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1. Introduction

There has been a lot of interest in quantized feedback control in
recent years due to the emergence of networked control systems.
The idea of modeling the quantization error as an additive white
Gaussian noise began to be challenged in the new environment
where only very coarse information is allowed to propagate
through the network due to limited network bandwidth or for the
purpose of energy saving, e.g., in wireless sensor networks.

The change of view on quantization can be traced back to the
paper (Delchamps, 1990) where the author treated quantization
as partial information of the quantized entity rather than its
approximation, and demonstrated the significance of the historical
values of the quantizer output. Since then, various methods for
studying quantization effects on control and estimation have been
developed.

The research on quantized feedback control can be categorized
depending on whether the quantizer is static or dynamic.
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A static quantizer is a memoryless nonlinear function while
a dynamic quantizer uses memory and is more complicated
and potentially more powerful. Following Delchamps (1990),
Brockett and Liberzon (2000) studied a dynamic finite-level
uniform quantizer for stabilization and pointed out that there
exist a dynamic adjustment policy for quantizer sensitivity and
a quantized state feedback controller to asymptotically stabilize
an unstable linear system. This raised a fundamental question:
how much information needs to be communicated between the
quantizer and the controller in order to stabilize an unstable
linear system? Various authors have addressed this problem under
different scenarios, e.g., Baillieul (2002), Nair and Evans (2004),
Tatikonda and Mitter (2004) and Wong and Brockett (1999), and
the appealing data rate theorem states that the minimum average
data rate required for stabilization is given by the following
inequality:

R> )" log |A(A)] £ Ruin, 1
2 @A)=1

where A (A) denotes an eigenvalue of the open-loop system matrix
A. To achieve the minimum data rate, a dynamic quantizer is
needed.

Perhaps, one of the most interesting static quantizers is the so-
called logarithmic quantizer introduced by Elia and Mitter (2001)
and Fu and Xie (2005), which gives the coarsest quantization
density for quadratic stabilization of an unstable single input
linear system. However, the use of static logarithmic quantizers
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requires an infinite data rate. This problem is resolved by Fu and
Xie (2009), which shows that an unstable linear system can be
stabilized using a fixed-rate finite-level logarithmic quantizer with
a dynamic scaling. Though the study of logarithmic quantizers
constitutes a vast body of the literature, e.g., Ceragioli and De Persis
(2007), Carli, Bullo, and Zampieri (2010), Elia and Mitter (2001),
Fu and Xie (2005, 2009, 2010), Gao and Chen (2007), Hayakawa,
Ishii, and Tsumura (2009) Liu and Elia (2004) and Tsumura,
Ishii, and Hoshina (2009), it is unclear whether a logarithmic
quantizer can approach the well-known minimum average data
rate required for stabilizing an unstable linear system. This
problem is of interest due to the better efficiency of a logarithmic
quantizer in terms of data rate for performance control than
a uniform quantizer. Furthermore, floating-point quantization
whose relative quantization error is uniformly bounded and
independent of the quantizer input (Widrow, Kollar, & Liu, 1996)
may be treated as logarithmic quantization. Note that, scientific
calculations are almost exclusively implemented by using floating-
point roundoff and also more and more digital signal processors
contain floating-point arithmetic (Widrow et al.,, 1996). It is
practically important to account for logarithmic quantization
effects.

The above motivates the study on the attainability of the
minimum average data rate for stabilization of linear systems via a
finite-level logarithmic quantizer. Precisely, we ask the following
question: does a logarithmic quantizer require an average data rate
higher than the minimum average data rate for stabilization? The
main contribution of this paper shows that the answer is negative.
The result is confirmed by showing that the use of a finite-level
logarithmic quantizer with a variable data rate can approach the
minimum average data rate. We also show that, in the absence of
disturbance, asymptotic stabilization can be achieved via the same
logarithmic quantizer with a simple dynamic scaling.

The rest of the paper is organized as follows. The problem of
interest is formulated in Section 2. Section 3 constitutes the main
part of the paper where the attainability of the minimum average
data rate via logarithmic quantization is proved. Concluding
remarks are drawn in Section 4. A technical lemma is given in the
Appendix.

2. Problem formulation

Consider a discrete linear time-invariant unstable system
Vk € N, (2)

where x, € R" is the measurable state, u;, € R is the control input,
and wy € R"is a uniformly bounded disturbance input, i.e., ||wy|| oo
<d, Vk € N,where || - || is the I°® norm for vectors or the induced
matrix norm for matrices. Without loss of generality, assume that
A € R™" has two distinct real Jordan blocks, i.e., A = diag(J, J>),
where J; € R"*" corresponds to one unstable real eigenvalue A; €
R or a pair of unstable complex conjugate eigenvalues A;, A} € C
and |A4| # |Az|. Moreover, (A, B) is a controllable pair.

Xit1 = Axy + Buy + wy,

Remark 1. There is no loss of generality to focus on the system of
the form (2). In fact, consider a system as follows:

X1 = Axy + Buy + wy,

{J/k = (X + vk, Vken, (3)

where x;, € R" is the state, u;, € R is the control input, y, € RP
is the output, w, € R" and v, € RP are bounded additive dis-
turbances. (A, B) and (C, A) are stabilizable and detectable pairs,
respectively, and rank(B) = I < n.

Assume that all the eigenvalues of A lie outside or on the unit
circle. Otherwise, the matrix A can be transformed to a block diago-
nal form diag{A;, A,} by a coordinate transformation, where A and

A, respectively correspond to the stable and unstable (including
marginally unstable) subspaces. State variables associated with the
stable block As will converge to a bounded region for any bounded
control sequence. Thus, without loss of generality, we assume that
A has all eigenvalues lie outside or on the unit circle and (A, B, C)
are controllable and observable.

Then, a deadbeat observer (Chen, 1984) can be constructed to
estimate the state of the system. The estimation error will be uni-
formly bounded after n steps and independent of the initial state.
Hence, it is sensible to focus on the state feedback case.

By applying the Wonham decomposition to (3) (Chen, 1984),
one can convert the multiple inputs system to I single input ones.
More specifically, there is a nonsingular real matrix T € R™"

such that A = T~ !AT and B = T !B take the form: A =
Ay Az - Aq By Bi2 .-+ By
0 Ay - Ay _ 0 By -+ By
,B = . . . .|, where (A;, B;)
o 0 - A o 0 -
with A; € R ™ and B; € R™, i € {1,...,1}, is a controllable
pair and Zéz] n; = n. For illustration and brevity, let | = 2

and assume that the state feedback system is already given by
Xir1 = AXy + Buy + wy. By partitioning the state x, £ [(x})', (x2)']’
in conformity with the upper triangular form of A, two single input

subsystems are written as
Xpr1 = Aixg + Biug + ApX? + Biouf + wy; (4)
Xipq = AoXp + Boup + wy. (5)

If x; is stabilized with a communication data rate greater than
ZA(AZ) log, | (Ay)|, then ||x£ llsoc Will be uniformly bounded and
can be treated as a bounded disturbance input to subsystem (4),
which can be stabilized similarly with a data rate greater than
Z)»(AO log, |A(A1)|.As in Nair and Evans (2004, Section 3), it is con-
venient to put A, into real Jordan canonical form so as to decouple
its unstable dynamical modes. Consequently, it is sufficient to focus
on the system of form (2) since the extension of system (2) to the
case with more than two Jordan blocks can be easily carried out.

We now recall logarithmic quantizers.

Definition 1 (Fu & Xie, 2005). A quantizer is called a logarithmic
quantizer if it has the form:

. 1 . 1 :
u®, if T +8u<') <v< T3 (Su('), v > 0;
Qe (v) = 0, ifv=0: (6)
—Qx(—v), ifv <0

where u®, i € N, are from the set:
U = {2u? :u® = pu@, i =41, 42, .. JU {xu@} U {0},
O<p<l, u® > o, (7)

p represents the quantizer density and § = 1;—/‘;.

However, the logarithmic quantizer in (6) has an infinite number
of quantization levels and needs an infinite number of bits to
represent the quantizer output. Define a (2N +2)-level logarithmic
quantizer with density p € (0, 1) as follows:

pi(1—0), ifp™ <v<p 0<i<N-1
_Jo, ifo<v <oV
Q) = —Qn(—v), f—1<v<0, (8)
1, otherwise.

In the above, we have chosen u©® = 12+—”p in (6) and for any v ¢
[—1, 1], the alarm level 1 is used to indicate the overflow of the
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Fig. 1. Configuration I (left) vs. Configuration II (right).
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Fig. 2. Encoder/decoder pair for a digital channel: g > 0 is a scaling factor.

quantizer. Thus, the number of bits to represent each quantizer
outputis [log, (2N +2)7, where [-] is the standard ceiling function,
i.e,, [x] = min{l € Z|l > x}.

Two basic network configurations shown in Fig. 1 are to be
studied. Configuration I refers to the scenario where the downlink
channel has limited bandwidth while in Configuration I, the uplink
channel has limited bandwidth. Thus, the output of the controller
in Configuration I, which is a scalar for system (2), is to be quantized.
In Configuration II, the vector state measurement is quantized. As
in Tatikonda and Mitter (2004), the encoder/decoder pair for the
limited data rate communication is described in Fig. 2. The first
stage of the encoding process consists of designing a scaling factor
g~ ! such that the quantizer input z/g is within the quantization
range. The output of the finite-level logarithmic quantizer Qy (z/g),
which takes values from the set {+pi(1—8) : i = 0,...,N —
1} U {0, 1}, is encoded into a binary sequence and transmitted via
a limited data rate communication channel. The decoder receives
the binary sequence and decodes it as Qy(z/g) since we neglect
transmission errors of the channel. The quantizer output is then
scaled back by g, i.e.,, Z = gQn(z/g) to recover z if Qy(z/g) #
1. In Configuration 1, z and 2 respectively correspond to f; and
u;. While in Configuration 1I, z is a vector and corresponds to
x;, which is the state of the system after down sampling. Thus,
the quantizer in Fig. 2 is a product quantizer and consists of n
finite-level logarithmic quantizers. The above notations will be
defined in what follows. Note that, there is no separate channel
to communicate the gain value g. The main task is to jointly design
the scaling factor g, the finite-level logarithmic quantizer and the
corresponding control law to approach the minimum average data
rate of the channel, for stabilizing the unstable system in (2). We
mention that an earlier attempt has been made on scalar systems
under Configuration I in Fu, Xie, and Su (2008).

Remark 2. The two configurations differ in the way that Config-
uration Il quantizes the state first and use the quantized state to
construct the control signal whereas in Configuration I, the control
signal is constructed using the unquantized state and then quan-
tized by a finite-level logarithmic quantizer. From the information
preservation point of view, Configuration Il appears to generate
worse control actions because quantization (or information loss)
happens earlier. However, what we show in the paper is that for the
purpose of stabilization, the two configurations require the same
minimum average data rate, if variable rate logarithmic quantiza-
tion is used.

Remark 3. The two configurations have been widely adopted in
the literature. For example, Elia and Mitter (2001), Fu and Xie
(2005) and Tsumura et al. (2009) focus on Configuration 1 while

Brockett and Liberzon (2000), Nair and Evans (2004) and Tatikonda
and Mitter (2004) are restricted to Configuration II. The differences
in the present paper are that the quantizer in the encoder of
Fig. 2 is limited to a finite-level logarithmic quantizer and we aim
to approach the minimum average data rate of the channel for
stabilizing system (2).

3. Attainability of the minimum average data rate via logarith-
mic quantization

In this section, we shall design finite-level logarithmic quantiz-
ers and the corresponding control laws to approach the minimum
average data rate for stabilizing the unstable system (2) under Con-
figurations I and II, respectively.

3.1. Stabilization using quantized control feedback

Theorem 4. Consider system (2) and network Configuration I
of Fig. 1, stabilization can be achieved based on quantized control
feedback with a finite-level logarithmic quantizer if and only if the av-
erage data rate R of the channel exceeds Ryip, i.e., R > nylog, |A1| +
ny log, Azl

Before giving the proof, the controller and the quantizer are first
proposed. Note that [A1]| # ||, define the subset £(A) C N by
N, ) . lf)\] N )\.2 e R,

{ie I\I|)\"1 #* ()\’{)f}, ifA €C, Ay €R;

{ie NI)»"2 + ()“3).'}’ ifA eR, Ay €C;

{i e NJAj # (A))',j= 1,2}, otherwise.

Obviously, £(A) has infinitely many elements. Since (A, B) is
a controllable pair, it is readily verified that (A™, A" 'B) is a
controllable pair if m € £(A). By applying the control input tlp+
= 0,if 1 <t < m — 1, the down-sampled system of (2) with a
down-sampling factor m is expressed as

Xmker1) = A" Xk + A" B + d, (9)

where d, = ;";01 A™ "' 4¢. Due to the controllability of
(A™, A" 1B), (9) can be transformed into a controllable canonical
form, i.e., there exists a nonsingular real matrix P € R™" that
transforms (9) into the controllable canonical form:

L(A) =

0 1 0 0
0 0 1 0
N = | 0 S R
0 0 0 1
—0On —0On—1 —Qp_2 o |
0
0
| u + w (10)

0
1

Here, we define x}, £ Pxpy, U}, £ Uy and wy, £ Pdj.

It is clear from (10) that if we can stabilize the last element of
the vector state x;, denoted by x;(n), then x;, is stabilized, which
further implies the stabilization of (2) due to m < oo. Thus, a
deadbeat controller is proposed whose output is then quantized
by a finite-level logarithmic quantizer and applied to the down-
sampled system. Specifically, the quantized control input to the
down-sampled system is given by

u, = gQn (fi/2);
0, ifk <n;

s n—1 (11)
=1 a0, ifk=n,
=0
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where the quantization level parameter N and scaling factorg > 0
are to be designed.

Denote |A| = |A{|"|A;|™2, it follows that there exists an ag > 0
such that |ax| < oolA|I™,Vk € {1,...,n}since [Aj| > 1,V] €
{1,2}.

Proof of Theorem 4. The necessity part has been well established
in Nair and Evans (2004) and Tatikonda and Mitter (2004). Only the
sufficiency needs to be elaborated.

First, note that given any R > log, |A|, there exists an o« > 1
satisfying R > log,(«|Al|). Based on Lemma 9 in the Appendix and
by choosing 81 = 0, B, = nay, it is possible to select a pair of
m € £L(A) and N > 0 such that Ve > 0,

2log, (noeg|AI™)

2 nag|A[M+e—1
< mlog, « +log, A" — 1. (12)

The quantizer level parameter N is determined by (12) and the
number of bits required to represent each quantizer output is
[log, (2N + 2)]. The quantizer works as follows. At time k, the
quantizer first detects the overflow of x;,(n) and then proceeds to
detect the overflow of f/g. Precisely, if [x;(n)| > A is detected,
it generates the alarm level 1 and in this case there is no need
to further check f;/g. Here the parameters g and A are to be
determined later. Otherwise, it continues to check f /g. If |f; /g| >
1 is detected, the quantizer generates the alarm level 1. Thus, the
alarm level 1 will be generated if either |x;(n)| > Aor |f;/g| > 1.

It is verified from (12) that the average data rate of this protocol
satisfies

1 2N + 2
[log, 2N +2)1 < log,(«|A]) <R.
m

Since R is any given number greater than log, |A|, the average data
rate of the proposed quantizer can be made arbitrarily close to
log, |A|. Thus, what remains to be proved is the stability.
Mathematical induction arguments are adopted to show that
lim sup,._, o, |X;,(n)| < oo for any given initial condition.
First, assume [x;(n)| < A,Vk € {0, ...,n — 1}, which will be
relaxed later. Then, for any k > n, assume that |x5(n)| <A, Vj <k,

it is obvious that‘v’j e{nn+1,....kh Iff| = |Zt o atﬂx | <
naglA|™A £ g. Since |f’/g] < 1and |x m] < A,Yj < k no
alarm level 1 occurs betjore time k. From (10) there exist vectors
G €R"je{0,....,n— 1}, such thats; = Y7 /w;_; and the
down-sampled system is expressed by

n—1

- Zajﬁxf(_j(n) +up+s, k>n. (13)
=0

X7<+1 (n) =

Moreover, |s;| < Z}ZJ IIQTIIOOIIwi,jIIOO L5 Vk e N Choose the

quantizer density parameters § = W, p = m and A > 0
to satisfy that
A ] S (14)
> max , .
1 — (nolA™? N1 1 — noglA|™S

In light of (12), it is easy to verify that

(15)

(I’lOl0|A| )2 2N+1 <1
naplAI™S < 1.

Inserting the quantized control in (11) into system (13) results in
Fe1+5,  iflfi/gl < p"
x| < L
M 1 = {Slf,fl +35 ifpN < /gl <1
o [naolAmpN A 45 if 15 /gl < N
noglAI™SA +5,  ifpN < |ff/g] <1
A due to the selection of A in (14) and (15).

IA

Inductively, |x,(n)| < A, Vk € N. Next, assume that the assump-
tion that |x5(n)| < A,Vje{0,...,n—1}isviolated, which can be
detected by the decoder via the alarm level. Denote the first time
of receiving the alarm level 1 by k. Choose a scaling factor

n
y=> o+1 (16)
j=1

to dynamically update the scaling factor. Specifically, set A, = A
and update the scaling factor as follows:

_ {V JAVERR

A alarm level 1 occurs,
KT Ay

otherwise,

which is simultaneously processed on both sides of the channel.
Set ufcﬂ = 0, the increasing speed of A, is thus faster than that
ofxf(_H.(n) by (10) and (16). A,,; will eventually capture x7(+j(n) or

g

limj, oo - = 0. Let the scaling factor be gi4; = noo|A|™ A 4 it
follows that limpc,o f1j/8+j = 0, implying that there exists a fi-
nite kg > n—1such that the signals received within the time period
{k+ko—n+1, ..., k+ko} donotgiverise to the alarm level 1, which
suggests that |xf<+j(n)| < Dpiuy Vi € tko —n+1,..., ko}. Then,
repeating the above proof as the bounded case at time k+ky+n—1
yields that [x;(n)| < Ay, Vi = ko +n— 1.

Finally, it follows that lim sup,_, ., |x;(n)| < oo, which eventu-
ally leads to lim sup;_, o, [|Xk|loo < 00. O

The following corollary gives the corresponding result for
asymptotic stabilization, i.e., limy_, o ||Xk||coc = O.

Corollary 5. Consider system (2) with w, = 0 and having network
Configuration I of Fig. 1; asymptotic stabilization can be achieved via
a quantized control feedback with a finite-level logarithmic quantizer
if and only if the average data rate R of the channel is strictly greater
than Ry, i.e., R > nqlog, |A1| + ny log, |A,].

Proof. Similarly, only the sufficiency part needs to be established.
Define a scaling factor

n 2 max{(nao|A|™)*p*" 1, nao|AI™ S}, (17)

which is strictly less than one by (15),i.e., 7 < 1.Let A,y = n A
with an arbitrary A, > 0, which is assumed to be agreed by both
the quantizer and the decoder. Assume that [x;(n)| < Ag, Vk €
{0, ..., n — 1}, the control input and quantizer are given in The-
orem 4 with A replaced by A,. Then, it is straightforward that
X1 (M| < nAy = Ay Thus, x3(n) can be driven exponen-
tially to zero since limy_, o [X,(M)| < Aglimj, o ' = 0.Due to
m < oo, it follows that limy_, » ||Xk|]lcc = 0. The removal of the
boundedness assumption for the initial state is similar to what we
have done in Theorem 4. O

3.2. Stabilization using quantized state feedback

We proceed to validate the attainability of the minimum aver-
age data rate under Configuration II via logarithmic quantization
where the control design solely relies on the quantized state. Intu-
itively, this might require a larger average data rate since the quan-
tized state contains less information than its unquantized version.
However, the result of this subsection shows that the logarithmic
quantizer can still approach the minimum average data rate.

Theorem 6. Consider system (2) and network Configuration II
of Fig. 1, stabilization can be achieved based on the quantized state
feedback with a finite-level logarithmic quantizer if and only if the av-
erage data rate R of the channel exceeds Ry;y, i.e., R > nylog, |A1| +
ny log; [Az].
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In this case, two scalar logarithmic quantizers with appropriately
chosen parameters are designed and applied to the down-sampled
state x;, of (2), where the down-sampling factor m > 2n is to be
determined later, more precisely, indexing the scalar components
of the state of (2) by an additional superscript h € {1, ..., n}. At
time t = mk + h — 1, the hth element of x}, will be quantized
by Qn, (x;,(h)/A) if h < ny and Qu, (x;(h)/A) otherwise, where
the quantization level parameters N; and A are determined by the
available data rate. Neglecting the transmission time implies that
the quantized x;, can reach the controller before time mk + n. Since

m > 2n, the control law within one cycle {mk, ..., m(k + 1) — 1}
can be proposed as follows:
Umk+m—1 s
T(ee")'A"Q Xk
= —AC -],
( A (18)
Umk+m—n
Unkee =0, VEe{0,...,m—n—1},

where the controllability matrix € is defined as ¢ £ [B, AB, ...,
A" 1B] and the product quantizer Q (-) is composed by

QM) = [y (), eeey Quy (), Quy (), - Quy T

n n

Lemma 7. There is a positive ¢ such that for any m € N,

WMloo < &v/mm" = 2™, Vi€ (1,2} (19)
Proof. It is known that there exists a ¢ > 0, independent of J;, n;,
and m;, such that ||Ji]| < ;m?f“|xi|m, where || - || is the spectral
norm induced from the Euclidean norm (Nair & Evans, 2004).
Together with the fact that ||[ill« < /nill/ill, (19) is immediately
inferred. O

Proof of Theorem 6. As in the case of Configuration I, only the
sufficiency part requires to be proved. Given any R > n; log; |A1|+
n, log, 3|, there exists an & > 1 satisfying R = R; + R, and R; >
n;log, («|Ai]), Vi € {1, 2}. In view of Lemma 9 in the Appendix,
for any € > 0, we can choose a pair of integers m > 2n and N;
satisfying:

210g, ¢ /mm"i=t 1"
¢ mmti g me41
Cymmti Ty m e —1

log, | 1+ < log,(2N; + 2)

log,

< mlog, o + log, |A|™ — Vie{1,2). (20)

The quantization level parameter N; is selected based on (20).
The average data rate of this protocol is computed by
m “032(2N1+2)-\+"2[10g2(2N2+2ﬂ < lng(Ol|A|) <R, lmplymg that the
minimum average data rate can be approached by the above pro-
tocol. Also, the quantizer density parameters for Qu, (-) are chosen
1=8 _ ¢ mmti” 1\»\ M4e—1 _which

S SR -
by 8 = ¢ /mm"i T | te and pi = +8 ¢ mmti g mtet+1”
gives that
(¢ /mmti )2 o2 < 1)
ng“«/n;,-m""” <1

Define the uniform upper bound of di in (9) by D £ dZ:"z_ol
||A||”0§‘*f, then ||dkllcc < D, Yk € N. Similarly, the initial state xg
is assumed to be bounded by A > 0, where A is selected to satisfy

D D
A > max . | @
{ 1— ({\/ﬁimni—l)zpiZNx—H 1_ 5i§\/n7m"x*1

Inserting the control law in (18) into (2) yields that

m—1
Xep1 = A™x + ZAmilit(BUmka—t + Wik+t)
t=0
m—1
= A"+ Y A" Bl + dy

t=m—n

=A™ [xk AQ (X">] + dy. (23)

Assuming that ||} [lc < A, there is no alarm level 1 for the scaled

state x; (h) by the scaling factor A. Denote by (xk)“) the state vector

consisting of the first n; elements of x;, while (x;)® is the state
vector by collecting the remaining elements of x;. Similar notations

will be given for Q® and d?, i € {1, 2}. Consider system (23), we

obtain:
, 5D .
7" [(xi)“’ — Q" (—( 2 )} +d

A , ALY
(4] o

W oo 1)@ loo + D,
if 1)V /Alloo < o}

WM o8l () Vo + D,
if o' < 16D/ Al

{ﬂmni_1pfvi_1ﬂ +D,
i)/ Al < o™
¢/mm T8 A 4 D,
if o' < 1P/ Al
A by (21)and (22).

Inductively, [|¥}]lcc < A, Vk € N.Since m < o0, it follows that
lim SUPg— 00 ”Xk”oo < oQ.

The removal of the boundedness assumption of ||xj[lcc < A is
similar to the case of Configuration I and is omitted. O

1) lloo

IA

7" oo

-1

IA

IA
—_

1

IA

IA
—_

IA

Remark 8. It is worth mentioning that the parallel result in
Corollary 5 can be given under Configuration II. Furthermore,
the attainability of the logarithmic quantization can also be
established for the case where quantization appears in both the
state measurement and in the control signal.

4. Conclusion

We have addressed the attainability of the logarithmic quan-
tizer in the sense of approaching the minimum average data rate
for stabilizing an unstable discrete-time linear system. For any
average data rate greater than the minimum rate, given by the
data rate theorem, a finite-level logarithmic quantizer and a con-
troller were constructed to stabilize the system under two different
network configurations with different schemes of quantizer bits
assignment. It should be noted that since our main concern is
the attainability of the minimum average data rate by logarithmic
quantization, our proposed control law and quantizer may produce
a poor transient response. The study of performance control via
finite-level logarithmic quantization will be our future work.
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Appendix. A technical lemma

Define x (m, &) = (Bim"™" + B,)[A|",¥n > 1, By, B, > O and
B1 + B2 > 0, we have the following result.

Lemma9. Vo > 1, Ve > 0and |\| > 1, there exist positive integers
m and N such that

2log, k(m, 1)

] k(m,A)+e+1
2 ke (m,A)+e—1

log, | 1+ < log,(2N +2)

< mlog,  + log, |A|™ — 1. (24)

Proof. Itis trivialif |A| = 1and 81 = 0.Assume |A| > 1or 8; > 0,

then xk(m,A) — o0 asm — oo. Jointly with the fact that

limy— o0 (1 + %)x = eyields

k(mA)+e+1

=2k (m, M) 1 , 25
2 emy te1 (m, 1) log, e (25)

if m is sufficiently large. Next, two cases are discussed.
Case 1: 1 > 0,8, > 0and |A| > 1.
Selecting a large m > 1 such that In« (m, A) > 1, we have

(14 x(m, 1) Ink(m, )\))1/"1
= (14 Bm™ " + B) A" Inkc(m, 1))
81" (m/™ 1 (In e (m, 2)) V™

> |A1B™ = [A] asm — oo

%

due to that limy,_, .. X'/™ = 1, Vx > 0. On the other hand, choosing
a large m such that k(m, A) Ink(m,») > 1,8m" > B, and
2Bym" > In(28,;m") gives the following inequalities:

(14 1e(m, 1) Inie(m, 2))'"™ < (2c(m, 1) Inkc(m, 1)) "™

< IA@B)Y™(m™"mIn|A] + In@2Bym"]"™
A48 Y™ m" ™) [m" In x| + 2B,m"]V™
IM[4B1(In [A] + 28)]"™ (m'/™)"

— [l

IA

asm — oo,

due to that limp_.o m"/™ = 1.
Case2: 81 =0,8, > 0and |A| > 1.
Let m > 1, it immediately follows that

(14 1c(m, 1) Inie(m, 1)) > [A8/™(n By + mIn 1) /™
> [Al8,"(In By + In A"
— |A] asm — oo.

Also, for a sufficiently large m, e.g., k (m, 1) Ink(m, A) > 1 and
m > In B,/ In|A|, one can establish that

< QBT In(By A"

< [A@B2In[2pY mt/m

— [A]

A

(1+ x(m, 1) Inkc(m, »))"/"

asm — oo.

Consequently, under any situation, we derive the limit
lim (14 «(m, 2) Ink(m, )™ = |A].

m— 00

In the light of (25), it is clear that

2log, k(m, 1) "
lim |1+ ———= = |A], (26)
- k(m,A)+e+1
mmoe log, K(m,/m—:—l

which further implies that for a sufficiently large m,

2log, k(m, 1)

1 K (m,A)+e+1
2 k(ma)+e—1

log, [ 1+ = log, A"

Since « > 1, mlog, ® — oo as m — oo, the difference between
the left-hand side and the right-hand side of (24) tends to infinity
if m — oo. Thus, it is always possible to select m and N to satisfy
(24). O
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