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This paper studies the state estimation problem for a stochastic discrete-time system over a lossy channel
where the packet loss is modeled as an independent and identically distributed binary process. To counter
the effect of random packet loss, we propose a linear coding method to preprocess the measured output,
and prove that the coded output is information preserving when packet loss is void and is information
enhancing when packet loss is present. An optimal state estimator under the minimum mean square

error (MMSE) criterion is derived for the coded output when subject to packet loss. The maximum packet
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loss rate for ensuring a stable estimator is then derived and shown to be very close to a well-known
lower bound. Also considered is a compressed linear coding method where the measured output is first
compressed onto a lower dimensional space before encoding, and it is shown that the similar packet rate
condition for stability holds.

Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.

1. Introduction

This work is concerned with a networked state estimation prob-
lem where the sensor and the estimator are connected through
a digital network with packet loss. The packet loss process of
the network is modeled by an independent and identically dis-
tributed (i.i.d.) binary process. If the packet loss rate is above a cer-
tain threshold, it is known that the optimal intermittent Kalman
filter (IKF) can be unstable, i.e., its estimation error can be un-
bounded (Sinopoli et al., 2004). In this paper, we ask whether
it is possible to obtain a weaker condition on the packet loss
rate for a stable state estimator by preprocessing the raw output
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measurement. We provide an affirmative answer by applying a
simple linear coding method and developing the corresponding
MMSE state estimator.

With the rapid development of sensing, signal processing,
and communication technologies, networked systems have been
widely used in many important areas such as monitoring, detection
and tracking. One of the key issues is to estimate the state
of the networked system over an unreliable communication
network, which has received considerable interest in the recent
years (Hespanha, Naghshtabrizi, & Xu, 2007; Sinopoli et al.,
2004). By modeling the packet loss process as an i.i.d. binary
process, Sinopoli et al. (2004) proved the optimality of the IKF and
the existence of a critical packet loss rate under which the IKF is
guaranteed to be stable. This seminal result raises a fundamental
problem of quantifying the critical loss rate. A lot of efforts have
been devoted towards finding this critical rate (Huang & Dey, 2006;
Mo & Sinopoli, 2012; Plarre & Bullo, 2009; Sinopoli et al., 2004; You,
Fu, & Xie, 2011).

In Sinopoli et al. (2004), both upper and lower bounds for
the critical packet loss rate are provided. The lower bound is
simply characterized by the largest magnitude of the unstable
eigenvalues of the system, and is shown to be tight for several
cases: (1) The observation matrix is invertible in the observable
subspace (Plarre & Bullo, 2009); (2) All the system eigenvalues have
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distinct magnitudes (Mo & Sinopoli, 2008); (3) The system is non-
degenerate (Mo & Sinopoli, 2010). However, it was shown in You
etal. (2011) that the lower bound is not always tight, and even for a
class of second-order systems, the critical rate strictly lies between
the lower and upper bounds. Exact characterization of the critical
rate for the general case is complicated and can be found in Rohr,
Marelli, and Fu (2014).

In Schenato (2008), it was shown that by transmitting the out-
put of the Kalman filter instead of transmitting the measured
output directly, the critical packet loss rate equals to the afore-
mentioned lower bound. However, the dimension of the estimated
state is usually much higher than that of the measured output,
which intuitively requires more communication resources on the
sensor side. Other disadvantages include the need for state esti-
mation at the transmitter side and the difficulty to generalize the
method when the measurements are not collated at one transmit-
ter. An alternative is to send a finite linear combination of outputs.
This idea was explored by Robinson and Kumar (2007) for scalar
systems. He, Han, Wang, and Shi (2013) studied linear minimum
mean square error (MMSE) estimation and smoothing using the
statistics of the packet loss process. Note that they do not study the
stability of the derived estimators. Differently, there are other com-
plex coding methods for quantized stabilization problems where
the sensor transmits the quantized state (or state estimate) in Yiik-
sel (2009), You and Xie (2011), Minero, Coviello, and Franceschetti
(2013).

In this paper, we propose a new coding method which con-
structs a finite-length linear combination of the measured output,
which is then transmitted to the remote estimator via the lossy
network. Since the dimension of the coded output is not greater
than the measured output, no additional communication load will
be induced. The coded output has two important features. Firstly,
it is information preserving, when the transmission is perfect, in the
sense that the raw output can be perfectly reconstructed from the
coded output. Secondly, it is information enhancing, when packet
loss exists, in the sense that a higher packet loss rate can be toler-
ated to ensure a stable state estimator. More specifically, we show
that the maximum packet loss rate for ensuring a stable state esti-
mator can be made very close to the aforementioned lower bound.

To study the information preserving and enhancing properties
of the coded output, we introduce the notion of strong observability.
Roughly speaking, the standard observability condition requires
an uninterrupted sequence of measurements to achieve stable
estimation, whereas the strong observability condition allows the
measurements to be intermittent. We will show that the role of our
coding method is to enhance an observability condition by turning
it into a strong observability condition, allowing us to effectively
combat packet loss.

Using the coded output, we develop an MMSE state estimator by
augmenting the state dimension. The maximum packet loss rate for
ensuring a stable MMSE state estimator is shown to be very close to
the aforementioned lower bound. To further reduce the dimension
of the coded output, we use a compressed encoding method which
first compresses the measured output onto a lower dimensional
subspace before applying the linear coding method. This allows us
to transmit a lower-dimensional (or even scalar) coded output with
a similar packet loss condition for a stable state estimator.

The rest of the paper is organized as follows. The estimation
problem is formulated in Section 2. Section 3 introduces the lin-
ear coding method and gives the MMSE estimator using the inter-
mittent coded output. Section 4 analyzes the stability condition for
the estimator. Section 5 generalizes the coding method by reduc-
ing the dimension of the coded output. Simulation and concluding
remarks are drawn in Sections 6 and 7, respectively. Many proofs
are in the Appendix.

Vi
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Fig. 1. Networked estimation with output coded.
2. Problem formulation

Consider the following discrete-time stochastic system

X1 = Axp + wy,

Yk = Cxg + vy, (1)

where A € R™" C e RY", x, € R" denotes the state and
Yr € R?denotes the measured output, at time k. The initial state xo
is a Gaussian random vector with mean Xy and covariance matrix
Py. Both wy and v, are white Gaussian noises with zero mean
and positive definite covariance matrices Q and R, respectively. In
addition, xg, wy and v, are mutually independent.

We are concerned with a networked state estimation problem
where the sensor (which measures y;) and the estimator are linked
via a lossy network. Due to the channel unreliability, packets from
the sensor to the estimator may be lost and the loss information
is assumed to be known by the estimator. We use a binary ran-
dom process y; to model this process. More precisely, y, = 1 in-
dicates that the packet transmitted from the sensor is successfully
delivered to the estimator at time k, whereas y, = 0 means that
the packet is lost. We assume that the packet loss process is an
i.i.d. process with packet receiving rate p = Prob(y, = 1) = E[p].
As opposite to Mo and Sinopoli (2012); Sinopoli et al. (2004); You
etal.(2011), we study the networked estimation configuration de-
picted in Fig. 1, where the signal z, transmitted to the estimator is
a coded version of yy.

Since we focus on the state estimation problem and its stability
property, there is no loss of generality to make the following
assumption.

Assumption 1. The matrix A is unstable and invertible, and (A, C)
is observable.

Remark 1. We assume the instability of the system because for
stable systems, the estimation error covariance would be bounded
even all the packets from sensor get lost, which would make the
stability analysis for the state estimator meaningless. In practice,
however, even if the system is stable, we may want to impose some
stability margin for the state estimator. One way to achieve this is
to simply consider the related system obtained by replacing matrix
A with the scaled matrix oA for some « > 1. This scaled system
may no longer be stable, and would therefore satisfy Assumption 1.
The parameter « represents the stability margin, in the sense that
if the state estimator for the scaled system is stable, then the
state estimator for the original system is stable with a positive
exponential decay rate.

For any matrices X and Y with compatible dimensions, denote
col{X, Y} = [XT, YT]". Let

m = n — rank(C) + 1.

Then, the matrix col{C, CA, ..., CA™!} has full column rank.

We focus on a class of encoders with finite memory size,
whose output can be computed recursively. More precisely, z; =
&k, Yk=15 - - - » Yk—m+1), Where the map &y(-) denotes the en-
coder at time k, and the memory size is m. Since z is to be transmit-
ted to the estimator through an unreliable channel, the maximum
information available to the estimator at time k is given by (Ander-
son & Moore, 1979)

Fe={(i,ziy) :i=0,1,...,k}.
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The MMSE predictor and estimator of x; are given by

and X = E[xe| Fl, (2)
respectively. Their error covariance matrices are

Pik—1 = E[(xk — Rige—1) e — Rige—1) " [ Fiee1 15

Py = E[(xx — Rigie) (xx — Rigie) " | Fiel, (3)
respectively.

Our objective is to recursively compute the above quantities,
and derive the network condition for the stability of the filter, i.e.,

Xik—1 = E[x] Fi-1],

sup E[|x — Xiel|*] < o0, (4)
keN

where the expectation is taken with respect to the packet loss
processes {yx}-.

In general, the higher the dimension of the coded output z, the
larger the required communication resources. For this reason, our
goal is to design a coder to reduce the effect of packet loss with the
dimension of its output no larger than that of the measured output.
In the next section, we give a coding method which keeps z; of the
same dimension as that of y;. A compressed coding method, where
the dimension of z; is reduced, will be given in Section 5.

3. Linear coding and state estimation

3.1. Linear coding

If the measured output is directly transmitted, i.e., z, = yx, the
MMSE estimator is computed by the IKF (Sinopoli et al., 2004). This
is given as
X1k = ARi—1 + ViAK Yk — CRigk—1); (5
Pes1jk = APy—1AT — Y AK CPyi—1AT + Q, (6
with the initial values Py_1 = Py and Xg_1 = Xo, Where K, =
Pi—1CT (CPy—1CT + R)~ ! is the Kalman gain.

As discussed in Section 1, the critical packet loss rate for ensur-
ing a stable IKF depends on the system structure in a complicated
way and is in general greater than the known lower bound (Rohr
etal, 2014; You et al., 2011). This motivates the idea of construct-

ing the output of the Kalman filter at the sensor end and trans-
mitting it to the estimator (Schenato, 2008), i.e. transmitting z, =

)
)

E[Xxk|y1, ..., Yi]. Then, the MMSE estimator is given by
A _ J %, if Yk = 1;
Xklk = {A;(k”{], if o = 0. (7

The necessary and sufficient condition for the stability of the above
estimator is simply given by

Amaxl*(1 = p) < 1, (8)
where .y is a maximum eigenvalue of A in magnitude. That is, the
critical packet loss rate 1 — p equals |Amax| 2, which is the well-
known lower bound (Sinopoli et al., 2004). However, the dimen-
sion of the state estimate is generally much higher than that of y,.

Our proposed linear coding method is as follows. Take oz,f =
(k1 - - » Akm_1y, 1] € RP*™ (Recall m = n — rank(C) + 1). The
coded output is given by

Zx = Yk + Apm-1)Yk—1 + - - + M1 Yk—m+1

= (Ol[ ® Iq)COI{yk—m-Hv v ,yk} € RY (9)
with the convention that y, = 0 for k < 0, where I, € R7*? s the
identity matrix and ® is the Kronecker product (Horn & Johnson,
1985). The design of {«; : k € N} will be detailed later.

It is clear from (9) that the sequence {yo, ¥1, ..., Yk} can be
uniquely recovered from the sequence {zg, z1, .. ., z} for any k >
0. For this reason, the coded output is information preserving when
there is no packet loss.

3.2. The MMSE estimator

From (9), the noise in z; is correlated with those in z,_1, zy_»,
..., Zo. Hence, we cannot obtain an MMSE estimator by simply
running a Kalman filter with the system'’s output z;. To get around
this, we define u, = col{¥x—m+1, Yk—m+2, - - - » Yk—1} and obtain

Mir1 = Fug + Gyy, (10)
where G = col{0,0,...,0,I;} and F = [8 I(mal)q] . Define the

augmented state u, = [x; w;]". With the notation Hy = [C ay1lq
... am—1lgl, (1) and (9) are rewritten as the following augmented
system

_ A0 Wy
Bett = [GC F:| et [Gvk]’ (11)
Zx = Hyug + k.

Clearly, the noise components in (11) are temporally independent.
Hence, we can obtain an MMSE estimator of u,,; via a Kalman
filter (Anderson & Moore, 1979) by

Uesipe = Plige—t1 + V(@ Zipe—1Hy + Si)

X (HeZik—1Hg +R) ™" (zk — Hillgk—1), (12)
Dtk = PZp1®” +Q — (@ Sy HY + Sp)
X (HiZip—1Hy, +R) ™ (@ Siu—1Hy + 51" (13)

with Q = [% GROGT:I’ D = [c?c (F)] and S = [GOR].

Remark 2. With the coding scheme (9), the dimension of the aug-
mented state in the MMSE estimator is n 4+ (im — 1)q. On the other
hand, as detailed in Remark 12, the compressed coding schemes
in Section 5 permit reducing the dimension of augmented state to
2n—1.

If there is no packet loss, our next result shows that the MMSE
estimator (12) using {z}, and the IKF using {y,}, are equivalent.

Theorem 3. Suppose packet loss is not present. Then, for any coding
vectors {ay : k € N}, we have X1k = [l Olilky1j, Where Xyyqk is
given by (2) and fiy.1. is given by (12).

Proof. Note from (12) and Theorem 3.2 of Anderson and Moore
(1979) that ty 1 = Elugs1lzo, 21, - - -, 2] Similarly, (2) implies
Xevik = ElXet1lYo, Y1, - - -, il Following the fact that the se-

quences {yo, y1, ..., Yk} and {zo, z1, . . ., zx} are equivalent (infor-
mation preserving), we have

> Zk] = Elug11yo, Y1, -+ -5 Vil
Multiplying its both sides by [I,, 0], the right-hand side becomes

E[ugs1l20, 21, - -

[In OlE[uk+11y0, Y15 - - - » Ykl = Elxks11Yo, Y1, - - - Vil
It follows that [I,, O]ﬁk+1|k = )A<k+1|k. ]

Although both estimators (12) and (2) yield the same estimate
in the absence of packet losses, we will show in Section 4 that,
in the presence of packet losses, the coded output is information
enhancing, in the sense that (12) permits a larger critical packet
loss rate for stability.

4. Stability analysis

In this section we study the stability of the MMSE estimator
in (12) when the coded output is transmitted to the estimator
over a lossy channel. To this end, we introduce the notion of
strong observability, and show that the coded output is strongly
observable. Using this we then derive the stability condition.
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Consider the following discrete-time system
X1 = Axg + wy,
Yk = CiX + ks

which is similar to (1), with the difference in that C is allowed to
be time-varying. Nevertheless, m = n — rank(Cy) + 1 is constant.

(14)

Definition 1. For any T > m, the system (14), or the pair (A, {C; :
k € N}), is said to be strongly observable with period , if for any
1<ii<ip < -+ <iynq < tandk > t — 1, the following
regression matrix

O(k, k — i], ey k— im_1)
= col{Gy, GiyA™, ..., Gy A1) (15)
has full column rank.

Remark 4. If a pair (A, C) is observable, then (A, C) is strongly ob-
servable with period t = m. However, (A, C) may not be strongly
observable with period T > m. An example of this case is given by

2 0
A=[0 _2], c=1[11], (16)

for which the observability index is m = 2 and (A, C) is observ-
able. However, (A, C) is not strongly observable with period 7 > 2,
because col{C, CA=2} = col{C, 0.25C} does not have full column
rank.

Denote
€ = col{CA™ !, CA™2,...,C} and G = (¢f ®I)C.
The following lemma states that the periodically coded output

turns an observable system into a strongly observable one. Its proof
is given in Appendix A.1.

Lemma 5. Consider the system (1), together with Assumption 1 and
the coding scheme (9). If the coding vectors {«y, : k € N} are periodic
with period T > m (ie., ay = ay..), and ag, a1, . .., Qr_q are ran-
domly drawn from an absolutely continuous probability distribution,?
then, with probability one,® (A, {Cy : k € N}) is strongly observable
with period t.

We are now ready to state the main result of this paper.

Theorem 6. Consider the system (1), together with Assumption 1 and
the coding scheme (9). For any T > m, suppose that the coding vectors
{ay : k € N} are periodic with period t, and that og, a1, ..., ;1
are randomly drawn from an absolutely continuous probability distri-
bution. Then, the MMSE estimator (12) is stable with probability one

if
Amax*(1 = P (P(z, m)Y* < 1, (17)
where

m—1 i

T p

rem=> (%) (—) > 1,

,ZO: i 1-p
and (f) is the binomial coefficient for choosing i from t.
Proof. See AppendixA2. W

Remark 7. Notice that (P(z, m))"/* — 1as t — oo. This implies
that the gap between the sufficient condition (17) and the neces-
sary condition (8) vanishes as T — oc. Fig. 2 shows this conver-
gence for system (16).

2 Loosely speaking, this means that the probability density function does not
contain impulses.

3 The probability of having a system which is not strongly observable is zero.

0.251

The Lower Bound of Critical Packet Loss Rate
)

G Il Il Il Il Il Il Il Il Il J
0 20 40 60 80 100 120 140 160 180 200

The Period of Coding Vectors

Fig. 2. The lower bound of critical packet loss rate.

Example 1. We now illustrate the advantage of coding in terms
of stability using the system (16). From You et al. (2011), the IKF
(i.e., without coding) for (16) is stable if and only if

|)Lmax|4(1 -p) <1 (18)

Clearly, it follows from Theorem 6 that we can always choose a
period t such that the stability condition resulting from coding is
strictly weaker than (18).

5. Compressed coding

The coding method in the previous section requires the coded
output to be of the same dimension as that of the raw measure-
ment. In this section we show how to reduce the dimension of the
coded output. We also develop a similar packet loss condition for
the existence of a stable state estimator. We study two approaches.

5.1. First approach

Let M, be the maximum geometric multiplicity of every
eigenvalue of A. Since the number of Jordan blocks associated
with a given eigenvalue equals its geometric multiplicity (Horn &
Johnson, 1985), it follows from the Jordan form of an observable
system (Chen, 1984) that M, < rank(C). Select any integer £ with
My < £ < rank(C), and consider the coded output

zv = (of ® 1)) AYi_nie, - - -, Ayi) € RE, (19)

where A € R**? is a constant matrix and o] € R =¢+D s the
coding vector at time k. We have the following result whose proof
is given in Appendix A.3.

Lemma 8. Under Assumption 1 and My < ¢ < rank(C). Let A €
R*9 randomly drawn from an absolutely continuous probability
distribution. Then, (A, AC) is observable and AC has full row rank
with probability one.

Moreover, the MMSE estimator for the coding scheme (19)
is straightforwardly obtained by replacing w, in (10) with
wr = col{AYr—m+1, AVk—m+2, - - - » AYk—1}. Then, we obtain the
following corollary of Theorem 6.

Corollary 9. Consider the system (1) satisfying Assumption 1, and the
coding scheme (19), with My, < £ < rank(C), where A € R®*4
are randomly drawn from an absolutely continuous probability
distribution. For any T > n — £ + 1, suppose that {oz,f : k € N}
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are periodic with period t, and that «y, a1, ..., o;_1 are randomly
drawn from an absolutely continuous probability distribution. Then,
the corresponding MMSE estimator is stable with probability one if

IAmax* (1 = p)(P(z,n— £+ 1)V < 1. (20)

Proof. In view of Lemma 8, (A, AC) is observable and AC has full
row rank with probability one. Note that rank(AC) = ¢. Then, the
stability condition follows from Theorem 6.

Remark 10. Notice that P(r,n — £ + 1) increases as ¢ decreases
(see its definition in Theorem 6). Corollary 9 states that the larger
the dimension of the coder output, the larger the critical packet
loss rate will be. This reveals a tradeoff between the state estimator
stability and the communication load.

5.2. Second approach

Using the above compressed coding method, the dimension of
the coded output can be reduced to Mj,. This is done by first com-
pressing the measured output, while maintaining observability,
and then applying the proposed linear coding. In this subsection we
give an alternative method, which permits reducing the dimension
of the coded output to a scalar by directly coding each dimension
of measured output.

Taking a coding vector Ay € R™, we define a scalar coded
output

zx = ALcOfYiont1, Yient2, - - - Yk} € R. (21)

Let C := col{CA™""1 CA~™2 ..., C}. We have the following
lemma on the strong observability of the system resulting from the
coding scheme (21).

Lemma 11. Consider the system (1) with the coding scheme (21) and
let T > m be any given integer. Under Assumption 1, suppose that
{A£ : k € N} are periodic with period T and Ag, A4, ..., Ar_4
are randomly drawn from an absolutely continuous probability
distribution. With probability one, (A, {A[G : k € N}) is strongly
observable with period t.

Proof. See Appendix A.4.

Note that the MMSE estimator for the coding scheme (21) is
straightforwardly obtained by replacing wuy in (10) with u, =
col{Aj1Yi—n+t1s - - - » Akn—1)Yk—1}, where A, e RY,i=1,2,...,n
and Ay = [An Ay -+ Ap].

Remark 12. The dimension of augmented state u; in MMSE
estimator (12) under coding schemes (9), (19) and (21) are n +
(m—1)q,n+ (m—1)¢ and 2n— 1, respectively. This means that the
compressed coding can reduce the dimension of augmented state
in MMSE estimator, which also reduce the computation burden.

Then, the stability condition of the corresponding MMSE state
estimator follows directly from Theorem 6.

Corollary 13. For the same setting as the one in Lemma 11, the
corresponding MMSE state estimator is stable with probability one if

IAmax|*(1 = p)(P(z,n)" < 1.

Remark 14. The dimension of the output of coder (21) is lower
than that of coder (19). However, its stability requirement is
stronger. Also, both coding schemes require storing t coding
vectors. This means that coder (21) needs to store nqt scalars,
while coder (19) only needs [(n — ¢ 4+ 1)t 4+ g£], which is far
less. Hence, the choice between these coding schemes permits
accommodating a tradeoff between communication load on one
side, and memory capacity and stability requirement on the other.

7
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6. Simulation

To illustrate the advantages of the proposed linear coding
method, we use two examples to compare the MMSE estimators
obtained using uncoded and coded outputs. The first estimator is
the IKF in Sinopoli et al. (2004) using the measured output directly.
The second one is the proposed estimator (12) using the coded
output (9). In both examples we use the second-order system
in (16). In order to approximate the expected estimation error
covariance we use 1500 Monte Carlo runs.

In the first example we use a packet arrival rate of p = 0.85
and a period of t = 20. From Theorem 7 in You et al. (2011), the
stability condition (18) for the IKF is not satisfied, i.e., |Amax|*(1 —
p) = 2.4 > 1. However, from Theorem 6 and (18), the stability
condition of the MMSE estimator using the coded output is satis-
fied (with probability one over the choice of the coding vectors),
ie., |Amax|?(1 —p)(P(20,2))/2° = 0.74742 < 1. This is confirmed
by Fig. 3, which shows the trace of the expected estimation error
covariance on X, in a logarithmic scale.

In the second example we use p = 0.95 and T = 20. In this
case, [Amax|*(1 — p) = 0.8 and |Amax|*(1 — p)(P(20,2))"/*° =
0.24914, thus both estimators are stable. We see from Fig. 4 that
the performance of the proposed estimator using coded output is
not worse than that of the IKF. In conclusion, the MMSE estimator



172 T. Sui et al. / Automatica 51 (2015) 167-174

using the coded output is more robust to packet loss and has a
similar performance than that of the IKF, when they are both stable.

7. Conclusion

Motivated by the necessity of using unreliable channels for data
communication, several coding methods on the system outputs
have been proposed to reduce the effect of random packet losses on
stability of the MMSE state estimator. A new notation called strong
observability is defined and the key idea designing the coding
vectors is to make a observable system strongly observable. We
show that the proposed linear coding approach can enhance the
stability of the state estimator under packet losses. In addition,
our results reveal a tradeoff between the dimension of transmitted
data and the required network reliability.

Appendix

A.1. Proof of Lemma 5

For each k € N, define a; = 1, so that we can write a,f =
[0ty oo, o] Let1l < iy < --- < ip_q < tand O £ O(k, k —
i1, ..., k—in_1).LetalsoA = M/JM~! be the Jordan decomposition
of A,with] =], ---®]Js,Jp,b =1, ..., Bbeing the Jordan blocks
inJ, and j, being the eigenvalue associated to J,. Then,

m m
Ck = ZOlk[CAmil =CM (Z OtkL]mI> Mil
=1

=1
B
=M (@ uk,zly,,> M1, (A1)
b=1

with Ugp = > 2, ak—il,L/;,ﬂ_[- Now, foreach b € {1, ..., B}, all the
entries on the main diagonal of Uy , have the same value, which we
denote by uy . Hence, Uy, is invertible if and only if uy, # 0. We
have

m

m—I

uk,bZE Okl -
=1

Since oy, k € {1, ..., t},l € {1, ..., m} are randomly drawn from
an absolutely continuous probability distribution, it follows that
the measure of the event on which uy , = 01is zero. This means that,
with probability one, foreachk € Nandb € {1,...,B},uxp # 0
and therefore Uy is invertible. Hence, so is @ﬁzl Uk—i; b, and in
view of (A.1), rank (C) = rank(C).

The rest of the argument then follows by induction. For 0 <
j<m—1,withip = 0,let 0; = col {G;, Gy A", ..., G ATl }.
Since (A, C) is observable, and A is invertible, it follows that
rank(CGAi) = n,forallj =0, ..., m — 1. Hence, if rank(0;) < n,
there exists at least one row of GA~/+1 which is not included in the
linear span rowspan {Oj} of the rows of 0;. Again, since Olk—ijq is
randomly chosen, with probability one,

(A2)

rowspan {Ck_,-j+1A‘if+‘ }
= rowspan { (a[75+1 ® Iq) CA™ I+ }
C rowspan {0;} .

Hence, it follows that rank(0;;;) > rank(0;) with probability one.
This in turn implies n > rank(0) > rank(C) + m — 1 = n, and
completes the proof. W

A.2. Proof of Theorem 6
We first introduce the following lemma.

Lemma 15. Suppose that {«] : k € N} is periodic and (A, {«} C :
k € N}) is strongly observable with period t. Under Assumption 1,
if there are m packets received in time period [(j — 1)7,jT),j > 1,
there exists a positive value 8 > 0 (independent of Py) such that
Pjr[iz' < ﬂl

Proof. Suppose that z,z, ,,...,2,_ ,,, are received in time
period [ — D7,jT),j > 1,ie,jT > tp > tpq > -+ > tgrems1 =
(j — 1)7. For ease of writing, here we call O(ty, ty_1, . - ., tk—m+1) as
O(k). Since (A, {oz,f@ : k € N}) is strongly observable with period
7, 0(k) is of full column rank. One can obtain a direct estimator of
Xy by using z,, z,_ 5.5 2y, L€,

X o, = 0T (k)col{zy,, zy,_,, - - (A3)

5 2ty gt }’

where the superscript ' denotes the Moore-Penrose pseudo-
inverse (Horn & Johnson, 1985). Let z, = Cix, + 1y, since x;_; =
A% — Z]l':l A_]wfﬂ;,',], C, = (Ol,.l(- ® Iq)@ and n, = Z:l1
api(Vg_iy1 — Z]m:f CA™™Hwy_j4i_1), the estimator in (A.3) is
rewritten as

v _ —tg+tg—
ka‘tk - OT (k)COl{C[kth + n[k, Ctk*lA k=1
e—tk—1

—tyttgqHi—1
X Xy — Cyy § : T

=

— g+ tk—m+1
+ ntk_1 LRI Ctk_m_HA ka + C‘[k—m+1
= tk—m+1
—tkttk—mt1+i—1 .
X E A Wee—j + Mgy
=1

= 0" (k)O(k)xy, + OF (k)7 , (A4)

where 71, is a linear combination of the noises from time t; to

tx—m+1. Denote the estimation error covariance of X, by I3tl<|fk’ it
follows that

Bje, = O (WELfg i} 107 (k)" (A5)

Since ty — ty_my1 is finite, there exists a positive value ¢ > 0 such
that E[ﬁ[kﬁfk] < cl, which results in that

Py, < c(OT (K)O(K))T, (A.6)

Since O(k) is full column rank, then OT (k)O(k) > 0. Combining
with that {oc,f : k € N}is periodic and t;, — ty_my1 < T, there
exist a positive value ¥ > 0 such that 0T (k)O(k) > «I. Substitut-
ing the above into (A.6), kaltk < ¢k 1. Since the estimation error
covariance of the MMSE estimator is lower than that of ﬁtk‘ ¢ then
Py, < ck~'I. Based on the upper bounded divergence speed of
estimation error covariance (i.e., |Amax|?), there exists ¢ > 1 such
that Pirjir < €| Amax|*T" "% Py q,. Since jt — tx < T, the proof is
completed by letting 8 = &|Amax|*Tck .

Proof of Theorem 6. Firstly, we prove that supycy E[Pirjk:] < 00.
For any j € {0, 1,...,k}, denote the event that there are less
than m packets received in each of [(k — 1)z, kt), [(k — 2)7T, (k —
D71),...,[t,({§ + 1)) but no less than m packets received in
[G — Dz, jr) by £ Let its probability be p]',. Specially, 257,
means that there are less than m packets received in each of [(k —
Dz, kt), [((k—2)T, (k—1)T),...,[0, 7). Based on Lemma 5, with
probability one, (A, a,f@ : k € N) is strong observable with period
7, which satisfies the conditions in Lemma 15, and leads to that
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E[Pjz|jr |Q}?}<] < BI. Then there exists a positive value ¢ > 1 such
that

k
ElPiciir] = Y ElPrciie 2] 10
j=0

k
< &Y PAmax 2TV EP e | 271D

j=0
k )
< &Bhmaxl " Y hmax P4 D (A7)
j=0
Note that the probability of that £2, is
m—1 - k=j
o= (X (5)ra-p
i=0
m—1 T
« 1= ( ) i(1—p)y—i
; )pa—-p
= [(1=p)Px, M7 = (1 = p)*P(z, m)). (A8)
Substituting the above into (A.7) yields that
E[Pieiir] < &BlAmax| 2" (1 — (1 = p)*P(z, m))
k
Y (hmaxl*(1 = p)P(z, V7Y EIT, (A9)
j=0

From (A.9), it is clear that [Amax]?(1 — p)P(z,m)V" < 1isa
sufficient condition for supyey E[Pir k-] < 00. Since 7 is finite, the
proof is completed ®

A.3. Proof of Lemma 8

Denote the n, distinct eigenvalues of A by A1, ..., Ay, and let
Mu(A;) be the geometric multiplicity of A;,i = 1,2,..., ns. Let
M = MaXie(1,....ny) Ma(A;). For ease of notation, there is no loss
of generality to assume that A is already in a Jordan form, i.e., A =
diag{Aq, A;, ..., Ap,}, where A; is the Jordan blocks of A;. By abus-
ing the use of notation, let C = [Cy, ..., Cy,] in conformity of A.
By Horn and Johnson (1985), we know that the number of elemen-
tary Jordan blocks of A; is equal to its geometry multiplicity. This,
together with the observability of (A, C), implies that rank(G) >
Ma(A;) foralli € {1,..., na}. Similar to the proof of Lemma 5,
since each row of A € R*9 is randomly generated from an abso-
lutely continuous probability distribution, then rank(AC) = £ and
rank(AG) = min{¢, rank(C;)} > min{¢, M, (};)} with probability
one.Notethat{ > My > Mu(A;), we haverank(AG) > Ma(X;) for
alli=1,2,...,n4Thus (A, AC) is observable and rank(AC) = ¢
with probability one, which completes the proof. =

A.4. Proof of Lemma 11

Taking any ty_ni11 < tg—nta < -+ < e withtp — tp_piq < 7.
Similar to the proof of Lemma 5, it is sufficient to prove the fact
that if rank(col {AtTk@, e AtkajGA*fk“kff}) < nforanyj =
0,1,...,n— 2, then we have, with probability one,

T3 T 3 a—tettej_
rank <col {A[k@, e Ay, CA tetH i 1])
= rank (col {ALE, ..., al_Ea-tis}) 41, (A.10)

Since A is invertible and (A, C) is observable, we have rank(5
A"Wt-j-1) = pforany 0 < j < n — 2. This implies that

there must exist a row of CA~k*H—i-1 that cannot be linearly

represented by the rows in col{AtTké, e, AtTH CA~%T%—j}, Since
ty — ti_ny1 < T, then AtTk, e Aer,,,H are randomly generated

from an absolutely continuous probability distribution. It means
that, with probability one, Ay, ; CA™ % t—j-1 is independent with

col{AtTk@, o AZH CA~%t-i} which completes the proof. ®
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