Estimation and Stability over AWGN Channel in the Presence of
Fading, Noisy Feedback Channel and Different Sample Rates

Vahideh Sanjaroon?®, Alireza Farhadi®, Babak. H. Khalaj*, Abolfazl Seyed Motahari®

@ Department of Electrical Engineering, Sharif University of Technology, Tehran, Iran
b Department of Computer Engineering, Sharif University of Technology, Tehran, Iran

Abstract

This paper is concerned with estimation and stability of control systems over communication links
subject to limited capacity, power constraint, fading, noisy feedback, and different transmission
rate rather than system sampling rate. A key issue addressed in this paper is that in the presence
of noisy feedback associated with channel, which models transmission of finite number of bits over
such links as is the case in most practical scenarios, the well-known eigenvalues rate condition is
still a tight bound for stability. Based on an information theoretic analysis, necessary conditions
are derived for stability of discrete-time linear control systems via the distant controller in the mean
square sense. By construction of a specific coding scheme and by the design of a proper controller,
the tight sufficient conditions for stability of control systems are also derived for linear discrete-
time control systems over both Additive White Gaussian Noise (AWGN) and fading channels.
This implies that the proposed coding scheme is efficient. The results are presented with the
mismatch assumption between channel symbol and plant sample rates. As one key result of this
paper, it is shown that if the channel symbol rate is less than the system sample rate, the control
system is still stabilizable via increasing the transmission power.

Keywords: Networked control system, estimation, stability, feedback channel, capacity,
mismatch factor.

1. Introduction

1.1. Motivation and Background

Networked Control Systems (NCSs) have attracted lots of interest in recent years. One charac-
teristic of such distributed systems is that their components need to communicate with each other
over communication networks that are subject to imperfections. This topic is also becoming of
high interest as future generation of mobile communications, such as 5G, are explicitly intended
to meet latency requirements for control applications [I]. For example, the tactile Internet which
has been proposed within such context, refers to systems with low latency that allow real-time
interactions with the environment through remote tactile control [2].

In NCSs, one important issue is how to estimate the system states in real-time at the distant
controller and subsequently stabilize the system. The imperfect communication channel can be
modeled based on the environment in which NCSs are deployed, leading to different practical
system design paradigms [3, 4, [5, [6l [7, 8, @, [10] [11], 12 13| 14 [15] 16, 17, 18, 19].

As the system output is continuous alphabet and the input and output of the Gaussian chan-
nels are also continuous alphabet, many works have studied the problems of controlling dynamic
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systems over AWGN channel, e.g., [5, 6] [7, 9] 11} 12 [13] 14} [15] 16} 17, [18, 19]. In the aforemen-
tioned papers, a number of issues, such as estimation, stability, and performance were addressed.
However, in the case of discrete-time systems, all earlier works have assumed that the plant output
sample rate and the channel input symbol rate are the same. Addressing estimation and stabil-
ity with mismatch assumption between plant sample rate and channel symbol rate is important
because in general, they can be different as it is considered in this paper. Also, the mismatch as-
sumption between these two rates may be restrictive. For example, in [16], the stability condition
for sampled continuous-time control systems is considered, where the bandlimited AWGN channels
have been considered in the link from the plant to the controller and also from the controller to the
plant. However, as the plant output sample rate and the channel input rate have been assumed
to be the same in [16], the control system cannot be stabilized for some plant sample rates. Nev-
ertheless, using our proposed coding scheme, the stability conditions for different sampling rates
can be obtained in this paper.

In [19], it is shown that in the presence of AWGN channel with perfect feedback, the mean
square stability of noisy discrete time linear systems is possible and the well-known eigenvalues
rate condition (i.e., C' > Zj:1§|/\j(A)|>1 In|\;(A)|, where C' is the channel capacity in nats per time
instant and \;(A)s are the eigenvalues of the linear system) is tight; while in the absence of this
feedback link, the stability is impossible. This raises the fundamental question of what would
happen if this feedback link is noisy? Addressing this question is important because noisy link
models transmission of finite number of bits as is the case in most practical scenarios.

Furthermore, the fading channels have been the subject of interest in recent years as is the case
in practical scenarios and studied in different models [4], [6], [8], [20], [21], [22], [23], [24]. In [20],
the effect of fading has been modeled as variations in packet noise variance where the high variance
noisy packets are dropped. Some articles have also modeled fading as a random multiplying factor
without additive noise [4], [21], [22], [23]. [8] modeled fading as a digital channel with different
Markov rate, and [6] considered multiplying flat fading AWGN broadband channel for continuous-
time systems. In [24], a tight condition for stabilizing a noiseless dynamic systems over an AWGN
fading channel is obtained.

1.2. Paper Contributions

The NCS considered in this paper is shown in Fig. [I|, where the communication channel is as-
sumed to be an AWGN channel with specific symbol rate. We also consider the same scenario with
the AWGN channel replaced by a fading AWGN channel with perfect Channel Side Information
(CSI) at receiver and transmitter sides. The basic NCS of Fig. [I| has been considered in many re-
search papers, e.g., [3], [4], [6], [7], [19]. In this basic NCS block diagram, the communication from
plant to the distant controller is subject to communication imperfections; while the communication
from distant controller to the plant is perfect. This is the case, for example, in the tele-operation
of micro autonomous vehicles, where the vehicle is supplied by limited capacity power supply and
hence transmission from the vehicle to the remote base station where the controller is located is
performed with low power and so it is subject to communication imperfections; while as the base
station can be supplied with high power, the communication from distant controller to vehicle is
almost perfect.

To address the aforementioned open problems, this paper first address the problem of estima-
tion and stability with different sample rates; and it presents an extended version of the well-known
eigenvalues rate condition for this case. All earlier works for discrete time systems are based on
the assumption that there is only a single channel transmission between any two plant samples,
which may not be the case in many practical scenarios. For example, in the tele-operation of
autonomous road vehicles, the transmission link can be utilized at a higher rate to improve the
control system performance. On the other hand, in the tele-operation of Autonomous Underwater
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Figure 1: Control/communication system over AWGN channel

Vehicles (AUVs) that are controlled over a wireless acoustic channel with very limited bandwidth,
transmission of a channel symbol may span over several plant samples. If the channel symbol rate
is less than plant sample rate, previous schemes (e.g., [16]) leads to instability even for the case
of high capacity channels, due to accumulative transmission delay. In the reverse case, if set the
goal to transmit every plant sample once or a number of times (using repeated codes) through
the channel, a tight bound on the stability condition cannot be achieved. However, by using the
scheme proposed in this paper, the optimal design is achieved.

Secondly, this paper addresses the problem of estimation and stability of noisy linear systems
over AWGN channel with noisy feedback link and noisy link from the distant controller to on-
board plant actuator; and it shows that the eigenvalues rate condition is still a tight bound for
stability for this case. Earlier works are based on perfect feedback link between transmitter and
receiver and also perfect link from distant controller to actuator in order to obtain sufficient con-
ditions for control objectives [6],[7],[12],[19], [25]. In practice, irrespective of whether transmission
is performed over a noisy link or through a finite number of quantization bits, some level of un-
certainty is introduced as the signal passes through the link.To the best of our knowledge, for the
first time, the tight bound on the mean square stability of system over AWGN channel under such
scenarios is achieved in this paper. It should be noted that some articles such as [26] consider
noisy channels in both forward and reverse paths, however, in the presence of noiseless feedback
channels. Furthermore, there are several works which consider imperfect feedback channel only in
the case of packet erasure channel, e.g., [27], 28]. Also, the authors in [29] compared the solution
of LQG problem in the cases of noiseless and noisy feedback channels.

Finally, in this paper, we also address a noiseless dynamic system over AWGN fading channels
with noiseless output feedback, where the CSI is available instantaneously at the receiver but with
delay at the transmitter side, while the mismatch assumption between channel symbol and plant
output rates are also taken into account at the same time. The similar channel model is also
considered in [24] for which a tight necessary and sufficient condition on the stability is obtain in
the mean square sense for m = 1. In this paper, by choosing different criteria for the stability in
the case of AWGN fading channel, we propose a different structure to stabilize dynamic systems
under condition mC' > Zj:1;|,\j(,4)|>1 In |A;(A)| which is tight and less restrictive than the obtained

condition in [24] in the special case of m = 1.

1.3. Paper Organization

In the next part, we first present the necessary and sufficient conditions for discrete-time
systems over AWGN and fading channels using a new coding/decoding scheme which utilizes
different sample rates. Then, we address a real scenario in which there are some level of noise
in communication feedback and controller-actuator links. Extension to the multi-dimensional
systems is also addressed.

The paper is organized as follows: In Section II, the problem formulation is given. In Section



ITI, we present necessary and sufficient conditions for different scenarios of scalar discrete-time
systems. Extension of the results to the vector case is presented in Section IV. Finally, Section V
concludes the paper.

2. Problem formulation

2.1. Notations

We use the following notations throughout this paper. |.| denotes the absolute value and ||.||
the Euclidean norm. In(.) is the natural logarithm, F[.] denotes the expected value function, (.)
denotes the transpose of matrix, (.)* denotes pseudo-inverse of matrix, and det(.) is the function
that computes the determinant of a square matrix. t¢race(.) denotes the sum of the diagonal
elements of matrix, |.] maps the real number to the smallest next integer, mod(a,b) finds the
remainder of division of number a by b, z* describes the sequence (zg, 21, . . ., 2 ), 2¥) denotes the
jth element of the vector z, {A};; represents the ijth element of the matrix A where the first
subscript is the row number and the second is the column number and Xy, is the estimation of
X, given the observation vo, vy ...,v,. diag(v), I, and 0,, respectively denote, square diagonal
matrix with the elements of vector v on the main diagonal, identity matrix of size n and zero
vector with n elements. N(m, Q) denotes Gaussian distribution with mean m and covariance
matrix (). exp(.) denotes the exponential function. A(A) denotes the eigenvalue of the matrix A.
Finally, R and W denote the set of real numbers and non-negative integer numbers, respectively.
As we consider mismatch factor, the number of generated plant samples is not necessarily equal to
the number of transmitted channel symbols. Therefore, we illustrate the index of channel symbol
with ¢ and the index of the plant states with k.

In this paper, we use lower-case and lower-case boldface, respectively, for scalar and vector vari-
ables.

2.2, Preliminaries

Fig. [1I] represents the system model considered in this paper. In what follows, we describe the
input-output relation of each building block of the system.
Plant: discrete-time plant considered in this paper is described by the following linear, time-
invariant and fully-observed system:

Xkl = AXk + Buk + GWk,

Y = Xk,

(1)

where x; € R? is the state, u, € R® is the control input, w; € R! is the process noise,
wy ~ N(0,,I), and yy is the observation signal. It is assumed that (A, B) is a stabilizable
pair and xq is a random variable with bounded entropy.

Communication channel: We assume that there is a discrete-time AWGN fading channel be-
tween sensor and controller described by

v = Gifi + i, (2)

where f; € R denotes the channel input, v; € R the channel output, (; is the channel state which
is available at the receiver instantaneously and with one delay at transmitter, and n; € R the
additive white Gaussian noise with zero mean and variance Ny/2 which models the uncertainties
in this networked control system. We assume (; is an independent identical distribution (i.i.d.)
random process with the distribution:

P{Ci:Cl}:fYM fOFiEW,



where [ € {0,1,...,s}, and 7 > Os are constant numbers, where >°; ;v = 1. Assume that =
symbols per Second are transmitted through the channel. If the CSI is available at the recelver
instantaneously and with one delay at the transmitter, the capacity of this channel with output

noiseless feedback under average power constraint P,, < P is computed as C' = 1EQ (In( A /2))
which is also the capacity of channel with no output feedback [30], where E,(.) denotes the ex-
pected value function with respect to channel state (;.

Note that, for a given input signal, the average power can be computed as P,, = ]\}im % Z?:OI E[f]
—00

which is assumed to be less than P due to the average power constraint. If the channel states are
deterministic and (; = 1 for every ¢ € W, the channel is in fact a discrete-time AWGN channel,
ie.,

v = fi +n;. (3)

Channel and process noise are assumed to be independent from each other and also from the
initial state. The key parameter of interest in our analysis is the mismatch factor between plant
sample rate and communication channel symbol rate, m £ % As the plant sampling rate and
channel symbol rate are, in general, set independently, there is no reason for them to be equal.
For example, in the case of m = 2, it is possible to transmit one additional symbol between two
consecutive plant samples.

To compensate the effects of transmission noise, power constraint and fading, we need to use a
proper encoder and decoder.

Encoder: We present two class of encoders. One maps (xg,v*"*, (") — f; and the other maps
(XL%J,vifl, ¢ — fifor i = {1,2,...}. In this paper, in the case of no process noise, we can
design the encoder of the first class since xy can be obtained from x| 1| and vice versa.

Decoder: The decoder is the operator that maps (u*=!, vlmkl ¢lmkly Xi||mk) ab time instant
kT, for k ={0,1,...}.

Controller: The controller generates the input of plant based on the value of Xk € R?. We
use a linear controller, i.e. u, = GpXy||mr|, Where the controller gain G should be designed to
ensure stability as defined below.

Definition 1. System over the aforementioned communication link is bounded asymptotically

(respectively, asymptotically) stabilizable in mean square sense if there exists an encoder, decoder

and controller gain Gy, such that klirn E[(x)"(xx)] < oo (respectively, klim El(xx)"(xx)] =0).
—00 —00

Remark 1. In the case of fading channel the asymptotic stability is defined in the sense of
hm BE[(x1)" (xx)|¢™*] €20, where ¥ denotes the almost sure convergence.
_>

3. Discrete-time systems with mismatch factor

In this section, we present a necessary condition for stability of discrete-time invariant linear
systems and propose two classes of encoder-decoder designs to obtain sufficient conditions. An
important contribution in this part is that source and channel symbol rates are not restricted to
be equal.

3.1. Necessary condition

In the following, we obtain a stability necessary condition for dynamic system over AWGN
fading channel in terms of its capacity. For this channel model, the capacity is the same in the
presence and absence of output noiseless feedback. Therefore, this theorem presents a necessary
condition in the case of AWGN fading channel with perfect output feedback as well as without
feedback or with noisy feedback.



It should be noted that for the case of AWGN channel, the condition klim E[(x)" (x5, |¢Lm] <
—00

oo is equivalent to the condition klim E[(xx)"(x¢)] < oo . Hence, the following theorem which
—00

presents the stability necessary condition in the sense of klim E[(x1,)t (x)|¢m] < 00 also implies
—00

the stability necessary condition in the mean square sense for AWGN channels.

Theorem 1. A necessary condition for the stability of the system over communication channel

(E‘) in the sense of klim B[(xx)" (x)|¢ Lm0 < oo is presented as mC > Dty (=13 A (A)]
—00 ’

whe

re C' is the channel capacity.

Proof: Since the stable eigenvalues of system have no effect on the stability [3],without loss of
generality, we assume that all eigenvalues are outside the unit circle. At first, let we use X, F,
V, Z, U and W as the random variables associated with, respectively, the system state, channel
input, channel output, channel CSI, system input, and process noise. Subsequently, we follow the
similar steps as taken in the proof of Lemma 1 in [24] to obtain the following inequity in the case
of mismatch factor m:

l. 9 .
Nei (X )[V') > eXP(—ECi)Nci—l(XL#J v, (4)
where C; £ 11n(1 + ]f; 2) and Nei(X| y |V?) denotes the conditional averaged entropy power of

X 1. It should be noted that conditional averaged entropy power is defined as N (X 1] Vi) &
5 exp(2 By [h(XLiJ Vi =o' Z; = (']), where h(.|.) denote the conditional differential entropy

2me
and Fy ¢ denotes the expected value function only over random variable V' conditioning on the

event Z; = (*. Using equation results in:

L)1
i— i— i— i— L=t ]—1—
Vil =il 7 = ¢ 1]:h<AlmJ X e+ B Y AT,

t=Li71

m

(X 1)

lE-1
+ ) Al

t=[=1)

Vifl — ’Uiil, Zifl — Cil)’

2 (lifm] — (i — 1)/m]) In|det(4)] + h(X oo [VI~ = o1, 27 = 1)), (5)

where (a) follows due to the fact that u; is a function of (v',("), and furthermore, W; | t €
{l5],. ., [ ] =1} and X : | are two independent random variables. Therefore, using inequalities

and results in:

V)2 e (3G (15] - 1

m

Neo(X| ])In |det(A)|)) Nei-1 (X iz, V. (6)

V) 2 exp (~3(S Com L mlder(4)) )
N¢, (Xo|V?). By preposition ILI in [31] and the assumption of theorem, its conclude that condition
V) < limise BI(X )" (X 5 )2 = (] '€ o0 holds for this system which
results in lim; o + St O — 1L ]In|det(A)| g 0. Using the law of large number in [32] leads to

K2
m

The recursive solution leads to inequality Nei(X L]




the following inequality as the necessary condition:
fm -5 L i der(4)) 2 B — L der(4)] > 0 ™
ilgloz't:lt i LA THlae = BlCi] — —Infde > 0.

Hence, the stability necessary condition in the sense of klim E[(x1,)t (x )| ¢ L] < o is reduced
—00
to mC = mE[Ci] 2 3 iy, a1 0 [A;(A)]. B

|>1}

3.2. Sufficient conditions for stability

First, we propose two classes of encoder-decoder:
(1) The encoders that map (xg, v* "1, ("7') — f; for every i € {0, 1,...}, and the decoders that map
(ub=t plmkl ¢Clmkly — %10 at every time instant kT, where k € {0,1,...}. This can be used
whenever the ambiguity in the states of system is only due to the ambiguity in the initial state.
Hence, it is possible to guarantee reliable estimation by focusing on reconstruction of the initial
state at the receiver and sending them to the transmitter throughout all communication steps.
For scalar systems, we can describe this coding scheme, in general, as follows. At every time slot
i, fi = Th(i)(xo — Zoji—1) is transmitted (for simplicity we assume Zo—; = 0). Upon receiving v;,
Toji = Zoj—1 + Ri(i)v; is computed and sent back to the transmitter, where (77 (2), Ri(i)) are the
gains associated to the first class of encoder-decoder that would be defined in different encoding
designs. Furthermore, the decoder obtains ||, as the input of controller at every time instant
ETs.
(2) The encoders that map (x| : |,v"~",¢*"") = f; and decoders which maps (u*~!, vl*l ¢lmkl)y —
Xi||mk|- For scalar systems, we can describe this coding scheme as follows. In contrast with the first
class, in this case, at every time slot i, f; = TQ(Z')(Q:L%J — :Z’L%“i_l) is transmitted (for simplicity
we assume Zo—; = 0). Upon receiving v, ‘%L% I 18 computed as follows and sent back to the
transmitter.

g = B e+ Re(@s, (®)
L)1
Bl = A L S A By, (9)

i=1£]

where (15(i), Ra(i)) are the gains associated to the second class of encoder-decoder that would
be defined in different encoding designs. In what follows, we discuss different cases and obtain
sufficient conditions for stability of each case.

(A) Scalar discrete-time system without process noise over AWGN channel:

For achieving the sufficient condition in this case, we have incorporated Schalkwijk-Kailath (S-K)
scheme based on Maximum Likelihood (ML) estimation. It should be noted that for the similar
system model with m = 1, [I2] have also incorporated S-K coding scheme based on Minimum
Mean Square Error (MMSE) estimation in their achievability proof.

Remark 2. Using ML estimator in this problem provides the opportunity of designing an en-
coder/decoder which is not sensitive to the Probability Density Function (PDF) of the initial state.
Generally, all the proposed coding structures in this paper are applicable to a bounded variance
wnitial state with arbitrary PDF.

Theorem 2. Control/communication system of Flig. consisting of scalar discrete-time plant
without process noise and discrete-time AWGN channel (@ with capacity C' is asymptotically
stabilizable in the mean square sense if In(|A|) < mC = 3 In(1 + ﬁ)

7



Proof: It is possible to prove this theorem using both classes of coding scheme. However, for
simplicity, we employ the first class to obtain a sufficient condition. Based on the encoder-decoder
design in [33] and defining the parameter « as

P
= o) = (1 2 10
0 = exp(C) = (1+ )% (10)
the encoder-decoder gains are chosen as follows:
(a, ™) ifi =0,
. Ny i
(1), Fa(3)) = <o/(a2 - 1)5,oﬂ—(‘“2;2”2> if i > 1.
The recursive solution is given by [33]:
A No/2
Zoji ~ N (o, W)) (11)
where Zg); is ML estimate of xy given {vo,v1,...,v;} and zg — Zo|; is only a function of channel
noise nj, j € {0,1,...,¢} [33]. The average transmit power of this scheme is
N-1

D=

1 .
P, = lim P,(N)= lim NE[oﬂ(x —Zo-1)>+ Y (af(e® —1)

N—o0 N—oc0 T

(= #oi-1)?]. (12)

7

Assuming bounded variance for zy and E[z3] = ¥, we have the following relations:

U N —-1N,
Po(N)= — 4+ ———(a* -1 13
hence, asymptotically P,, = P and the channel power constraint is satisfied. The decoder should
estimate xj given vy, ...,V ) at time instant £T,. Solving differential equation (under the

assumption of G = 0) leads to:

k—1
Ty = Ak.%() + Z AkilijBUj, (14)
j=1
where the sequence {u;, 0 < j < k — 1} is a function of vy, ..., vmk and is available at the

receiver. Hence, we finally arrive at the desired estimate as follows:

k—1
fi"k\Lka = Akiﬂoumkj + ZAk_l_jBUj. (15)

J=0

Using equations and , we define ey mr| as ex||me| L e — Thvo,..., VL) Taking the expec-
tation yields:

E[€})ima)] = A E[(z0 — Zojmny)°]- (16)
If we choose control gain for system as G = —%, then using equation 1) results in:

No/2

2 A2 2 _A2(k+1)
E[xk-i-l] =A E[ek\Lka] =A a2(lmk]+1)

(17)



Hence, system (|1|) is stable if limy_, o llnlkJ — 0 or equivalently if In(|A]) < mIn(a).
By substituting equation o = exp(C') in the above condition, we obtain the sufficient condition
for stability as In(|A|) < mc = % In(1 + Consequently, the tightness of sufficient condition

for this case (i.e., A) is proven. I

N/Q)

(B) Scalar discrete-time system without process noise over AWGN fading channel:

We address the control/communication system consisting of AWGN fading channel with noiseless
feedback which is more common for wireless channels. We present the results in the following
theorem.

Theorem 3. Control/communication system of Fig. consisting of scalar discrete-time plant
without process noise and discrete-time AWGN fading channel (@) with channel capacity C
is asymptotically stabilizable (z'n the sense that Elxi,,|C"™"] converges to zero almost surely) if

In(|A]) <mC = FE(In(1+ /2))

Proof: As the system has no process noise, we can design an encoder of the first class. Based on
the encoder/decoder design in [34], we propose the following parameters for designing the encoder
and decoder:

b oo -
(0~ aiey) ifé=0,

i—1
__ bG) TS
(pkHO a(Ck)? PH%_Q“(Q@)) if ¢ - 17

where p which is a constant number, should be selected such that E[fZ] < P. It is proven that if
E[f2] < P, the average input power is not larger than P [34]. Note that the channel state (; is
available and used at the receiver side at time i to compute Zg;, while it is used at the transmitter
side with one delay to send f;,1. Hence, the recursion of f is:

fir1 = a(G) fi + 0(Gi)vi,
v; = Gifi + 1.

(T1(i), Ra(4)) =

(18)

The parameters a(¢;) and b((;) are chosen as follows:

o
o6) =G 1 H0) =~

Equation and the same steps in [34] concludes that channel input satisfies power constraint
P, < P and:

Lmk] Lmk] 2
o
(w0 — &oj ey [C"™ o) ~ N((TT alé)) 2o, (T] a(¢)—4)
k=0 k=0 p
where 07 < (|mk] 4+ 1)P. As explained earlier, by choosing control gain G, = —4 we have,
A2(k+1) )
Blag ¢ < — 4 (Imk] + 1)P).
p?( 1T a(@))* (II a(Q))?
1=0 =0
Therefore, the sufficient condition for the stability can be presented as limy, %( |mk |+
1% =0 alGr

1)P = 0. Note that Wm0 TrarTT mkHl ZLka In(a(¢;)) = In(a) (using the law of large number), where

9



a is defined as @ = [[_; a(¢)". Hence, if In(JA|) < mIn(a) = ZE(In(1 + 15272)) = mC, the

aforementioned condition is satisfied and the system is stable. l

(C) Scalar discrete-time system with process noise over AWGN channel:

For this case, the system ambiguity is due to both initial state and process noise; hence, the system
cannot be stable if we only transmit information about initial state over the channel. Therefore,
the coding scheme of second class is applied to this case.

Theorem 4. Control/communication system of Fig. |1 consisting of scalar discrete-time plant
and discrete-time AWGN channel @ with capacity C' is bounded asymptotically stabilizable in the
mean square sense if In(|A]) < mC = 5 In(1 + %/2)

Proof: We design an encoder of the second class through adjusting parameters as follows:
(a,a™1) ifi=0
(TQ(Z)a RQ(Z)) = (d(z)(a2 . 1)%’ d(i)fl(ai;l) ) ifi>1 (19)

Nl

where « is the same as in and d(i) is chosen such that the average power remains the same

as in , ie.,

d(i) = No/2 . (20)

\/E[(ﬁ# - fti‘“iq)Q]

From differential equation ([1)), we have

55 -1 [5EH-1
Ty = AL",*;lJ—LiJ‘,;L%J + Z AL%J_l_jBuj + AL =15 Gy (21)

i=l£] i=l

gﬁ.

Combining , @, and leads to the following equation for ¢ > 1 :

N[

. Ly, g (a?=1) 1. .
Tt ) =AL LmJ(xL%“i—l +d(i) 1—2{(042 - 1)”(0(%# — &1 m1) +nad)

(0% m

jr.

|51
+ AL =10 By (22)
%)

3

=

J

Subtracting from results in the following differential equation:

i i | &L )-1
AL#J_LHJ N — al L (Oé2 — 1)% < iFl 1 .
el =~z Clglio — A TSI Y AT G,
7=l
L)1
n .
=0
It is clear from the above equation that e i |;_; is independent of n; and wy, for j € {L#J, ce L%J —

1}. Furthermore, given the assumption that channel and process noise are independent, F [efi+1 J\i]

m

10
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Figure 2: The more realistic control/communication system over AWGN channel

is calculated as follows:

ALEL -]

N — ﬂ_i(QQ—l)NO i1 .
Bt = (A Bl ] ()2 (A DN S e
i=l%]
N
Ele}1 ] = AL J S+ Y (Al (24)
7=0
and 7 > 1:

By substituting in , we finally arrive at the following equations for [efm Jli]

, AR e e
E[eLifoli]:<—) Elej s ;-] + Z (A )LWJ_ G

o \.H“Z_l “
j=1E]

Clearly, if In(|A]) < mIn(a) = FIn(l + 5 /2) = mC, then E[eflﬂ.] is asymptotically bounded.

Under this conditon and by choosing controller gain as G, = —4, E[z7,,] is asymptotically
bounded, since

k
Lmk] »
lim E[zi,,] = hm (AHH-LST I Be? €Lkl |1 ch] E (A?FIG? < 0. (25)

k—o0 k—o0 f
=15

Hence, the system is stable in the mean square sense. This completes the proof. B
(D) Scalar discrete-time system over AWGN channel with noisy links:

As mentioned earlier, this important case is one of key contributions of this paper which is achieved
through proper adoption of the second coding scheme. It is important to note that in reality,
some level of noise exists in the feedback link between transmitter and receiver and also in the
link between the controller and actuator as shown in Fig. The following theorem is about the
sufficient condition for the stability in such scenarios.

Theorem 5. Control/communication system of Fig. @ consisting of scalar discrete-time plant
and discrete-time AWGN channel (@ with capacity C' is bounded asymptotically stabilizable in the

mean square sense if In(|A|) < mC = FIn(1 + N0/2)

Proof: Assume that ny, and n., in Fig. [2] are white Gaussian noise with variances Ny and N,
respectively. We assume that the receiver side has access to the output sequence of controller (i.e.,

11



v*=1) where uy, = Vi +ne,. Furthermore, transmitter has noisy access to jtﬂ Iji- Using the encoder

N
L
the average power the same as 1’ Subsequently, we can show that E [ekumk J] still converges but
now to a higher bound. Considering noisy links, we have the following relations:

and decoder from the second class with parameters (|19) and d(i keeps

!
= AT L ST AT By, (26)
7=l

Tyi+
s

Using , , and subtracting (it%“i) from it leads to the following equation for ¢ > 1:

it1 i 1(a2 - 1)%

5]
+ Z AlSH=1= ]Bu i Z)
J=lL]

AL%J—l—jij. (27)

! Mg
§\~

Note that although the receiver sends back |+ \;_; to the transmitter, but the transmitter receives
it as & s,y +ny,_,. Therefore, f; = To(i)(2| 2| — &+ ;1 — Ny, ), and (27) can be rewritten as
follows for 7 > 1:
2 2 1

A R ] G L
=T i A (g +d() T i)

L5 ]-1 L5 ]-1
+ AT B, + Y AT Gy, (28)

=l 3=l

€t

1_ ,
where € 1, = AL%J% + Z}Zgj ' A(LiJ**J)(Bn% + Guw;). Note that Efe| i, yng,_,] = 0. There-
fore, the error variance is satisfied in the following differential equation for ¢ > 1:

A2 -1ED

il
Elefun )| =————5——Elef ;] + (4207l —
H-1 e

L
+ AN =0 gy AT =0 g2, (29)
=

Lo J

PE{E=SEY)

a2

5

3|

3

J
where E[ef Lol = A2l No —i—Z w1 g2 ml=179)(B2N.+G?). Consequently, if the communication
and control 51gnals are sent back through noisy feedback, as long as In(|]A|) < mIn(a) = mC, the
value of El[e? el ] is asymptotically bounded and by choosing proper controller gain (similar to

what is explalned in scenario C), the system is stable in the bounded asymptotic sense . B

As noted earlier, transmission of signals through finite number of quantization bits is a practical
approach. It is easy to observe that modeling white quantization error as additive Gaussian noise,
leads to the same results.

Remark 3. In the presence of noisy channel feedback, the stability is still achievable under con-
dition In(|A|) < mIn(a) = mC with the difference that the variance of state signal converges to a

12



higher level rather than the case of perfect feedback. When the noise variances of communication
feedback and controller-actuator links tend to zero, the results are the same as the previous values
obtained in the case (C). In the same scenarios, asymptotic stability can be achieved in the systems
without process noise.

4. Extension to the vector case

So far, we have treated the scalar systems. Extensions of the results to the vector cases are
obtained through the Time Division Multiplexing (TDM), as described in the following. The
results for discrete-time multi-dimension plant over AWGN channel are given in the following
theorem.

Theorem 6. Control/communication system of Fig. @ consisting of discrete-time plant and
discrete-time AWGN channel (@ is bounded asymptotically stabilizable (or asymptotically sta-
bilizable in the special case of Ny = 0, No = 0, and G = 0) in the mean square sense if
Z{j§|>\j(A)|>1} In [A;(A)] <mC = FIn(1+ %/2), where m is the mismatch factor.

Proof: We can extend our results to multi-dimensional systems using TDM approach. This
approach is also used in [35] to extend their one-dimensional results to n-dimensional systems. We
explain such extension in more detail.

The stable part of A has no effect on the stability condition, consequently, without loss of generality,
we assume that all eigenvalues of A are outside the unit circle [3].

For A € R%9 there exists a real-valued non-singular matrix ® and a real-valued matrix I such
that ®A®! = T’ = diag|J,...,J,]; where J;,1 = 1,...,n, is a Jordan block with geometric
multiplicity d; while eigenvalues of I' and A are the same.

We define H = diag[H,, ..., H,| where H; is associated with one of the Jordan blocks J;. For
Jordan block associated with real eigenvalues, H; = I, and for \; = p(cos(f) = jsin(#)), we have
Hy = [r(0)7%,...,7(0)7'] where 7(6) = [zzzgz; _SISI:IE%)} It is shown in [3] that T" and any power of
the matrix H commute (i.e., H*T H=* =T'). Consequently, a new variable z;, = H*®x,, is defined
to rewrite the equation as:

Zpp1 = Hl'zp + 0 + Wy,
w, = BT(H"1®) uy;
G/Vk = HkJrl(I)GWk;

ﬁ’k ~ N(Qd7 @k)v

(30)

where wy, is the white noise. In addition, since the magnitude of eigenvalues of H is equal to one,
Qr = H*1OG(H*1®G)" is bounded (i.e. Qr < Q).

Note that HT is an upper triangular matrix with real-valued eigenvalues, whose magnitudes are the
same as the magnitude of the corresponding eigenvalues of I" defined by \;, j € {1,2,...,d}. With-
out loss of generality, we assume these eigenvalues are positive and based on Jordan properties, they
are ordered as [A\;| < ... < |\g|. Given that H'® is an invertible matrix, stability of z; and x;, are
equivalent. Hence, it is adequate to prove that condition 7.\ 451y In[A;(A)] < FIn(1 + %/2)
is a sufficient condition for stability of system .We prove this theorem in two parts.

Part 1: As mentioned earlier, in the case of (Ny = 0, N, = 0, and G = 0), the whole ambiguity
in the system only depends on the initial state. In this case, one can design an encoder-decoder
of the first class. Note that since z, € R? we can consider z; as d scalar random variables.
Therefore, it is sufficient that for each element of z, the encoder-decoder used for the scalar
case (A) is adopted. In order to apply such encoding/decoding scheme, we change the channel

13



into d parallel channels using a basic TDM approach. In fact, we sequentially assign ¢; TDM
time intervals to the jth dimension of zy where j € {1,2,...,d}. Therefore, a total number of
q=q + ...+ qq TDM intervals is used for transmission of zy over a period of ¢T..

It should be noted that z((]j ) _ 2(()]"()1_1, j € {1,...,d} is only a function of channel noise n;,i €
(4)

{Zt 1ty - Zt 1 q¢— 1} since, up to time ¢—1, z;” is only transmitted during these ¢; intervals.

(J) 5 (7) 5(0)

Therefore, z;’ —2;’ , and z((f) -7 for j # ( are the function of white Gaussian noise in different

Olq 0[g—1
. . . .. .. A ~
time intervals which results in their 1ndependency. Therefore, by definition €5jg—1 = Z0 — Zojg1,
: z No 1
and we can write ef, ; ~ N(0y, rdiag(=sm,- - =a7))-

The error covariance matrix of zk is subsequently calculated as follows:

€ lmi) = 2k — Zijlmi) = (HT)*(20 — Zoj i)
Eef,|n) (€31 1mr))""] = (HT)*D((HT)*)", (31)

No

. . . . . _ No 1
where D is defined as a diagonal matrix whose the jth element is equal to D;; = 5 (o) [T 4T 75, TR

where b; (i) £ min{(mod(i + 1,q) — S1_} b,(i)), ¢;}.
Note that choosing controller gain as G, = —(HT") for the system (30) results in ty = —HI'zg) |k
and therfeor, z;,, = Hl'z, + u; = HI’eZHka, and therefore, by Definition (1}, the system is

asymptotically stable in mean square sense if trace{£[ef,,., (€ mx))"]} converges to zero.
In addition, note that from the above equation we have,

trace( Bleg| (€ mi))"]) = trace((HT)* D= ((HT)* D)), (32)

Therefore, for stability purposes, it is enough to find a condition under which the right hand side of
1

the above equation tends to zero. In the above equation, (HI')*D2 is an upper triangular matrix

with eigenvalues

No/2
al(lmk]+1)/alq;+b;(lmk])

A(HT)), No/2

- = \l*
§ TmkT ) aJay b5 (k) — 17

along its diagonal. It can be shown that if all eigenvalues go to zero, then (H F)kD% goes to the zero
;]
Qg /om

matrix (See Appendix A). Hence, If < 1 or equivalently (In|\;| < m(g;/q)Inca) for every

j€{1,2,...,d}, all eigenvalues go to. zero; and hence, limy_oo trace(E[ef) .. (€5 mr))"]) = 0
Therefore, in the special case of Ny = 0, N, = 0, and G = 0, the sufficient condition for asymptotic
stability is (In |A\;| < m(g;/q) Ina) for every j € {1,2,...,d}.

Part 2: In this part, we consider the effect of process noise, feedback channel noise and the
noise in the controller-actuator link. Similar to the scalar case, we should design an encoder-
decoder of the second class for bounded asymptotic stability in the mean square sense. In the first
step, we view zg as d scalar variables and apply the coding scheme in case (D) for each element of

the vector z, for finite time slots. In fact, we sequentlally transmlt z(() 1) for g; intervals for every j,
j€{1,2,...,d}. Therefore, by writing the equations (28) and (29) for A=1, B=0and G =0,
it is proven that after ¢ = ¢; + ... + ¢4 time intervals, each element of the error vector egl 1
is only a function of channel noise and the noise of channel feedback in its corresponding time
intervals. Therefore, Due to the whiteness assumption of the noise, the error covariance matrix
E((ef,_1)(€5,_1)"] = P(No/2) is diagonal where P(x) is defined as a diagonal matrix whose jth
element and j € {1,2,...,d} is determined based on equation as follows:

(PO}, = Z B~ )Ny, (33)

14



where « is the same as in . Subsequently, the receiver calculates the following equation and
sends it back to the transmitter.
L ]-1
22 )51 = HT W gg 0+ ) (HD)WTH @ — ney).

=0

The error covariance matrix is obtained at the transmitter side as follows:

411
z z r € NO 4|\ ¢p X 411/ 41— 1\tr
E[(etﬁﬂqq)(e&“qq)t ] = (HPL’"J)P(E)(HFL’"JY + (HD) bl 721 (Qy + Ne) (HT Ll =121y,
1=0
At time instant tq, t = 1,2,..., we assume that 2w, , and E[(eftjjltq_l)(efﬂ“tq_l)”] are avail-

z tr
L%Jltq—1> ]

trix, it is possible to decompose it into the product of an upper triangular matrix and its conjugate

: z z tr] — tr
transpose, i.e., EKeL%“tqfl)(eL%q“tqfl) | = Q.00

Then, we consider the new variable z such that:

able at the transmitter. Since E [(eftj I tq_l)(e is a Hermitian positive semi-definite ma-

~ A -1
Zya) =z )

z A~ 2 -1z

€t it = 2ty Bt gug1 = U € o

where its covariance matrix is the identity matrix, i.e., E{(eft—q“tq—l)(eit—ﬂ\tq—l)tr} = I
Subsequently, the following communication scheme is used at nszq <i< (Ttn+ 1)qg — 1. During these
q intervals, we assign ¢; TDM time intervals to the jth element of ZLQJ, je{1,2,...,d}. Assume
that tq + 37 @ < i < tq+ (33, @) — 1, such that at this interval (the ith interval), the Jth
element of z | is transmitted. The transmission and estimation process at this time interval is

as follows:

2 . N [~ 2(J N -
e Given Z|ta);_y, transmitter sends f; = (a? — 1)%(1l(z)(z(égJ - z(&im_l —ny, ), where d(1) is

the multiplying factor described as:
No/2
i) = o/ , (54
~(J 2(J)
\/E[(Z(L:éj - ZL%H@'A)Q] + Ny

e Upon receiving v; = f; + n;, the receiver updates the estimation as:

2(J) ~(J N1 (a2—1 3

2 = By + () (35)
20) _20) ]
2ty =2 for J#J,

and sends it to the transmitter. Note that at time ¢ = (¢ + 1)g — 1, the receiver sends
ZL(m)q i to the transmitter through the feedback link and the transmitter obtains the value

z z tr
of (€ wsra) 1)1 (10 141yg-1)
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. . . . ' . . .
The recursion relations for ¢ intervals is solved to obtain E[(GL%JI(tH)q—l)(eL%J\(t+1)q—1) ] ="P(1)
Therefore, E[(eftﬁﬂ(tﬂ)q*l)(ei%j\(tﬂ)q,l)tr] = Qtp(l)Q?, and subsequently:
E{(ei(t%)qﬂ(ﬂrl)qil) L(tH)qJ\(tJrl )tr} Qt—}—lQH_l
— (HT)L L, p (1)t ((HT) L - Ly
| &te )y
Z HFL%J%fl(@l + Nc)(HFLWTl)qJ*lfl)tr_ (36)

=14)

The second term in is a bounded, Hermitian positive definite matrix. Therefore, there is an

J 1 (t+1)q @+Da g q\gp
1= quJ HTUS 21 Q) 4 NG (HTE =iy <

{AA!},; for every 4,5 € {1,2,...,d}. We introduce Qy,; as:

upper triangular matrix A such that {Z

(t-‘rl)QJ_

O 2 (HD)-EIQP)2 + A, O = Q. (37)
Now, if |\j|m < a% for every j or equivalently (In(|)\;]) < = 1In(a)), then Q, is bounded (see
Appendix B). Hence, F{(e* 12 g )t’"(efﬂ“tq_l)} < trace{Q"} < <.

Therefore, under this condltlon and by %hoosing controller gain as Gy = —(HT") for system ,
E[(zx)" (z)] is also bounded.

So far, we have concluded that the sufficient condition for bounded asymptotic stability (or
asymptotic stability in the special case of Ny = 0, Ne = 0, and G' = 0) is (In|\;| < =% In(a)),
j=11,2,...,d}. We now calculate the average transmission power to relate the derived condition
to the channel capacity. Using equation , the average power for transmission equals to:

where (FP,,); is the average power used for transmission of jth element. Substituting the value
of a in (38)) results in P,, = P. On the other hand, for stability purposes, it is enough to have
(In(|A;] < =F In(@)) for every j € {1,2,...,d} or equivalently:

Sla? 1), (33)

q; Ny
70&—1

_J 4%
q 1 4

d d
q; B _m P
;ln\)\jl<m§;lna—mln(a)—51n(1+m). (39)

Under this condition, we are able to choose g; such that (In|);| < %ln(a)) for every j, j €
{1,2,...,d}. Since stable eigenvalues have no effect on this condition, in general when there are
some stable eigenvalues, Z?j=1,\>\j|>1} In ;| < Z1n(1+ ﬁ/?) = mC'is the sufficient condition for
asymptotic and bounded asymptotic stability of the system in the mean square sense. This
completes the proof of Theorem [6| W

Corollary 1. For extending the results of Theorem 8 to the vector case, we should follow the
similar steps explained in the part 1 of Theorem 6 with only the difference that instead of using
encoder/decoder of case (A), we should use the encoder/decoder of case B. It should be noted that
for this case, the stability condition is in the sense of kh_}rgo E[(x1)t (xz)|¢Lm*] 2 0.
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Proof: Let we define a diagonal matrix .# (i) whose elements for j € {1,...,d} are obtained as:

L’H»lJ* Zk L= 1 Zi:lbk(l)il

(i)} = (H ! @) ) T (@G

3 )
k 1 qdk l:Zizl bk(l)

In fact, {#(i)};; is obtained as the product of the parameters (a((g))_Q where ¢ belongs to the

set of time intervals up to time instant ¢ in which zéj ) is transmitted .

Based on the proof of Theorem 3, after g time intervals, each component of €0lg—1 — M (q— 1)z
is a linear function of the channel noise whose coefficient are dependent on CSI. Therefore,
g1 — «#(q — 1)zg has a conditional normal distribution N(04, (¢ — 1)) where .7(i) is a

diagonal matrix whose jth element is satisfied the inequality {.7(i)};; < {4 (i )}NM

Therefore, for this case of control/communication system, the covariance of matrix €/ mk| with
respect to ¢L™*] is obtained as if we define D = . (|mk|)E|zozo" |.# (|mk]) + . (|mk]).
Hence, the system is stable in the sense of limy_,o trace(E[ef (eZlekJ)”’](Lka]) £ 0, if the

matrices (HD)*. (|mk]) and (HT)*.7(|mk|)z converge to zero matrix almost surely. By com-

puting the eigenvalues of both matrices and based on Appendix A, it is concluded that if for every
lmk]+1 g a.s

J€{1,...,d}, we have limy, [Aj]( tL:O @ I HZ’CZ} B (Ggr))F < 1, the both matrices con-
verge to zero almost surely. Based on the law of large number, this condition is equivalent to
Nl < m(gj/q)Ela(C)] = m(q;/q)C for j € {1,...,d}. As previously explained, under condition
Zc{l]’:1,\,\j|>1} In|A;| < mC, there are coefficients ¢; and j € {1,...,d} such that the inequalities
Al < m(gj/q)Ela(¢;)] = m(g;/q)C and j € {1,...,d} are satisfied. Note that using this encoding
scheme, we have, (P,,); < P which results in P,, < P. This completes the proof. B

Remark 4. In this paper, it is proved that Z?J’ZLI/\J'IM} In|A;| < mC is the necessary and suf-
ficient condition on the stability of dynamic systems in different scenarios. Therefore, using the
proposed scheme, we are able to stabilize the system in the case of Ty < T, (m < 1) by increasing
the channel capacity which is equivalent to increasing the average transmitted power. Hence, the
channel bandwidth (channel symbol rate) alone is not a limiting factor in achieving the stability.

5. Conclusion

In this paper, we presented the necessary and sufficient conditions for stability of discrete-
time linear control noisy systems over discrete-time AWGN and AWGN fading channels, when
plant sample rate and communication channel symbol rate are not necessarily the same. We also
analyzed the stability of system in the presence of process noise, controller-actuator noisy link,
and communication feedback noisy link. It was shown that the eigenvalues rate condition is still
a tight bound for stability under these conditions. For future, we try to extend the results to
nonlinear systems.

Appendix A. Zero convergence condition for (H I‘)kD%
Due to space limitation, without loss of generality, we show these properties for the case of

0 A J . We should calculate the elements of matrix (HT)":
2

Ml {(HT) ),

k
(HF) 0 |)\2|k )
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where {(HT)*}15 , k > 2 is obtained as follows:

1 — (|Ai]/[A2])”
L—\l/[ ]

k
{(HT) bz = M7+ Dol {(HT) e = D o #9 Pt = o) (A.1)

J=1

Therefore, as |[A\i| < |Ao|, {(HT)*}12 = C|Ao|F~t for large k, where C is a constant.
Now, we consider the (HT)*Dz matrix, where D2 is a diagonal matrix such that {D%}jj =

N 1 : .
70aL(Lka+1>/qu]~+bj(Lka)v j = 1,2. Hence, for large k, we have:

N [Aa|F) o|F1C
1 mk|+1 —+b mk mk|+1 +b. mk
(HF)’CDE _ _0 al(lmk]+1)/a]a1+b1(Imk]) o L(Lmk]+1)/qa]ag+ba(lmk])
2 0 o] *)
al(lmk]+1)/a]ag+ba(Imk])
A1)

. I . . 1
As a result, if % AT 2Ty 755 (kD) which is the eigenvalue of the matrix (HT')¥ Dz, goes to zero
(6%

for j = 1,2, then the matrix (HT')*Dz will go to the zero matrix.
Note that if |A;| = | Az, then {(HT)*}15 = k|X2|*!, which leads to the similar results.

Appendix B. Bounded condition for

L(fv:nl)qu

Assume ;4 = (HT) 710, P(1)2 4+ A. By recursion relations we have:

t—1
Q, = (HD)LA-LR0,p) 7 + S (HD) LU AP (B.1)

=1

We outline the proof of this property for the case in Appendix A. Note that (HT") Ll =L O P(1) =
equals to the following matrix for large ¢:

{{91}11|A1T<0>{P(1)}f31 ({91}12\Al|T<0>+{91}226|A2|T<°>*1>{P(1>}§§1 ]
t—1 bl
0 {91}22\)\2|T<0){P(1)}22

where r(l) £ |X] — L%j On the other hand, the second term in {} is obtained as follows:

B t—1-1 _ o t—1-1
Sz A AT O{P(D)} 2 121 (A 12 M MO+ {A Y220 oD {P(1) 5, 2 ]
t—1-1 :

0 SIZHA a2 X" O{P (1)},

—1—
2
2

Note that {P(1)};; = a%qJ + ZZJ':BQ(é)%*Q*E(l — LNy, r(l) = [4] - L(HTI)QJ, and [\] < Ao,

therefore, it is easy to verify that if |\j|m < a% or equivalently In(|\;|) < m% In(a) (for j =1,2),
both the first and the second terms in (B.1)) are bounded. Hence, €, is asymptotically bounded.
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