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Abstract

This paper deals with the design of feedback quantizers to encode plant output measurements
in networked control systems with data-rate constrained channels. Starting form a nominal design
made under the assumption of transparent communication links, we show how to design a feedback
quantizer so as to systematically reduce the impact of quantization on closed loop performance. To
obtain our results, we model quantization errors as additive white noise with a signal-to-noise ratio
constraint. As a byproduct, we obtain a simple characterization of the minimal quantizer signal-
to-noise ratio that allows one to design a feedback quantizers that guarantees stability. This bound
depends only upon the plant and controller unstable poles. If the plant is strongly stabilizable,
then the bound is consistent with the absolute minimal data-rate for stabilization obtained in
previous work.

1 Introduction

Standard control theory deals with situations where the communication links between plant and con-
troller can be regarded as transparent (see, e.g., [22,55]). There exist, however, cases where the links in
a control system are far from being transparent and may become bottlenecks in the achievable perfor-
mance. Control systems where this happens are collectively referred to as Networked Control Systems
(NCS’s) (see, e.g., [1,2,27,28] and the many references therein). Clearly, unless the channel character-
istics are explicitly taken into account at the design stage, the performance of an NCS may be far from
optimal and sometimes completely unsatisfactory. The main issues that need to be considered when
dealing with NCS’s include data-rate constraints (i.e., quantization), data loss and random delays. A
unifying framework for the treatment of the general NCS design problem does not exist. Nevertheless,
there has been significant progress in the study of specific situations that focus on subproblems. For
example, data-rate constraints have been studied in [40,42,45,48,60] and design strategies to deal with
quantization have been proposed in, e.g., [21,66]. The issue of data loss has been studied in [33,49,51],
among many others, and delays have been considered in, e.g., [32,43,58,62].

In this paper we focus on linear time invariant (LTT) plant models, and concentrate on the effects of
quantization on closed loop performance. Within this framework, a key result obtained in [40] relates
the minimal data-rate which is necessary and sufficient to achieve stabilization of an unstable plant,
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to its poles in very simple way. This bound has been linked to information theoretic concepts where
it has been given an interpretation akin to that of entropy (see, e.g., [37,41,48]). Furthermore, [7, 8]
established that the minimal data-rate for stabilization is sometimes consistent with minimal signal-
to-noise ratio requirements in standard one-degree-of-freedom control architectures that employ LTI
controllers. More precisely, [7,8] showed that, if the plant is defined in discrete time, has relative degree
one and is minimum phase, then a Gaussian memoryless channel having a signal-to-noise ratio equal
to the lower bound derived in [7,8] would exhibit a channel capacity equal to the data-rate bound
in [40].t

The results discussed above give absolute lower limits on the admissible channel data-rate which
cannot be by-passed by any control law. It seems, however, quite difficult to obtain practical design
guidelines from considerations such as those in [40,41,48]. This has motivated some researchers to
move towards a simplified treatment of quantization. For example, [21] models quantization as a sector
bound uncertainty and employs standard robust control tools. On the other hand, [66] uses a simple
white noise model for quantization errors. The latter model for quantization has close connections
to the signal processing literature, where it has been successfully used to design high performance
quantization schemes (see, e.g., [4,25, 30,36, 50]).

In the present work we assume that a controller has already been designed under the assumption
of transparent communication links. However, we subsequently extend the set-up by assuming that
the control loop has to be implemented using a bit-rate limited channel in the plant to controller
communication link. Thus, the plant output measurements have to be quantized prior to transmission.
To that end, we borrow ideas from the signal processing literature and employ a feedback quantizer to
encode the plant output (see, e.g., [30,50]). Using a fixed signal-to-noise ratio additive noise model for
quantization errors, we show how to design the feedback quantizer so as to systematically reduce the
impact of quantization on closed loop performance, as measured by the tracking error variance. We
show via simulations that our approach gives very good results even for bit rates as low as one bit per
sample. We also study stability properties for this linear model. As a byproduct, we obtain a simple
characterization of the minimal quantizer signal-to-noise ratio that allows one to design a feedback
coding system that guarantees stability. This result is expressed in terms of the plant and controller
unstable poles only. For stable controllers, and regardless of the plant zeros or relative degree, our
results suggest a minimal data-rate for stabilization that is consistent? with the bound in [40].

The idea of designing coding schemes to embellish given controller designs is not new. For example,
our previous work documented in [23] considers a coding scheme that turns out to be a special case
of the one considered here. On the other hand, [53] considers the same coding architecture as the one
studied in this paper, but the design procedure in [53] assumes that quantization effects are relatively
small. The methodology used in the current paper does not require this assumption. Also, the stability
analysis included in the current paper goes beyond the results of [23,53]. Another related line of work
has been developed in [9,10,34]. The latter work presents a precise deterministic stability analysis
when the coding system is constrained to be a A-modulator (or variations thereof;* see, e.g., [30]), but
does not address performance issues. Another recent publication closely related to the current paper
is [38]. In that work, the authors propose a coding architecture similar to the one in this paper, but
restrict the quantizers to have infinitely many levels and a prespecified quantization step. The latter
assumptions are not needed here. Interestingly, the optimal coder in [38] (which focuses on minimizing

LIf the plant has non-minimum phase zeros or a relative degree greater than one, then the analysis in [7,8] suggests
that a data-rate strictly greater than the aforementioned bound is necessary.
2in the same sense as the results in [8].

3i.e., unlike our proposal, the general multi-bit case is not treated in 19,10, 34]



a time domain functional) turns out to have a structure that is a special case of the architecture
considered here.

The remainder of this paper is organized as follows: Section 2 presents the notation employed in the
paper. Section 3 describes the NCS architecture of interest and derives a linear model that is suitable
for analysis and synthesis using linear system theoretical tools. Section 4 studies stability properties
of the linear model, while Section 5 presents the proposed design procedure. Section 6 documents a
simulation study. Concluding remarks are included in Section 7.

2 Notation

We use standard vector space notation for signals, i.e.,  denotes {x(k)}ren,. We also use z as both
the argument of the z-transform and as the forward shift operator, where the meaning is clear from
the context. Given any matrix X, (X )" and (X )T denote conjugate transposition and transposition,
respectively. Given any complex scalar z, |x| and Z denotes magnitude and complex conjugation,
respectively.

The set of all discrete time real rational transfer functions is denoted by R. We define six subsets
of R as follows: R, contains all proper transfer functions, R, contains all strictly proper transfer
functions, RH,, contains all stable and proper transfer functions, ., contains all matrices in RH o
that have inverses in RH,, RH2 contains all stable and strictly proper transfer functions, R'HQL
contains all transfer functions that have only poles outside the unit circle and are either proper or
improper. For any A(z) € R we define A(2)~ = A(z~!)T. We say that A(z) € R is unitary if and
only if A(2)~A(z) = I. We also define {A(2)}],__ = A(cc) = lim, o A(2).

Every A(z) € R with no poles on the unit circle belongs to L5 in which case we define the 2—norm
of A(z) via (see, e.g., [39])

1 [7 A ,
|A(2)]|2 £ trace {2/ A(eJ“)HA(eJ“’)dw} .
T —T
For each such A(z), we can always find A, (z) € RH5 and Ay(z) € RHy such that A(z) = A (2) +
A(z) and, accordingly, ||A(2)|[5 = ||AL(2)|[5 + |[A2(2)][3 (see, e.g., [39]).
Any biproper n x 1 transfer matrix A(z) € RHo admits an inner-outer factorization of the form

A(z) = Ai(2)Ao(2),

where A;(z) € RHoo is unitary (i.e., A;(z) is inner) and A,(z) € RH is a biproper scalar transfer
function, that has no zeros in |z| > 1 (i.e., A,(z) is scalar and outer). Moreover, if A(z) has no zeros
on the unit circle, then A,(z) € Us (see, e.g., [20]).

Given any wide sense stationary (wss) process x, we denote its power spectral density by S, (e/*),
its variance by o2 and its standard deviation by o,. We note that if, in addition, 2 has an always
positive rational spectrum, then we can always find a spectral factor ,(z) € Uy such that S, (e/*) =
Q. (e7)Q, (e7°)H | Vw € [—m, 7). We also recall the well known fact that o2 = HQm(z)Hg (see, e.g., [56]).

3 Coding for Networked Control Systems

In this paper, we will consider the NCS architecture depicted in Figure 1. In that figure, G(z) is
the SISO plant model, C(z) is a SISO controller, y is the plant output, r is the reference signal, d,
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Figure 1: Considered networked control architecture.

models output disturbances and d,,, corresponds to measurement noise. Unlike standard non-networked
situations (see, e.g, [22,55]), the feedback path in Figure 1 comprises a communication channel and a
(source) coding/decoding system (C and D).* The main focus of the current paper lies in designing this
coding system, having performance in mind. To that end, we utilize as the performance assessment
quantity the stationary variance of the tracking error e, defined via

e2r—y. (1)

We next describe the assumptions that underly our subsequent analysis.

3.1 The nominal design

Since our aim is to design coding systems, we will assume that the controller C(z) in Figure 1 has
been already designed assuming transparent communication links.® The control loop formed by C(z)
and G(z) when transparent communication links are in place (i.e., when g, = yn, in Figure 1) will be
referred to as the nominal loop (or nominal design).

For future reference we note that, in the nominal loop,

e = Tye(2)w, (2)
where w £ [r d, dm]T,
Twe(z) £ [S(Z) _S(Z) T(Z)] ) (3)
and S(z) and T'(z) are defined via
1 A

T(2) 21— S(z). (4)

SO = T et

The transfer function S(z) is the nominal loop sensitivity function and T'(z) is the nominal loop
complementary sensitivity function (see [22]).
In the sequel, we will assume the following;:

4In the sequel, we will use the term coding system (or just coder) to refer to both the encoder and decoder in Figure
1.
5This can, of course, be carried out using any standard design tool (see, e.g., [22,55]).



Assumption 1 (Plant and nominal design) The plant model belongs to Ry, whilst the controller,
C(z), belongs to Ry, is non-zero and is such that the nominal loop is stable and well posed (in the
standard sense; see, e.g., [22, 55]).

The assumption that the nominal loop is stable and well defined is, of course, sensible in our context
where the coding system is designed a-posteriori. We assume that G(z) is strictly proper for simplicity.
In principle, this can be removed at the expense of additional technical care. On the other hand, the
assumption of C'(z) being non-zero discards non interesting situations, where the nominal loop is such
that G(z) is left in open loop (i.e., uncontrolled).

We end this section with a description of the exogenous signals r,d, and d,,.

Assumption 2 (Signals) The signals v, d, and d,, are mutually independent scalar zero mean wss
processes, each having a rational power spectral demsity that, if not identically zero, admits a spectral
factor in U -

We note that Assumption 2 is standard (see, e.g, [56]).

3.2 The coding system

In this paper, we will focus on error free bit-rate limited channels. As a consequence, the input to the
channel, i.e., h (see Figure 1), must be quantized prior to transmission. To that end, we will consider
a standard feedback quantizer as depicted in Figure 2 (also known as a noise shaping quantizer; see,
e.g., [30,50]). In that figure, A(z), B(z) and F'(z) are filters in R, that need to be designed and Q
denotes a uniform quantizer (see, e.g., [25,30]), i.e.,°

O(v(k)) £ saty (A V(AIC)J + 2) : (5)

where V is the quantizer dynamic range, A £ 2V (L —1)~! and L is the number quantization levels.

We recall that a quantizer is said to be overloaded if and only if the absolute value of its input is
greater than its dynamic range, i.e., |v(k)| > V for some k € Ny. If the quantizer does not overload,
then the quantization noise, defined via

éh_va (6)

is such that |q(k)| < 5 for every k.

As already mentioned in Section 3.1, we are interested in designing coding systems for pre-specified
nominal designs. In this setting, it is natural to employ coding systems that, in the absence of channel
artifacts, have unit transfer function. That is, we will utilize coding systems that achieve perfect
reconstruction. In our case, the channel is assumed to be error-free and hence h=h. Asa consequence,
it is straightforward to see from Figure 2 that”

Im = B(2)A(2)ym + B(2)(1 — F(2))q, (7)

bsaty (z) = z if |z| < V and saty (z) £ ﬁV if |z| > V; |z denotes the integer part of x.
"We note that (7) holds irrespective of the nature of the quantization noise q. Of course, (7) is of no utility, unless ¢
is guaranteed to have some appropriate properties.
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Figure 2: Considered coding and decoding system.

It follows from (7) that perfect reconstruction is tantamount to having B(z) = A(z)~! for every z. On
the other hand, in order to have a properly defined feedback loop around the quantizer it is necessary
to have a strictly proper F(z) (see, e.g., Chapter 4 in [44]). We summarize the previous discussion as
follows:

Constraint 1 (Structural constraints on the feedback quantizer) The feedback quantizer fil-
ters are such that B(z) = A(2)™! and F(z) € Rsp.

Quantization is a deterministic non-linear operation and hence, the exact analysis of quantized
systems is difficult (see, e.g., [16,26,40,47]). It has thus become standard, particularly in the signal
processing literature (see, e.g., [5,25,30,36,50,63]), to approximate quantization noise by an additive
white noise source uncorrelated with the input of the quantizer. Here, we adopt this paradigm and
assume the following:

Assumption 3 (Quantization noise model) The quantization noise signal q (defined in (6)) is a
sequence of i.i.d. random variables uniformly distributed in % [—A, A), and uncorrelated with w.

Note that we do not assume that the quantization noise is uncorrelated with v, which is certainly
not the case since the quantization noise is fed-back to the input of the quantizer and, moreover,
the coding system is inside the main feedback control loop. Instead, we adopt a milder assumption
that requires only uncorrelatedness with the exogenous signals contained in w. We stress that the
previous model is valid only if A is small enough, the quantizer does not overload and v has a smooth
probability density (see, e.g., [4]). These conditions usually do not hold in the case of quantizers that
are embedded in feedback loops (see, e.g., the discussion regarding stand alone feedback quantizers
in [24]). Nevertheless, one can make use of dithered quantizers (see, e.g., [25,65]) to render the model
in Assumption 3 exact provided no overload occurs. Despite the above points, we will see in the
simulation study included in Section 6, that, even if one employs a non-dithered uniform quantizer
with as few as 2 levels, the predictions made using the simple model summarized in Assumption 3 are
surprisingly accurate (see also simulation studies in [17,23,53]).

In order to guarantee that the quantizer does not overload, in principle one needs to consider infinite
quantization levels (or assume that the quantizer input is deterministically bounded, which is seldom
the case in a stochastic framework). In practice, it is standard to choose a dynamic range such that the
probability of overload is negligible (see, e.g, [30]). Indeed, if v is wss and § is any positive real, then
one can always find a finite o such that choosing V' = ao, guarantees that the probability of overload
is less than f3; « is called the quantizer loading factor.® With such a choice for the overloading factor,

8For example, if v(k) is Gaussian, then a = 4 guarantees an overload probability of 6.33 - 1072.



it is immediate to see that

o2 1202 3
v 2% v Y (1, 1)2
O_g AQ ag( )ﬂ (8)

where we have used the fact that, according to Assumption 3, 03 = %2. This justifies the following
additional assumption:

Assumption 4 (Fixed signal-to-noise ratio) For a fized number of quantization levels, the vari-
ance of the quantization noise is proportional to the variance of the signal being quantized, i.e., the
quantizer has a fived signal-to-noise ratio v defined via

A

v (9)

qu. ‘ eqw

Assumption 4 is a key constraint. As mentioned before, it allows one to guarantee that the quantizer
dynamic range is always properly scaled. In addition, it has a regularizing effect on the optimization
based design of the coding system. Indeed, if this constraint were not in place (i.e., if ¢ were assumed
to have some prescribed statistics), then it would be optimal to choose F(z) = 0 and A(z)~! = € with
€ — 0. This is, of course, not a sensible choice since A(z) and o2 grow unbounded when ¢ — 0.

Remark 1 We would like to stress that, in some situations, quantizer overload may become the dom-
inant quantization effect in feedback schemes. Indeed, quantizer overload may trigger limit cycle os-
cillations that are, of course, not predicted by the linear model for quantization introduced above (see,
e.g., [19,44,47]). As implied by Assumptions 3 and 4, we assume in this paper that quantizer overload is
infrequent enough and, accordingly, that it has no significative effect on overall closed loop performance.
(Careful design of the quantizer loading factor may act as a safequard against quantizer overload.)

Considering the model for quantization described above, together with the nominal loop description
in Section 3.1, it is easy to derive the linear model shown in Figure 3 for the considered NCS. (Note
that we have made the perfect reconstruction constraint explicit.) In Figure 3, ¢ satisfies Assumptions
3 and 4, and r, d,, d,,, satisfy Assumption 2. We will refer to this model as the linear model. 1t will be
the basis of the remainder of this paper.

4 Mean Square Stability

In this section we study stability properties of the linear model for the considered NCS derived in
Section 3. In particular, we characterize all filters F'(z) and A(z) that lead to stable linear models (in
an appropriate sense) for a given quantizer signal-to-noise ratio . As a byproduct, we characterize the
minimal quantizer signal to noise ratio -y that allows one to find F(z) and A(z) such that the resulting
linear model is stable.

We begin by noting that, if « is a n-dimensional vector that contains the states of C(z), G(z),
A(z), A(z)~! and F(z) (see Figure 3), then the evolution of 2 can be described by a linear state space
model:

z(k+1) = Az(k) + Byw(k) + Byq(k), z(0) £ x,, (10a)
v(k) = Cpx(k) + Dyyw(k) + Dgoq(k), (10b)
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Figure 3: Linear model for considered networked situation.

where A, By, By, Cy, Dy and Dy, are matrices of appropriate dimensions that depend on the particular
realizations of C(z), G(z), A(z), A(z)~! and F(z). Next, since we are considering a stochastic system,
we need an appropriate notion of stability:

Definition 1 (Mean Square Stability [12,13,31]) The linear system in (10) is Mean Square Sta-
ble (MSS®) if and only if there exist a finite u, € R™ and a finite R, € R™™" R, > 0,19 both not
dependent on the initial state x,, such that'!

tim gz (k) = p, - Jim € { (@(k) = pra(B) (o (R) — (B } = R, (11)

k—oco
where (k) = € {x(k)}.
The next theorem gives necessary and sufficient conditions for MSS in our case:

Theorem 1 (Conditions for Mean Square Stability) If Assumptions 1-4 hold, and x, is an in-
dependent random variable with finite mean and finite variance matriz, then the linear model in Figure
3 is MSS if and only if A(z) € U, F(2) € RH2 and

7> |IT() + S(z)F(2)f5. (12)

Proof: Define R,, as the variance matrix of w. Since the spectral factor of w, ,(z), belongs
to RHs, we lose no generality if we restrict attention to the case where Q,,(2)Q,(2)~ = Ry, > 0, for
every z (i.e., if we assume that w is white noise). The general case employs the same arguments, but
requires an augmented description of the system that has additional stable modes.

9By a slight abuse of notation we will also use MSS to refer to Mean Square Stability, where the meaning is clear
from the context.

10> stands for positive semi-definite.

11g £} stands for the expectation operator. We also note that the definition of limit implies that these quantities, if
they exist, are unique.



Consider the state space description of the system under study given by (10). Standard results

allow one to conclude (see, e.g., Chapter 4 in [56]) that under our working assumptions

Mm(k) =ArE {xo} (13)
Ry(k+1,k+1) = AR, (k,k)A" + By By] Ruq [Bw B,]", (14)

where R, is the variance matrix of the vector [w(k) q(k)]T and

Ry (k, ) 2 € {(2(k) = pra(R)) (2(k) = pra ()"} (15)

Moreover, we also have that

,uv(k) = Ovﬂx(k) (16)
Ry(k, k) = CyRo(k, k)CH + [Duw  Dgo] Rug [Duww D] ™ (17)

where p, (k) and R, (k, k) are defined as p,(k) and R, (k, k), but considering v instead of x.

e (=) If the NCS is MSS, then both p, and R; > 0 are finite and unique. Therefore, (13) implies
that A must be stable. On the other hand, we also see from (17) that limy_ . R, (k, k), i.e., the
stationary variance of v, say o2, must be positive semi-definite, finite and unique.

Since the nominal loop is stable, a simple calculation shows that A being stable implies that both
A(z) and A(z)~! must be stable, and moreover, that F(z) is stable. Of course, both A(z) and
A(z)~! must be proper and, on the other hand, F(z) is constrained to be strictly proper (recall
Constraint 1). Therefore, it follows that A(z) € Uy and F(z) € RHs.

If A is stable, then it is easy to see that the stationary variance of v satisfies (see also Section
5.1)
2 2
0y = ||A(2) Ty, (2)Rull; + 0 [IT(2) + S(2) F(2)]]3, (18)

where T, (2) is defined in (30), and where we have used the fact that w is uncorrelated with ¢
and is such that Q,(z) = R,. Using the definition of 7 in (18) yields

g2 = AT, ORul; 1)
7= TG+ SEFEIR

Therefore, we conclude that, provided A is stable, o2 being positive semi-definite, finite and
unique is equivalent to (12).

e (<) Since the nominal loop is stable, F'(z) € RHz and A(z) € U, we have that A is stable.
Therefore, it follows from (13) that p, is finite, unique and well defined.

If (12) holds, then the facts deduced when proving the sufficiency part of this theorem imply
that o2 is positive semi-definite, unique and finite. Using the definition of -, it then follows that
03 is positive semi-definite, finite and unique. Therefore, R,  is positive semi-definite, unique
and finite and, since A is guaranteed to be stable (see above), then we have that the Lyapunov
equation that describes the limiting value of R, (k, k) in (14) admits a finite, unique and positive
semi-definite solution (see, e.g., Section 21.1 in [67]). Therefore, we have proven that R, is as

required. This completes the proof.
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The condition for MSS given in Theorem 1 is deceivingly simple. This is due to the fact that the
nominal loop is assumed stable and we are focusing on coding systems that achieve perfect reconstruc-
tion (recall Section 3.2). It is relevant to note that (12) does not depend on A(z). Therefore, one can
easily characterize the greatest lower bound on v that allows one to guarantee MSS:

Theorem 2 (Minimal signal-to-noise ratio for MSS) If Assumptions 1-4 hold, and x, is an in-
dependent random wvariable with finite mean and finite variance matriz, then there exist filters A(z)
and F(2) that allow one to guarantee MSS if and only if

¥ > e £ inf ||T(2) + S(2)F(:)l; = (H Ipil2> -1 (20)

F(Z)GRHQ
where {p;}icq1,... ny denotes the set of unstable poles of G(2)C(z).

Proof: It suffices to compute infp(.yern, [|T(2) + S(z)F(z)Hg (see Theorem 1). To that end,
we employ the techniques described in detail in, e.g., [8,39,64]. We first note that F(z) € RHy <
Q(2) £ 2F(2) € RHoo. Define

+

es(z) = [[ 22 (21)

z— D
i1 bi

where {p;},. {1, mpy denotes the set of non-minimum phase zeros of S(z) that lie strictly outside the

unit circle (i.e., the unstable poles of G(z)C(z) outside the unit circle). It is clear that £5(z) € RHy,
is unitary, and is such that the transfer function £s(2)S(z) belongs to RHx, is biproper and has as
non-minimum phase zeros the zeros on the unit circle of S(z) (i.e., the poles on the unit circle of
G(2)C(z)). It thus follows that

2

IT(2) + S()F ()|l = [|1 = S(2) + 5(2)2 7' Q)]
= [|€s(2) — £s(2)S(2) + €s(2)8(2) 71 Q(2)| |
= llgs(2) — €5(0)[[3 + ||2€5(0) — 2€s(= > (2) + £5(2)S(2)Q(=) I3
= |les(2) — €5 (O)]13 + [|Es(0) — £s(00)|[3 +
1 (€5(2)S(2) — €5(00)) — £5(2)S(2)Q2)Il3 - (22)

where we have used orthogonal decompositions in Lo, the fact that both £s(z) and z are unitary,
the fact that Assumption 1 implies S(oco) = 1, and basic properties of the 2-norm. By construction,
2 (€s(2)S(2) — €5(00)) € RHoo and £5(2)S(2) is invertible in RH o, except for zeros on the unit circle.
Elementary results (see, e.g., Chapter 6 in [64]) allow one to conclude from (22) that

F(z§2£2m IT(2) + S(2)F(2)|l5 = ll€s(2) — Es(0)]]3 + [|€5(0) — Es(00)|I5
=1+ 2¢5(0)% — 2¢5(0)€s(00) + £s5(00)?

_ 2Re{21ﬂ ) fs(ejw)fs(O)Hdw} (23)

—T

10



Use of the Residue Theorem and some simple algebra yields the desired result. ([

Theorem 2 states a precise condition that the quantizer signal-to-noise ratio v has to satisfy in
order to be able to find a coding system that, when inserted in the feedback path of a stable nominal
loop, guarantees the MSS of the resulting linear model. The bound on v depends only on the unstable
poles of G(z)C(z), i.e., on the unstable poles of the plant and controller. If the plant model is strongly
stabilizable (i.e., can be stabilized using a stable controller; see, e.g., [18]), then employing a stable
controller in the nominal loop allows one to find a feedback coder capable of stabilizing the resulting
linear model if and only if

v > <1—G[ [2e3 2) -1, (24)

i=1

where {pg, }icf1,... ng} denotes the set of unstable poles of G(z). We note that the same conclusion
applies if the controller is stable except for poles on the unit circle (e.g., controllers with integral
action).

If we fix F(z) = 0, then v must satisfy v > ||T(z)||§, which is a fixed constraint in our framework.
If it were possible to redesign the controller under the constraint F'(z) = 0, then one can use the results
in [8] to establish that the admissible signal-to-noise ratio must satisfy

nag
v > (H |pG1|2> —1+Ag, (25)
=1

where Ag is non-negative and depends on the non-minimum phase zeros and on the relative degree
of the plant model G(z) (Ag = 0 if and only if G(z) is minimum phase and has relative degree equal
to one). We thus conclude that the inclusion of the proposed coding system allows one to reduce the
requirements on the quantizer signal-to-noise ratio, at least for strong stabilizable plants (regardless
of the plant zeros or relative degree). This reduction may be very significative if, e.g., the plant has
high relative degree. This is an important indication of the benefits that coding brings to networked
control situations. A question that remains open, however, is whether or not there exist different
coding architectures that allow one to recover (24) for any plant.

Remark 2 (Relationship to prior work) In [8] it is proved that (25) is the minimal signal-to-noise
ratio that allows one to find one-degree-of-freedom controllers that stabilize a given LTI plant model
over an additive noise channel with a power constraint. In a second step, the authors show that a
Gaussian memoryless channel, with a signal-to-noise ratio v that satisfies (25), would have a capacity
Cup (see, e.g., [14]) that satisfies

1 — 1 Ag —
Cap = 5 logy (1+79) > Zlogz PG| + 5 log, (1 + W) = logy [P, | £ Rint, (26)
i=1 =1 i i=1

where Ry is the minimal data-rate which is necessary and sufficient to stabilize an LTI system over
an error-free bit-rate limited channel [{0]. FEquality in (26) is achieved if and only if the plant is
minimum phase and has a relative degree equal to one. These results suggest that signal-to-noise ratio
requirements in LTI one degree-of-freedom control loops are, for a restricted class of plants, consistent
with the minimal data-rate requirements of [40]. If the plant has non-minimum phase zeros, or has
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a relative degree larger than one, then Ag > 0 (see (25)). It thus follows that, in these situations,
data-rate requirements suggested by signal-to-noise ratio considerations may be more demanding than
those in [40].

Our results can be applied to the channel model in [8] as well, provided error free feedback (with a
unit delay) is available from the channel output to the channel input.'? When doing so, it turns out
that (24) is consistent (in the sense described above) with the minimal data-rate derived in [40]. Our
results holds even if the plant model has arbitrary relative degree and arbitrary zeros, as long as G(z)
is strongly stabilizable. We thus conclude that, within the LTI framework, the use of feedback coding
is key to achieve (24) and, accordingly, key to make signal-to-noise ratio requirements consistent with
the results in [40]. We stress that the issue of existence of feedback from the channel output to the
channel input is inconsequential to the set-up used in [40] because the channel is error free, as in our
case. (Note that the assumption of channel feedback has been explicitly made for NCS’s with stochastic
channels (see, e.g., [3,59,61]) again recovering the results in [40]. If channel feedback is removed from
the analysis of [59,61] then the minimal data-rates for stabilization obtained do not necessarily coincide
with those in [40] (see Section VI in [60])).

5 Design for Performance

In this section we go beyond stability and focus on how to actually design a feedback coding system that
minimizes the impact that the communication channel has on closed loop performance, as measured
by the steady state variance of the tracking error.

5.1 Problem definition

The purpose of this section is to define the performance goals of interest in a precise way. To that
end, we consider the linear model in Figure 3. Straightforward analysis reveals that the tracking error
obeys

e=Twe(2)w+T(2)A(2) (1 - F(2))q. (27)

Therefore, if the linear model is MSS and Assumptions 2 and 3 hold, then the stationary variance of
e exists and is given by

02 = ||Tue(2)Q0 (2)|15 + 02 | T(2)A(z) (1 — F(2))|]5, (28)

where Q,,(2) is a spectral factor of the power spectral density of w. Since Assumption 4 holds, 03 is

not a given constant; indeed, it depends on the variance of v. Proceeding as above (and using the same
assumptions), it follows from Figure 3 that
v = A(2)Twy,, (2)w = (T(2) + 5(2)F(2))g; (29)
where
Twy,, (2) £ [T(z) S(z) —S(z)} , (30)

12The authors of [8] exclude channel feedback from their setting.
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and, accordingly,
07 = 1A(z) Ty, ()2 (2[5 + 05 IT(2) + S() F(2)][5 (31)
Using (9) and (31) in (28), it follows that
o ATy, (2 )1
T T + SEFE)L
1AG) Ty, (995 T AR) 1= FE)l;
Y= IT(2) + () F(2)ll;

(32)

0’2 = ||Twe(2)Qw(z)||g +

(33)

We note that MSS of the linear model guarantees that v —||T(z) + S (z)F(z)||§ > 0 and, consequently,
03 > 0, as expected.

We note that, since C(z) is assumed to be given, the choice of the coding parameters (i.e., A(z)
and F(z)) affects only the second term in (33), which we denote as

A T ()2 [T AE) ™ (1= FE)],

o |
J(A(2), F(2)) = v=IT(2) + S(2)F(2)ll;

(34)

Accordingly, we can state the problem of interest as follows:

Problem 1 (Main problem) Given a fized v € (7int,0), a controller C(z) and a plant G(z) that
satisfy Assumption 1, and exogenous signals satisfying Assumption 2, find Jop: defined via

£ b J(AG).F(2) (35)
F(Z)GR?D'?Q

[IT(2)+S(z)F(2)l13<
and filters A(z) and F(z) that achieve Jop (or approzimate Jop arbitrarily well).

We note that all constraints in the formulation of Problem 1 stem from MSS considerations, as
discussed in Theorems 1 and 2. We will use the term admissible A(z) (resp. admissible F'(z)) to refer
to a filter A(z) (resp. F(z)) that satisfies the constraints in Problem 1.

Problem 1 is non-trivial. Indeed, the much simpler problem of designing A(z) and F(z) so as to
minimize the steady state variance of §,,, — Ym, when G(z) = C(z) = 0 and d,,, = r = 0 has been only
recently solved exactly (see [17]). This is quite surprising given the fact that feedback quantizers have
been studied extensively (see, e.g., [30,50,57]). Unfortunately, the technique employed in [17] does not
seem to yield an explicit characterization of the solution in the present situation. Instead of pursuing
that line of reasoning here, we will derive an iterative approach that is guaranteed to yield performance
that is arbitrarily close to optimum.

Before describing the proposed design procedure, we note that the following holds:

Fact 1 (Asymptotic behavior of J,,,) Assume that the conditions of Problem 1 hold. Then:

1. If v — %ing, then Jop — 00 (unless all exogenous signals have zero spectral density, in which case
J(A(2)F(2)) = 0 for every admissible A(z) and F(z)).
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2. If vy — o0, then Jopr — 0.
Proof:

1. By definition of J,p:, we have that v — vinr = ||T(2) + S(Z)F(z)||§ — %Yint. Thus Jopy — 00
unless either ||T(2)A(2)(1 — F(2))]|3 = 0 or ||A(2) Ty, (2)Qu(2)||5 = 0. Since A(z) € Us and
Assumption 1 holds, the result follows upon noting that inf p(.)er, [|T(2)A(2)(1 — F(z))||g > 0.

2. Fix A(z) € U and F(z) € RHs. In these conditions, v — oo = J — 0 and hence, J,,r — 0.
oo

As a consequence of Fact 1, we will omit from our subsequent presentation an explicit analysis of
the cases v — 0o or v — 7int. (The reader can easily verify that the results below are consistent with
Fact 1 by letting v — oo or v — %int.)

5.2 Choosing A(z)

We begin by showing how to choose A(z), when an admissible F(z) is given. To that end we define,
for any given admissible F'(z),'3

T(F() & | inf J(A(z). F(2), (36)
Ay () 2 arg | b J(A(:), F(2)) (37)

The next theorem characterizes both .J} ;

(F(2)) and AZ(2).

opt

Theorem 3 (Optimal A(z) for a given F(z)) Assume that the conditions of Problem 1 hold and
consider a fived admissible F(z). If Q,(2) is not identically zero, then:

1. The minimal value of J is given by

Topt(F(2)) =
(12 1710~ F)] VT OO Ty )
¥ = IT(2) + S(2)F(2)|l;
2. The corresponding optimal A(z) satisfies
452 )] = ey~ re) Ywel-mal,  (39)

Ty ()0 (3 () T Ty, (32)

where « is any arbitrary positive real.

13See comments in Appendix on the notation arg inf.
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Proof: The definition of the 2—norm allows one to conclude that, for every X(z) € RN Lo, the

following identities hold:
_ 2
IXEIE = [ X7 = H\/X<z—1>TX<z>

Both (38) and (39) follow using (40) and the Cauchy Schwartz inequality in (34) (note that (39)
is always well defined if Assumption 1 holds, and €,(z) is not identically zero). To complete the

. (40)

proof we note that (39) is a condition on the magnitude of the infimal filter A(z). Thus, Ai,(tz) can

always be approximated, to any desired degree of accuracy, by a rational filter in Uy, as required. O]

Remark 3 Of course, assuming that ., (z) is not identically zero does not hinder the generality of
Theorem 3 (see Part 1 in Fact 1).

The characterization of Afp(f)(z) given by Theorem 3, although explicit, is usually not satisfied by
any transfer function in U,,. This is due to the fact that, except in very special cases, the 4th root
of the right hand side in (39) is irrational. Nevertheless, as mentioned in the proof of Theorem 3,
it is always possible to find a filter in U, that achieves a performance that is as close as desired to

J(}pt(F (2)).1* In practice, it is usually enough to consider reasonably low order filters to approximate

AP (2) (see also [23]).

opt

5.3 Choosing F(z)

In this section we address the problem of choosing F'(z) when an admissible A(z) is given. Consistent
with the notation introduced before,
Topt(A(2)) = inf J(A(2), F(2)) (41)

F(Z)GRHQ
1T (2)+5 (=) F (=)l l5<y

denotes the minimal value of J when A(z) € Uy is fixed. We also define

A .
Fop(tz)(z) £ arg F(z§1€1g€H2 J(A(2), F(2)). (42)
IIT(2)+S(2)F(2)|I5<y

We begin by noting that J2,,(A(z)) can be written in a simpler form as follows:

Fact 2 (Equivalent formulation for J2

opt(A(2))) Assume that the conditions of Problem 1 hold and
consider a fived A(z) € Uso. Then,

Top(A) = 1A T, U f  ——37 | i S(F(), (43)
e J2(F(2)=M
where
J1(F(2) 2 [|[T()ARZ) 1 - F)||;. R(F(2) 2 |IT(2) + S()F(2)]]5 (44)

14This is, of course, consistent with the definition of Af;f) and the definition of arginf (see Appendix).
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Proof: Using the definition of J and the fact that A(z) is fixed, it is immediate to see that

J2,(A(2)) = ||A(2) Ty, ()0 (2)]l5 JE L S %
J2(F(z))<~vy

(45)

Define a new real variable, M, constrained to belong to [yint,7y). With this definition, elementary
optimization results (see, e.g., Section 4.1.3 in [6]) allow one to write (45) as

2 . J1(F(2))
Topt(A(2)) = [|A(2) Ty, (2)Q (2)]; F(Z§2%H2 ST (46)
To(F(2)=M
Yint <M <y

where we have used the fact that, by definition of yint, J2(F(2)) > 7int for any F(z) € RHz. The
result is now immediate. [

Fact 2 is key to derive the main result in this section. Namely, a one parameter characterization

for J3,,(A(z)) and the corresponding optimal F(z). Towards that goal, we begin by considering an
auxiliary problem. Define the functional
Le = e1(F(2)) + (1 =€) 12(F(2)), (47)
where € € [0,1], and
F.(z) & inf L. 48
(2) Sarg  inf (48)

We have the following characterization of F¢(z):

Lemma 1 (Solution to auxiliary problem) Consider L. defined in (47) and suppose that Assump-
tion 1 holds.

1. If e € (0,1), then the infimum in (48) is achievable in RHs and
F.(2)=1—P.,(0)P. ,(2)7 ", (49)
where P, ,(z) € U is an outer factor of

& Ve AT AR)
re 2 [ DD ] o

and
nt nt
A 71— 26 a TT 1 2D
= m 5 = 9 51
@ [ w2 1) G1)

neg

where m is the relative degree of G(2)C(z), {ci}ie{l,m, +y (resp. {pi}ie{1,~~~,n:}) is the set of
non-minimum phase zeros (resp. wunstable poles) of G(2)C(z) that lie strictly outside the unit
circle.

16



2. If e=0, then

Fy(z) =1 — (€5(2)5(2)) " €5(c0) (52)
and, if e =1, then

Fi(2) =1 A(2) (er(2)T(2)) " {&r(2)T(2)A(2) " }]_ - (53)

3. Ife=0 (resp. € =1), then the infimum in (48) is achievable in RHsz, if and only if G(2)C(z)
has no poles (resp. zeros) on the unit circle.

Proof:

1. We will proceed as in the proof of Theorem 2 (see also [11]). As before, we define Q(z) € RH oo
via F(2) £ 271Q(2). It is easy to see from (22) that

Lo = (1= ) (s + |12 (€5(2)S(2) — 5(00)) — £5(2)S()Q(=)II3) +

e||T(2)A(z) ™" = T(2)A(x) "2 Q(2) (54)

)l

Moreover, using the same procedure as in the aforementioned proof, it is also clear that

|IT(2)A(2) 7! = T(2)A(2) "' 271 Q2)|[; = || 260 (2)T(2) A(2) ™" — 27 (2)T(2) A(2) ' Q(2)| 5

= {Ea(TE@AC) Y+
_ _ _ 2
|2 (€r()T(2)A(2) ™" = {&r (DT (2)A(2) '] L) — &r(:)T(2)A(2) 1 Q(2) ]
where we have used the fact that the relative degree and non-minimum phase zeros of T'(z) are
the relative degree and non-minimum phase zeros of G(2)C(z), that £7(z) and z are unitary, and
that, since A(z) € Uso, &7 (2) is such that &p(2)T(2)A(2)~! belongs to RH, is biproper and

has as non minimum phase zeros the zeros on the unit circle of T'(z) (i.e., the zeros on the unit
circle of G(2)C(z)). From (54) and (55) it follows that

(55)

L= (1 )’me +e€ {gT 1}|z . 67 (56)
where
L2 |W(2) = Pu(2)Q()Il; (57)
P.(z) (defined in (50)) belongs to RH o, is biproper, and

s [Vez (Er(2)T(2)A(2) ! = {&r(2)T(2)A(2) 1} _)
W(z) \/ﬁz(ﬁs( 15(2) - £5(00)) }ERHOO. (58)

Define the unitary matrix

A Pe,i(Z)N
¢2) = |p _ Pe,i(Z)PEvi(Z)N] ’
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where P, ;(z) is an inner factor of P.(z) and P. ,(z) is the corresponding outer factor. We note
that, since Assumption 1 holds, P.(z) has no zeros on the unit circle for € € (0,1). Thus, for
those values of €, P ,(2) € Uno.

Pre-multiplying the argument of HH; in (57) by ¢(z) it is immediate to see that
Lo = |(I = Poi(2)Pea(2) ) W ()5 + || Pei (2) "W (2) = Peo(2)Q(2)]5 (60)
A straightforward calculation shows that
P.;(2)"W(z) = 2P o(2) — 2P ;(2)~ Pe(0). (61)
Therefore, orthogonal decompositions as those employed before allow one to write

Lo = ||(I = Pei(2)Pei(2) ") W(2)|[5 + [| Peo(00) = Pei(z) ™ Pe(o0) [ +

|[2 (Pe,o(2) = Peo(o0)) — Pe,O(Z)Q(z)H; . (62)
Since P, ,(z) € U the result follows.
2. If e € {0,1}, then (54) and (55) yield immediately the results.

3. The result follows upon noting that, by definition of &7(z) and &g(z), (£5(2)S(2))~! (resp.
(ér(2)T(2)A(2)~1)71) belongs to RH if and only if G(2)C(2) has no poles on the unit cir-
cle (resp. zeros on the unit circle).

([

The characterization of F,(z) given in Lemma 1 plays an essential role in our subsequent discussion.
It is worth mentioning that the only critical step when calculating F,(z) is the inner-outer factorization
of P.(z). Since P.(z) has no zeros at infinity (i.e., P.(z) is biproper), this factorization can be made
with the aid of standard algorithms (see, e.g., [20,46]).

The next theorem provides a characterization of the optimal F'(z) in terms of F.(z).

Theorem 4 (Optimal F(z) for a fixed A(z)) Assume that the conditions of Problem 1 hold and
consider a fived A(z) € Uso. Then,

Fpp?(2) = Fer (2), (63)
T AGE)) = A T, (I 2T (64

wherel®
€* £ arg min Ni(Fe(2)) (65)

c€(0.6) v — J2(Fe(2))
In (65), € is defined as follows: If there does not exist € € (0,1] such that Jo(Fe (z)) = v, then é = 1.

Otherwise, € = €, where € is the unique real in (0, 1] such that Jy(Fe (2)) = 7.

15We define ¢* using arg min instead of arginf to stress that the infimum in (65) is actually achieved in (0, ¢).

18



Proof: We will use the alternative formulation for J in Fact 2.

1. We first show how to solve an auxiliary problem related to the inner optimization problem in
(43). Consider the problem:

inf  Jy(F(2)). 66
i, MG (66)
To(F(2)) <M

The well-known KKT conditions for this problem (see, e.g., [6,35]) allow one to conclude that
the optimal F'(z), say Fauz(2), (if it exists) is a critical point of A1 J1(F(2)) + A2 J2(F(2)), where
A1+ A2 > 0, A1, A2 > 0 and, moreover, Aa(Jo(Fuuz(2)) — M) = 0. It is immediate to see that
this is equivalent to saying that Fi,.(z) is a critical point of L. (see (47)), with € € [0, 1] and
(1= &)(S2(Faue(2)) = M) = 0.

L. is a strictly convex functional (and so are J; and J3). Hence, it has an unique critical point
given by F.(z) (see (48)). Moreover, the set of points in the J; versus Jo plane defined by
F.(z), when € ranges from zero to one, is the set of Pareto optimal points of the multi-objective
problem of minimizing simultaneously J; and Js (see, e.g., [6,15]). This set is a (strictly) convex
and decreasing function when Jj is seen as function of J,. Clearly, the Pareto optimal point
corresponding to € = 1 (resp. ¢ = 0) is such that J; is minimum (resp. Jo is minimum).
Thus, by definition of Pareto optimal point, the minimum of J;, when Jo < M is achieved
when Jy = M, provided J3(Fi(z)) > M. If Jo(Fi(z)) < M, then the minimum J; is achieved
when Jy = J3(F1(z)). As a consequence, the optimal solution of the auxiliary problem is given
by Fauz(z) = Fe,, (%), where, provided J2(Fi(z)) > M, epr belongs to [0,1] and is such that
J2(Fe,,(2)) = M (note that convexity ensures that, in this case, eps is unique). On the other
hand, if Jo(F1(2)) < M, then ey = 1.

2. We next show how to exploit the above reasoning to prove the result. We first note that, since
F1(z) optimizes Jq, it is of no use to consider values of M such that Jy(Fi(z)) < M (note also
that M — ~i,¢ is optimal for the first optimization problem in (43) and, accordingly, constraining
J2(F1(z)) to be greater than or equal to M does not impede the minimization of J). Thus, Fyp:(2)
satisfies

1

F, = inf inf J1(F 67
opt(2) = arg i EM <y y — M F()eRMs 1(F(2), (67)
MSJQ(Fl(Z)) JQ(F(Z)):M

Using Part 1 it follows that F,,.(z) = F.

tye (2) with M* such that
F,
M* = arg inf J1(Fey (2))

inf <M — Jo(F. ’
oM 2(Fey (2))

(68)

where €); is guaranteed to exist in [0, 1] (and to be unique). A key feature of this problem is that
the Pareto optimal points of the auxiliary problem considered in Part 1 do not depend on M.
Thus, varying M in [vyint, min{y, Jo(F1(2))}] is equivalent to just varying eps in [0, min{1, e, }] (if
€, [defined in the body of this Theorem| does not exist, then pick e, = 1). It should be clear
that the structure of the problem is such that M* € (vine, min{y, Jo(F1(2))}). Thus, it suffices
to consider €js € (0, min{1,e4}). As a consequence, the result follows.
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([

Theorem 4 provides a one parameter characterization of the optimal F'(z) and the corresponding
minimal cost J2,,(A(z)), for any admissible A(z). The scalar parameter € can be found using any
standard line search procedure and, as such, its calculation embodies no additional difficulties. This is
reinforced by the fact that the search for ¢* is made over (0,1) (and that €* actually exists in (0,1))

which is precisely the range of values of ¢ for which F,(z) is always defined in RH2 (see Lemma 1).

5.4 Design procedure and final remarks

In this section we show how to use the results in Sections 5.2 and 5.3 to design a feedback coding system
in an iterative fashion. Of course, one can always choose to fix one of the coder filters (trivial choices
are A(z) =1 or F(z) =0) and then use Theorem 3 or 4 to design the free parameter. Obviously, this
choice will limit the achievable performance. To exploit the full potential of a feedback coding system
we suggest that one uses an iterative algorithm such as the following:

Algorithm 1 (Iterative design procedure) For a given plant and controller satisfying Assumption
1, and a given vy > ~ing, proceed as follows:

o Initialization:

— Pick a tolerance p > 0, a transfer function Ay(z) € Uy, and a transfer function Fy(z) € RHa
that is admassible.

— Set A(z) = Ao(z), F(z) = Fo(z). Set V(0) = J(A(2), F(2)), fix A(z) (or, alternatively, fix
F(z)) and set k = 0.

e Repeat ((k+ 1) iteration):

— Setk=k+1.
— If at the (k — 1)t iteration A(z) was fived, then use Theorem /4 to obtain F;;ﬁz)(z). Set
F(z) = F29(2) and V(k) = J(A(2), F(2)). Fiz F(z).

opt (
— If at the (k — 1) iteration F(z) was fized, then use Theorem 3 to obtain Af;(tz)(z). Set
Az) = AP (2) and V(k) = J(A(z), F(z)). Fiz A(2).

opt
o Until: |V(k)—V(k—1)|V(k-1)"' < p.

It should be clear that it is not certain that Algorithm 1 will converge to the global minimum of J.
Nevertheless, it is easy to see that, by definition of Aop(tz) and Fopg ), the algorithm reduces the value
of J at each iteration. Therefore, Algorithm 1 converges, necessarily, to a local minimum. Thus, we
suggest to use multiple starting points so as to find the global minimum. A procedure for getting a
good starting point is mentioned below

In general, Afp(tz)(z) # 1 and Fopt ( ) # 0. Thus, fixing A(z) or F(z) and optimally choosing
the other filter, will obviously provide a coding system that enhances closed loop performance when

compared with a non-coded networked situation.!® It is also clear that the use of Algorithm 1 allows

16Provided both situations us the same channel, the same quantizer and the same loading factor.
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one to design coding systems that will always outperform coding systems that have been designed
using the guidelines in our earlier work described in [23]. This is a consequence of the fact that [23]
constrains F(z) to be identically zero.

A more interesting discussion arises if one compares the results in this paper with the results in [53].
In the latter work, it is assumed that «y is sufficiently high so as to be able to approximate J in (34) by

1AG) Ty (9l [T AR M1 - P,
v

Joo &

(69)

In order to minimize J it suffices to choose A(z) so as to minimize \|A(z)ﬂuym(z)§2w(z)||§ and, in

a second stage, to choose F(z) as the minimizer of ||T(z)A(z)~*(1 — F(z))||§ [53]. A problem with
the above approach is that deciding, a priori, which ~+’s are high enough seems to be impossible.
In particular, since the procedure in [53] does not take the constraint v — ||T(z) + S(Z)F(Z)Hg >0
explicitly into account, the proposed choice for F(z) may be not admissible or may be such that
J(A(2), F(z)) — oo. (Needless to say, this drawback is explicitly avoided in the current paper.) It is
also clear that choosing A(z) as in [53] and, then, using Theorem 4 to choose F(z) will always lead
to a feedback coder that achieves a tracking error variance that is lower than the one achieved by the
filters proposed in [53]. Of course, if the filters suggested in [53] are feasible, then they may provide a
good starting point for Algorithm 1.

6 Design Example

This section documents a design study that illustrates the results in this paper. We consider a very
simple case that, nevertheless, will allow us to present the main features of our proposal.
We consider a nominal loop with plant and controller given by

Glz)= —— () =208 (70)

The measurement noise and output disturbance are assumed zero, whilst the reference is considered
to have a power spectral density with spectral factor

0.02z

Q.(2) = ——

(71)

The quantizer loading factor is fixed at 4 in all cases,!” and the number of quantization levels, L = 2,
ranges between L = 2! and L = 2. Since we do not consider the use of channel coding schemes (e.g.,
entropy coding; see [9,14]), b corresponds to the rate at which data is sent through the channel (in
[bit/sample]).

Figure 4 shows the steady state tracking error variance o2 (see (33)) as a function of the number of
iterations in Algorithm 1 for two representative values of the quantizer signal-to-noise ratio: v = 1.6875
and v = 9.1875, which correspond to b = 2 and b = 3, respectively. Cases 1 and 2 refer to iterations
that start with Ag(z) = 1 and Fy(z) = 0. In Case 1 we initially fixed A(z), whereas in Case 2 we start
fixing F'(z). Case 3 refers to iterations that start with the choices suggested in [53]. We note that v
has to be greater than 4.42 in order for the proposal in [53] to be admissible. (Accordingly, we omitted

7 This corresponds to the well known 4o rule; see [30].
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Figure 4: Tracking error as function of the number of iterations in Algorithm 1 (see text for details).

Case 3 in Figure 4 when v = 1.6875.) It can be seen that rapid convergence of Algorithm 1 occurs and,
more interestingly, that the limiting performance does not depend on the order in which the filters are
calculated or on the initial condition. Thus, local minima related issues do not seem to play a role in
this example.

In Figure 4 we have identified three points. The first of these (point (1)) refers to the performance
achieved without coding (F(z) = 0 and A(z) = 1). The second (point (2)) refers to the performance
achieved when employing the optimal coding system proposed in [23]. The third (point (3)) refers to
the performance achieved using the approximately optimal filters described in [53].

The results show that coding is, indeed, necessary to achieve the best possible loop performance.
(Compare point (1) with, e.g., the value of o2 for 10 iterations.) It is also possible to see that use of
Algorithm 1 yields coding systems that perform better than our previous proposals in [23,53], which is
consistent with the discussion at the end of Section 5.4. (Compare points (2) and (3) with the limiting
value for 02.) It is also interesting to mention that, for b > 4, the performance provided by the filters
in [53] is substantially closer to the limiting value of o2 than the case shown in Figure 4. This suggest,
as mentioned before, that the filters in [53], when feasible, provide good starting points for the iterative
procedure proposed here.

We end this section by studying the behavior of the tracking error variance as a function of the
channel bit rate b. The results are presented in Figure 5, where “Nominal performance” refers to the
performance achieved by the nominal loop (without quantization), “No coding (empirical)” refers to
simulated results'® when no coding is employed (i.e., when A(z) = 1 and F(z) = 0), “Opt. coding
(empirical)” refers to simulated results obtained with the filters suggested by Algorithm 1 (after 10
iterations), and “Opt. coding (analytical)” refers to the corresponding predictions made using the
simplified noise model for quantization. One can see that, as expected, the effects of quantization
vanish as b — oo. Interestingly, the predictions made using our model turn out to be very accurate for
every bit rate: indeed, for b > 3 the relative errors are of less than 1% and, for b € {1, 2}, the relative
errors are around 8%. (We note that F'(z) = 0 turns out to be non-admissible for b = 1. Accordingly,

18 All simulations use an actual undithered uniform quantizer with L = 2° levels. For each b, the results correspond to
the average of 200 simulations (each one 10° samples long and using a different reference realization).
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Figure 5: Tracking error as function of the channel bit rate.
we have omitted the non coded results for b = 1.)

7 Conclusions

This paper has presented a methodology to design feedback quantizers that encode plant output
measurements in a networked control situation employing data-rate limited channels. Using a fixed
signal-to-noise ratio additive noise model for quantization, we have shown how to iteratively design
the parameters of a feedback coding system so as to minimize the impact of quantization on the closed
loop tracking error. Our results show that feedback quantization schemes are beneficial when compared
to simpler schemes documented in the literature. An interesting by-product of our results lies in the
characterization of the smallest quantizer signal-to-noise ratio compatible with stabilization. We have
shown that, for a given quantizer signal-to-noise ratio, the class of plants that are stabilizable when
feedback coding is employed is significatively larger than the class of plants that are stabilizable when
no coding is used. This result opens the door to investigating other LTI control and feedback coding
architectures and the associated signal-to-noise ratio requirements.

A very interesting extension of the present work lies in addressing multiple-input multiple-output
problems. In that case, it is worth exploring how networked architectures may help overcoming the
well-known performance limitations that arise when constraining the structure of the controller (see,
e.g., [29,52]). A second immediate extension lies in the problem of joint controller and coder design.
The study of how to apply similar ideas to the case of channels prone to data loss is also interesting
(see preliminary work in [54]).

A Appendix
Consider a set X and a function J defined on X C X (and extensible to X). If infxecx J(X) exists
and infxecy J(X) is achievable in X, i.e., if 3 X* € X such that J(X*) = infxcx J(X), then Xop =

arginfxcx J(X) = X*. On the contrary, if # X* € X such that J(X*) = infxex J(X), then Xop
defined as above should be understood as X,p; = lim,, 00 X, where {X,, }nen is a sequence in X
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(whose limit belongs to /'lA’) such that lim,, . J(X,) — inf xex J(X). Therefore, if we write X,,; = X
and X ¢ X, it is implicit that one can find a sequence {X,, },en as above. In these cases, it is clear
that one can always pick an X € X such that J(X) is as close to inf xex J(X) as desired.
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