a
memoryless binary symmetric channel, assume that the bit flip occurs
in a random manner due to the noisy channel environment. To this

4)

m >l

end, a Bernoulli distributed random sequence ; (1 = 1,2,...,L)
is introduced which obeys the following distribution:
Prob{¢;x =1} =, Prob{¢ix =0} =1-C ®)

where ¢ € [0, 1] is a known scalar. {; ,, = 1 means that the codeword
li, flips and (;x = 1 indicates that no flip occurs for the ith
codeword. Denote the actually received codeword sequence of the
relay as

ng = {Zlvgk ’ ZQ,QM sy ZL,gk} (6)

with I;., = (1 = G x)lig, + Cike(1 — Lig, ), based on which the
decoded signal of g, can be denoted as

L
QLo L) 2 =g+ g2 'm. @)
i=1
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Specifically, if there is no flip occurring, one has gx(Ly,, L) = g-
Based on the results in [24], it is not difficult to obtain that the mean
and the variance of the decoding signal gx(gx, L) are, respectively,

E{‘jk(igk ) L)} = (1 - 2E)Qk(gkv L) (8)
and

Varla(Zay, 1) = 601 - 00,

Here, the expectation has been taken with respect to the random
variables (; 5. It should be pointed out that, due to the bit flips, there
exists a distortion between g (gr, L) and qk(ﬂgk, L). To this end,
we define a new signal Gx(Ly,,L) = 2C Gx(Lyg,, L) instead of
using Gx (L, , L) to keep the unbiasedness of the distortion.

By now, we have explained the main transmission principles of the
binary encoding scheme for scalar signals. It should be noted that this
scheme is also suitable for vector signals in a componentwise man-
ner, i.e. gk (g, L) = vec{qr(g1.k, L), @e (92,65 L), - - - @ (gm.k, L)}
where g; 1 is the ith component of the vector gj. Therefore, for
a vector by € R™, qi(bx,L) € R™, qu(Ly,,L) € R™ and
ljk (Ebk s L) cR™.

(€

Lemma 1: Define the decoding error as dp 2 q(zi, L) —
Gr(L2,, L). dy satisfies E{dk} =0 and
Var{d} = Var{qk(ﬁzk,L)}. (10)

(1- C)

Proof: 1t follows readily from dy = qi(zx,L) — Gx(L-,, L)
and E{q(L.,, L)} = (1 — 20)qx(zx, L) as well as Gx(L.,,L) =
= quk(ﬁzk,L) that

E{dk} = E{qk(zk7 L) — qk(sz, L)}
= E{qx(2k, L) — 7 ! @k (L2, L)}

_ 26
1_—2§E{f7k (L2, L)}

(11)
= E{qr(zx, L)} —
=0.

Then, one has

Var{d}

“E{ (a2, L) — G D) (a0 (20 L) — G(Leys L))"}

“E{gu (20 L)l (21, D)} — B{qu (2, D)l (£, L))

— B{q(Ler, D)ak (2x, L)} + B{Gr (L2, L)k (L2, L)}

=E{qk (2x, L)qi (2x, L)}

E{qk (le )‘jlicp (Zzw L)}

(12)

1-2C

1 - _

(1-2¢)
Based on the fact Var{z} = E{2?} — (E{z})?

Var{d}
= — E{qx(z, L)qx (2, L)}
n ﬁm{@c(z%, L)@t (L=, L)}
= — E{qx(zr, L)q} (2, L)}
1 .
+ mVar{qk(sz L)}
1 _ A T(F
+ mE{qk (£2k7 L)}E{Qk (‘C‘zk ’ L)}

Var{qk (L.,,L)}.

, one has

(13)

-
(1-20)

This lemma is proofed. u

C. Full-duplex relay Network

In this paper, the full-duplex relay-assisted communication scheme
is employed to enhance the quality of the data transmission from the
sensor to the filter. Moreover, taking the binary encoding as well
as bit flips into consideration, the diagram of the signal transmission
from the sensor to the filter is illustrated in Fig. 1, from which we can
see that zy, is the input of the encoder and Gx (zx, L) is the output of
the decoder. After obtaining the decoding signal G (g, L), because
of the self-interference caused by the full-duplex relay, the signal
received by the relay can be described as

Zr = (}k (sz L) —+ lzilt};rmk —+ mz (14)
where my € R™ and mj, € R™ are the self-interference and the
self-interference cancellation, [}, is the transmission power of the full-
duplex relay and ¢;," is the stochastic coefficient of the relay—to relay

channel satisfying E{t;"} = ;" and E{(t;" — ;")*} = o} with
;" and o}," being known parameters.
Inspired by [10], [34], my, satisfies the following condition:
0, =0 (15)
myp =
Br—1Zk—1, k>0

with ), being a known amplification factor. To remit the negative
effect of the self-interference, my, is introduced with the following
form:

0, k=0

k> 0. (16)

lzilﬂ;rmm
Remark 1: Due to the influence of the self-inference, the actual
signal received by the relay, which is denoted as Zj, not only contains
the decoded signal Gy (L., , L), but also involves the signal my, sent
by the relay itself at the last time step & — 1 (i.e., the self inference
term my 2 Br_1Zr_1). Since the self-inference signal my, is one
time-step delayed, the transmission power of the full-duplex relay is
accordingly set as the one at the time step & — 1, namely, I}, _;.
Next, the signal Zzj is amplified and forwarded to the remote
estimator, and the signal actually received by the remote estimator
can then be described as follows:

2 = Byl 7 2 + ] (17)
where 2z, € R™ is the filter input and t is the stochastic coefficient
of the relay-to-filter channel, which satlsﬁes E{t;’} = #/ and
E{(t;" — 7)?} = o with ;7 and o} being given scalars.
v;, € ]R”” is a white noise sequence which is Gaussian and satisfies
E{v}:} = 0 and E{v/(v])T} = Raj with Ry being a known
positive-definite matrix.

It 1s assumed that all random variables uo, wg, vk, Vg, vk, t;",
ti, t and ¢, (1 =1,2,...,25% —1) are unrelated with each other.

It is not difficult to conclude from the definitions of dj and
Sk (zk, L) that §x(L.,, L) = 2z — 0k (2k, L) — di. For the sake of
the sequel expression convenience, we use dy to replace i (zk, L).
Then, according to (14), one has

2 =bieh(ur) + Brlh 1t (t7 — & )m

r T (18)
— B lzf1tkf5k — Bk lz,ltkfdk + W
where bk 2 /Bk k 1thrft and Or A Bk k lthrftk vE +

Br l;flt;fvz + v}:.
Remark 2: Compared with the existing remote state estimation
issue, the main novelties of the considered problem lie in that
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1) the full-duplex relay is used to send and forward the signal
measured by the sensor for the long-distance transmission and 2)
the binary encoding scheme is employed to comply with the digital
network in the sensor-to-relay channel. To be more specific, the signal
transmission mainly divides into the following steps. First, the raw
measurement signal yj is converted to the signal z; according to
(2) by endowing certain transmission power. Then, zj, is encoded by
using the binary encoding scheme so as to comply with the digital
channel and a stochastic truncation scheme is proposed in (3)—(4).
Subsequently, a sequence of Bernoulli distributed random variables
is introduced to cope with bit flits caused by the complicated and
noisy channel in (5)—(7). After then, the full-duplex relay receives
the decoding signal §r(zr,L) and the self-inference signal. As
such, a self-inference cancellation scheme (15)—(16) is introduced
to eliminate the effect of the self-inference of the relay. Finally, the
filter receives the signal sent by the relay, i.e., Zj in (17).

III. UNSCENTED KALMAN FILTER DESIGN

In this section, we are going to propose a modified unscented
Kalman filter algorithm for the stochastic nonlinear systems over the
full-duplex relay network with the binary encoding scheme subject
to random bit flips.

Before proceeding, we give the following lemma.

Lemma 2: By defining My, £ E{msmi }, one derives

2
Misr =821 ol My + — % Var{g, L. L
k1 =Brlp 10k Mi + (120 ar{q (L=, L)} (19)
+ Brear(zr, L) i (2x, L).
Proof: 1t follows readily from (14)-(15) that
Mi1 =BiE{zz} }
=BRE{(@r(Lzy, L) + /Uiy th mi — my)
X (G (sz7L) + 1271"'27.”’4@ - mZ)T}
=BRE{(Gs (L2, L) + (/1 (6 = T ) 20
X (@ (Lay L) + 3Gy (6 = 6 )m) T}
=BRE{Gk (Lay, L) (L2, L)} + BRli—r0k M
Bi A TR
=—_F L., L L., L
B Lo DA (£, 1)
+ Bili-10k M.
According to the fact Var{z} = E{z?} — (E{z})?, one has
B gL DA (2,1}
(1—2¢) " ’
- (Var{a(£.,. 1)}
(1-20)? 1)
+E{qu(Lz,, L)YE{G (L2, L)})
2
:(1_67];6)2\/&1”{% (L2, L)} + Brar(zx, L)ai. (2x, L).
Therefore, the proof is complete. |

Denote by g1y, and g1 the one-step prediction and the
estimation for the state uy1, respectively. Then, define the initial
values E{UO} = %o and I:)o = ]E{(U() — ’ao)(uo — ﬂo)T}.

Based on the obtained signal Zj, next, we shall provide a modified
algorithm to design the unscented Kalman filter for the stochastic
nonlinear system (1) over the full-duplex relay network with the
binary encoding scheme. The following four steps of the algorithm
are summarized.

Step 1. At each time instant k (k > 0), select 2n+ 1 sigma points
0ik (1 =0,1,2,...,2n) based on the known values @ and Py with
the following rule:
1=0
i=1,2,...,n
i=n+1,n+2,...,2n

ﬁlw

Oik = S Uk + wWhik, (22)

ﬁk - quifn,k:

where w is a positive scaling parameter and ¢ = (V npk)l
stands for the ith column the square root of nP; by the Cholesky
decomposition.

Step 2. Predict the one-step estimation and its error variance for
the state as follows:

Okt =Ar0ik + f(oik), ©=0,1,...,2n
2n
ﬂk+1\k = g ViQi k+1|k
i=0
2n
5 E : - N T
Pk+1\k = Vi(Qi,kﬂ\k - Uk+1\k)(9i,k+1\k - Uk+1\k)
i=0
+ Rl,k-

(23)

Then, it follows from (23) and (14) that the prediction measurement
and its error covariance are obtained as follows:

Ziktrik =bkt1h(0iki1e);, 1=0,1,...,2n
2n
Zpt1)k = E ViZi kt1|k
i—0

2n

NHZz 2 = 2 > T
P = E Vi(Zi kg1)k — Zirii) ikt ik — Zrt1ik)
i=0

N2 =rf T
+ (Brt1ly) Uk+10k+1Mk+1
2 r=rf 1 2 r=rf 2
+ Big1lno)y 1 Rk + 16k+1lk0k+1ﬂ— I
2 778 —rf —sr
+ B 1lele+10 10k 1 Ro k1
2 _
+ Bepaliayd Var{di1} + Rager1
2n
DUz ~ ~ T
Pty = E Vi(0i k1k = Ukr1ik) (O k1jk — Ukg1]k)
i—0

24

where by 2 B\ /Ir_ Lt G, a1 & (5 v o), oy 2 (87)? +
o, vwEl—-Land v £ s (i=1,2,...,2n).
Step 3. Based on the obtained Zj41 and the traditional Kalman

filter structure, we have the following update formula:
r DUz Hzz \—1
K1 =Pet1 (Pifa)
U1 =Upr1ie + K(Zor1 — Zep1)n)
Piy1 =Prian — Kkﬂ(Plifl)T-

(25)

Step 4. Repeat the above three steps at next time instant.

IV. BOUNDEDNESS ANALYSIS

By now, we have developed a new unscented Kalman filtering
algorithm for the stochastic nonlinear systems over the full-duplex
relay network with the binary encoding scheme. Next, we shall pay
our attention on the boundedness analysis of the filtering error.

Denote by ak+1‘k £ Uk+1 — ﬂk+1\k; Uk41 £ Uk4+1 — Ukt1 and
Zrg1 = Zopt — Zp41|x the one-step prediction error, the filtering error
and the measurement prediction error, respectively. Then, by means
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of the linearization technique, the following error dynamics can be
derived

Uk 1|k =(Ag + OkCx)uy + wy
Ek\kfl :l_ykaHkﬂk‘k,l + (bk — Ek)h(uk)

T ' Tr arr 26
+ Brlioaty? (81 — B )ym (26)
— Bk l£71t2f5k — Bk l;iltzfdk + W
where Cj, £ %5:‘) — and H, 2 ag—gj‘) w1 are two

Jacobian matrices. ©, £ diag{01x,02%,...,0n 1} and T) 2
diag{y1,k, Y2,k - - -, Ym,k } are used to characterized the linearization
errors.

Assumption 1: The nonlinear function h(-) : R™ — R™ satisfies
the condition ||h(x)| < eci||z|| 4+ c2, where ¢; and ¢z are known
positive scalars.

It is not difficult to see from (25) that

Ug1 = Upy1|k — Krt1 2041k (27)

Combining (26) and (27) yields

tigs1 =1 — bey1 K1 Tropr Hiog1 ) gy 11
— (brg1 — brey1) Kigrh(unir)
= Brraliti (G5 = T 1) Kepamisa
+ Br+1 \/EtZilkk+15k+l — K 1@k+1
+ Bry1 \/EtZilkk+ldk+l

(28)

and further gives

tig+1 = — b1 K1 Y1 His 1) (Ar + 4 Cr) ik
+ (- Bk+lkk+lrk+1Hk+l)wk
— (b1 — by 1) K 1h(urs1)
— B lit) (8551 — Ty K1t
+ ﬂkﬂ\/l—thilkkH&H
+ ﬂkﬂ\/thilKkﬂdkﬂ
— Kt 1041

(29

Then, let the covariance of 41 be denoted as Py.y1, which can be
derived from (29) as follows:

Py =1 — 5k+1kk+1Tk+1Hk+1)(Ak + OxCk) Py
x (A +01C%) (I — bes1 K1 Tipr Hig1) "
+ (I = bry1 Kp 1 Vo1 Hiy1)Rik
X (I = b1 K1 Vi1 Hy1) "
+ brp 1t K i B{ A (g4 1) R (wpi1) K4
+ Bia (1) 1o Kt My Ko
+ BZ«rllZa')ZilkkJrlE{dZJfl}Kg+1
+ Biiilioy ) K Var{di1 } K

+ f(kﬂﬁkﬂf{gﬂ

(30)

where by 2 Qposr a

2 r7s —rf —sr
; ﬂk+1lklk+1%f+10k+1s
2 —r — 2 ~T
Biea1lili110. 5100 1 Bkt + Bip1li0y ) Ra k1 + Ragtr.
It is inferred from Assumption 1 that there exists a positive scalar

5
€ such that
E{h(ur+1)h" (urt1)}
<E{[|R(ur+1)]* 1}
<E{(c1||urt1]l +c2)}
§2[cftr{uk+1ug+1} + Cg]f
§2[cftr{(1 + E)ﬁkﬂ\kﬁEJrl\k (31

+ (14 € g papplig + )1
=2[cttr{(1 + e)akwka{mk
+ (14 e (A + OuCr) Pu(Ag, + 01,C1)T
+Rup)} + 3]l
Liil.
Due to the existence of the E{h(u)h” (uy)} and E{6}7}, it is
impossible to obtain the precise error covariance Pjyi. Therefore,

to facilitate the subsequent analysis, an upper bound for the error
covariance is derived, which is defined as follows:
Yhr1 =1 — Ek+1f(k+1Tk+1Hk+1)(Ak + 01Cr) Xk
x (Ar + @kck)T(I — l_)k+1f(k+1Tk+1Hk+1)T
+ (I — Bk+1f(k+1Tk+1Hk+1)R1,k
X (I —bps1Kpo1 Yrpr Hir)"
+ BE(0)?5 1 on 1 Kot Mo Ky (32)

1 T T o r
+ Zﬁzﬁg+1lkakilKk+lKg+l
+ B lhoy ) Kipr Var{dy 41} K

+ Kk+IQk+1KE+1 + mekaK{{ﬂ.

From (30)-(31), we can draw a conclusion that Pri1 < Ygyq.
Denoting P41 2 Pyi1 — Zky1, one derives from (29) that

Pk+1 =(I - Ek+1f(k+1Tk+1Hk+1)(Ak + ekck)]sk
x (Ar + @kck)T(I — Ek+1f(k+1Tk+1Hk+1)T + Yit1.
(33)

where

Yit1 =Ppi1 — (I —bpy1Kps1 1 Hir 1) (A + @kck)lsk
x (A +601C0%)" (I = bes1 K1 Y1 Hig1) "
+(I- BkﬂkkﬂTkHHkH)Rl,k
X (I —brs1Kki1 Y1 Hir)"
+ ﬂZJrl(lz)25'Zi10'l:11f(k+1Mk+1K13+1
+ 7B kot K K
+ Brialioyh Kiaa Var{dip1 YK
+ Kk+lﬁk+1j{l?+l + 5k+1ﬁkkk+1kgﬂ«
To proceed further, some preliminary knowledge is introduced to
ensure the EMSB of the filtering error .

Lemma 3: [29]. For the stochastic process y, if there exist p > 0,
p>0,m0>0and 0 < <1 such that, for Vk > 0,

pllnl” < Vi(ix) < plli? (34)

and

E{Vi (@) |tr-1} < (1 —n1)Vi—1(Gr-1) + no, (35)

then, the stochastic process 4z is said to achieve the EMSB, i.e.

_ k
E{[law||*} < gE{nﬂonz}(l —m)* + % S a-m).

= i=1

(36)
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We are now in a position to derive a sufficient condition to ensure
the EMSB of the filtering error and, to achieve this goal, the following
assumptions are introduced. o

Assumption 2: There exist positive scalars a, ¢, h, 0, 7, y, p,s D1,
T4, T1, @ and w such that the following conditions

[Akll < @, [ICkll < & || Hyll < h, O <01
Y <A1, Y > ylp, T < Py < pul 7
rd < Rajprr, [[Mill <4, Rigsr <711

~ ~T o A -
U1 el < 0l Qp <@l

hold. In addition, we fix B = 3, by, = b, by, = b, I}, = 1", 577 =&"f
and o,” = o"" for any k.

Theorem 1: Under Assumption 2, for the nonlinear stochastic sys-
tem (1) over the full-duplex relay network with the binary encoding
scheme, the filtering error 4y, is exponentially mean-square bounded.

Proof: Noting the boundedness of Pk+1‘k and the fact Py > 0,

there must exist two scalars p > 0 and p > 0 such that
pl < P <pl, (33)

which satisfies the condition (34) of Lemma 3.
Next, we rewrite (29) as the following form:

U1 = (I — by 1 K1 Yiop1 Hi 1) (Ag + OxC) il + Jrr1

(39)
where
Jhp1 & — 5k+1l2t2i1(t211 — Ty 1) Kpimya
+ (I = b1 K1 Yo 1 Hy1 )wi,
— (brg1 — brg1) Kig1h(up+1) (40)

+ Br+1 mt£ilkk+15k+1
+ Brt1 \/EtZ{HkkJrlkorl — Ki 1@ 41
Based on (23)—(24) and the conclusion obtained from [4], we have

PYEy = Popaprbes  HE Ty (41
Then, it is concluded from (24), (25) and Assumption 2 that
1Kl =l1Pis (P
< Prgappbrs Hipa Yiga R g | (42)
Sﬁlbhﬁ L4
Ty

Considering the independence among the noises, it is easily known
from (40) that
E{§i410k+1}
=E{wj, (I = bep1 Kn1 Thr1 Hisr)"
X (I = brg1 K1 Thog1 Hi1 )wi
+ b B{RT (upeg 1) Ky Kt h(ur) }
+ BEi () oh A B{mip K K amipea )
+ By lioph B{Gi Kil 1 Kis 16k }
+ 52+1l£5£i1E{dg+1Kg+1kk+1dk+1}
+ B{@i 1 K1 K10k }-

Taking into account (19) and (31), we arrive at

(43)

rr =2[ctr{(1 + e)ﬁkﬂ‘kﬁfﬂ‘k
+ (14 € ")((Ar + OrCr) Pi(Ar + 01C1) "
+ Riy)} + ¢
ettr{(1+ )i+ (1 +€ ((a+0e)’p+7) + c3)

A
=K

(44)

and

[My ]| < . (45)

According to Assumption 2, (44) and (45), one immediately has
E{#k+1k+1}
<(1 4 bayh)*niy + bra*m
4 BT o am + ingra_rfaZﬂj (46)
+ 326" a*Var{dy} + a*w 2 a.

It is easy to see from (25) and the fact P77, > 0O that
Pevr =Puyijp — K1 (PEE)T
=Ppsrp — PR (PE) (BT

<Pk

47

Constructing Vj, (i) £ ﬂ{ﬁ; L4y, it follows from (39) that
E{Vit1(tint1)} — Vie(te)
=E{[(I = brs1Kp 1 Thr1 Het1)
X (Ag 4+ 010k ik + Jrr1]” Py
x [(I — 5k+1kk+1Tk+1Hk+1)
x (Ak + 0,0tk + Gus1]} — @ Py i
=iij, [(Ar + OxCr)" (I — b1 K1 Tror1 Higr) "
X Py (T = b1 Ky Yooy Higr)
X (A + OkCr) — Py ik + E{Gk 1 Py G -
With the help of the noted matrix inverse lemma, one has
ngl — [(I = by 1 K1 Y1 Ho1) (Ag + @kck)]T
X I:’;;rll (I - Ek+1f(k+1Tk+1Hk+1)(Ak + 01Chk)
={Py + Po[(I — by 1 K1 Try1 Heo1) (A 4+ 0xC1))"
X Yy [(1 = bpr K Yo Hep1) (A + ©xCx)] P}
={I + (I = be1 K1 Vo1 Hig1) (Ax + ©,C0)] T Y,
x [(I — 5k+1kk+1Tk+1Hk+1)(Ak + @kck)]Pk}71P);1
> [1 S )T éaﬂ T

(48)

(49)

- 5 a—1 N
1+w] and ¥ £ 2, we can derive

a
y P

Letting ¢ £ [
from (48) that

E{Vk+1(ﬂk+1)} — Vk(ﬂk) S —EVk(’ak) + 197 (50)

which verifies the condition (35) of Lemma 3. To this end, we can
conclude from Lemma 3 that the filtering error u, has the expected
EMSB, which completes the proof of this theorem. u

Remark 3: In the unscented Kalman filter design algorithm (22)—
(25), there are four primary factors that increase the filter design
complexity, that is, the relay, the full-duplex communication, the
binary encoding and the random bit flips. Besides, all these factors
are reflected in the sufficient condition (i.e. Theorem 1) that ensures
the EMSB of the filtering error.

Remark 4: In this paper, the first attempt has been made to address
the remote state estimation problem for the stochastic nonlinear
systems over a full-duplex network with binary encoding scheme
subject to random bit flips. The main novelties include 1) the
considered model is comprehensive which involves the nonlinearities,
the stochastic noises, the full-duplex relay, the binary encoding and
the random bit flips; and 2) the proposed unscented Kalman filter
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Fig. 2: State u;,, and its estimates 1 . Fig. 3: State us,; and its estimates sz .
algorithm is complicated, which accounts for the impact from the Y
full-duplex relay and the binary encoding scheme.
sl
V. AN ILLUSTRATIVE EXAMPLE T Eetimation of us
This section presents a numerical simulation to showcase the 25
validity of the proposed UKF algorithm over the full-duplex relay g 2 i
network with the binary encoding scheme. For the considered system g
(1), the following parameter are given: ¢ 15 :
03 0.2 0.7 1.4 tanh(uq (k)) E |
Ar=1-06 0.2 0.1|, f(ur) = —tanh(u2(k)) g
0 0 07 1.1 tanh(0.5us(k)) 05 ]
_10.5u1 (k) + 0.4 sin(u2(k)) . 0 i
and h(ug) = 1.3us (k) — 0.6 sin(us (k)| ° The covariances of the
noises wg, vk, v and v,’: are selected as R1 = Re = Rs = 05 : : . :
Ry = 4 x 107 The initial values are u(0) = [0 0 0], 0 20 © e step % 10
a(0)=1[0.2 —0.1 0.6]" andmo=1[0 0] _ o )
For the binary encoding scheme with bit flips, set g = 6, L = 8 Fig. 4: State us x and its estimates U3 k.
and ¢ = 0.01. For the UKF, the weighted coefficient is w = V2
and the initial covariance is Py = 0.1/. For the full-duplex relay
network, the related parameters are set as [} = [, = 2, i = REFERENCES
0.5, " = 0.95, Br = 1,#;7 = 0.95, 0°" = 0" = 0"/ = 0.0001.
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depicting the trajectories of the actual state and its estimate for each
component of the state, thereby confirming the effectiveness of the
proposed UKF algorithm.
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