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Abstract—In this paper, we present a data rate theorem
for stabilization of a linear, discrete-time, unstable dynamical
system with arbitrarily large disturbances, over a noiseless
communication channel with time-varying rates. Necessary and
sufficient conditions for stabilization are derived, their impli-
cations and relationships with related results in the literature
are discussed.

I. INTRODUCTION

In modern control theory, the data rate theorem refers to
the smallest feedback data rate above which an unstable dy-
namical system can be stabilized. In its scalar form, it states
that a discrete linear plant of unstable mode |A| > 1 can be
stabilized if and only if the data rate R over the (noiseless)
digital feedback link satisfies the inequality R > log, |\| bits
per sample, where H = log, |A| is called the intrinsic entropy
rate of the plant. From its first appearance, this result has
been generalized to different notions of stability and system
models, and has also been extended to multi-dimensional
systems with time-varying rates [1] [3] [4] [7] [10] [15]
[18] . The survey papers [2] and [11] give an historical and
technical account of the various formulations.

In this paper, we are concerned with the formulation of
the data rate theorem over a digital wireless channel. This
poses a number of challenges unforseen in the classical
wired scenario. In wireless communication, the quality of the
communication link between transmitter and receiver varies
over time because of random fading in the received signal. In
the case of digital communication, this can reflect in a time
variation of the rate supported by the wireless channel. The
coherence time indicates the time interval over which the
channel can be considered constant. If the coherence time is
long enough, then transmitter and receiver can estimate the
quality of the link by sending a known sequence called pilot,
and can adapt the communication scheme to the channel
condition. We ask the following question: is it possible to
design a communication scheme that changes dynamically
according to the channel condition and, at the same time, is
guaranteed to stabilize the system?

To answer the above question we assume that the commu-
nication channel is noiseless and, at any given time k, allows
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Fig. 1. Feedback loop model. The (encoded) estimated state s is sent to
the controller over a wireless digital link that supports a rate of Ry, bits per
second.

transmission of Ry bits without error, where R; fluctuates
randomly over time. We model the coherence time by as-
suming that R, remains constant in blocks of n consecutive
channel uses and then varies according to an i.i.d process
across blocks. Channel state information at the transmitter
and receiver is reinterpreted here as causal knowledge, at
both encoder and decoder, of the rate supported by the
communication link, see Figure 1.

This formulation can be placed in the context of the
related literature. In an influential paper, Tatikonda and
Mitter [15] have studied a similar model in which the rate
is deterministic and system disturbances are bounded. This
work has been later extended by Nair and Evans [10] to the
more realistic case in which the rate is deterministic, but dis-
turbances can have an unbounded support. Finally, Martins,
Dahleh, and Elia [7] considered the case of a scalar system
with random time-varying rate and bounded disturbances,
and provided necessary and sufficient conditions for m-th
moment stability. In our work, we allow both the system
disturbances to have unbounded support and the rate to vary
randomly. Furthermore, the encoder has access to output
feedback rather than state feedback and we also consider
the multi-dimensional case. This formulation is more prac-
tical and requires the use of an adaptive quantizer, as this
must be capable of tracking the state when atypically large
disturbances affect the system and must dynamically adapt
to the rate that is instantaneously supported by the channel.
Naturally, our results can recover the ones mentioned in the
above papers.

We also want to spend a few words on a different approach
that has been used in the literature to model control over
wireless channels. This has a network-theoretic flavor rather
than the information-theoretic one described above. In this
case, instead of modeling the wireless channel using a time-
varying bit rate, the channel uncertainty is modeled using
random packet dropouts. Bits are grouped into packets that



are considered as single entities that can be lost, each with
some probability. Furthermore, channel state information is
in this case modeled as packet acknowledgement at the
transmitter. An extensive survey of different works following
this approach appears in [5] and we refer the reader to this
work for references. The network-theoretic equivalent of the
data rate theorem is the proof of existence of a critical
dropout probability above which the closed loop system
cannot be stabilized, see for example [6] [13]. Our present
paper reveals an important link between the two approaches.
We can apply our results to an erasure channel, where the
rate is R with probability 1 —e and zero with probability €. In
the high data rate limit (R — o0), this channel can be seen as
communicating real numbers with random i.i.d erasures, and
in this case we obtain a necessary and sufficient condition
for stabilization that is the same as the one in [6] and [13],
obtained under the network theoretic model, with Bernoulli
packet dropouts, acknowledgement of packet reception, and
unbounded system disturbances.

Finally, we point out that while our formulation can be
used to model erasures, by allowing the rate process to have
value zero, we do not address more general channels with
noise. In this case, data rate theorems are difficult to prove,
as stabilization results generally depend on the given notion
of stability and channel state information [8] [16] [17]. To
overcome this drawback, Sahai and Mitter recently proposed
an interesting alternative notion of information capacity,
called anytime capacity [12]. Unlike Shannon’s capacity,
however, its main limitation is that it is often difficult to
compute [11].

The rest of the paper is organized as follows. The main
contributions are informally summarized and discussed next.
Section III formally defines the problem. Section IV is de-
voted to the proof of the necessary and sufficient conditions
for stabilizability in the scalar case. These are shown via the
entropy-power inequality (necessary) and the construction of
an adaptive, variable length encoder (sufficiency). Section V
is devoted to the more complex multi-dimensional case, for
which necessary and sufficient conditions are shown to be
tight in some special cases.

II. OVERVIEW OF THE RESULTS

In the scalar case, we prove that a necessary and sufficient
condition to stabilize a linear system of unstable mode |A| >
1 in the second moment sense over a time-varying channel

18, 2\ M
A
E [('22'R> ] <1, M)

where n is the length of the channel block during which the
rate is constant.

The condition above is amenable to the following intuitive
interpretation. If no information is sent over the link during
a transmission block, the estimation error at the controller
about the state of the system grows by |A|?". The information
sent by the encoder can reduce this error by at most 227,
where nR is the total rate supported by the channel in a
given block. However, if averaging over the fluctuation of the

rate |\|?" exceeds 22", then the information sent over the
channel cannot compensate (on average) the dynamics of the
system and it is not possible to stabilize the plant. Notice that
if the variation of the rate is deterministic, then our condition
reduces to the well known R > log, |A|. Similarly, it is also
easy to see that when communicating over an erasure channel
for which R = oo with probability 1 — € and R = 0 with
probability €, then when n = 1 the necessary and sufficient
condition for stabilization reduces to

€< %7 2)
which is the same critical loss probability derived in [6] [13]
for systems with unbounded disturbances under the network-
theoretic model.

The proof of the result is based on an information-
theoretic argument based on the entropy-power inequality
(necessary condition), and on an explicit construction of an
adaptive quantizer (sufficient condition). In the latter case,
the main challenge is to design a successively refinable
quantizer that adapts dynamically to the rate process and
can handle atypically large disturbances. The construction
of the coder-decoder pair is similar to the one by Nair and
Evans [10]. However, while in [10] the time variation of the
transmission rate is part of the coder design, in the model
under consideration the variation of {R;};2, is uniquely
determined by a stochastic process. As the rate process is
assumed constant over blocks of n channels uses, coder and
decoder exploit the causal knowledge of the rate, transmitting
one packet per block, and encoding each packet at the rate
supported by the channel. Successive refinements of the state
are transmitted to the decoder by coding across many channel
blocks and exploiting the fact that the quantizer utilized is
successively refinable.

The extension to multi-dimensional linear systems entails
the difficulty of the rate allocation to the different unstable
modes. In this case, we show that the stabilizability region
has a special polymatroid structure. When the rate variation
is deterministic this polymatroid reduces to

H:= Z log, |m:] < R,
[ni|>1

where 71,...,7n, are the open loop eigenvalues (raised to
their corresponding algebraic multiplicities). Again, this is in
agreement with the well known data rate theorem for vector
systems with deterministic rate ([10], [15]). Finally, as in
the scalar case, in the high data rate limit over an erasure
channel, we recover the necessary condition on the critical
dropout probability of [13].

Finally, we provide a coder-decoder construction whose
rate allocation can be applied to any rate distribution and
show that this is optimal in some limiting cases.



III. PROBLEM FORMULATION

Consider the partially-observed, discrete-time state-space
unstable stochastic linear system

Xp4+1 = Axp + Bug + vi, yr = Cxg +wg, VEe W,
3)

where x5, € R/ is the state process, ui € R™ is the control
input, v, € RS process disturbance, the measurement y;, and
measurement noise wy are random vectors in R”. For sim-
plicity, suppose A is uniquely composed by unstable modes.
No Gaussian assumptions are made on the initial condition
X and the disturbances, but the following assumptions are
supposed to hold

A0. (A,B) is reachable and (C, A) observable.

Al. x¢,v; and w; are mutually independent for all %, j €
W.

A2. Je > 0 such that x¢,v;, and w; have uniformly bounded
(2 + €)th absolute moments over k € W.

A3. infpew h(vg) > —oo. Thus, 38 > 0 such that
e7") S B for all k € W and vy, € RY.

Suppose that observer and controller are connected by a time-
varying digital link. The transmission rate supported by the
digital link is assumed constant over blocks of n € Z
channel uses but changes independently from block to block
according to a given probability distribution. In each of the n
uses of the digital link during the j-th block symbols coming
from an alphabet of size 27% are transmitted without error
from encoder to controller. Let S, € {1,...,2%} denote
the symbol sent at time k& € {jn,...,(j + 1)n — 1}. An
underlying stochastic process determines the alphabet size
2% in each block. Suppose that for all j € W R; are iid
random variables distributed as R, where R can only take
integer values, such that

P{R=r}=p,, re RCW,

for 0 < rmin <7 < Tiae < 00, Y cr Pr = 1. At the
beginning of each block j, coder and decoder are assumed
to know R; (and hence all {R;}]_), while the realization
of the rate process in future blocks, {R;}7°; ;, is unknown
to them.

Each transmitted symbol can depend on all past and
present measurements, the present channel state and the past
symbols,

Sk = gk(}’O, e Yk S07 ) Sk—la R_/)7
ke{jn,....,(0+n—1}LVjeW, 4)
where g (-) is the coder mapping at time k. The control

sequence, on the other hand, can depend on all past and
present channel symbols

u, = fx(S, .-

where fi(-) is the controller mapping at time k. From
(5),(4) and (3) observe that x;,, does not depend on R; and
furthermore x;, — S3~' — R; form a Markov chain.

. Sk), VEeW, &)

The aim is to construct a coder-decoder which stabilizes
the plant in the mean square sense

sup E [|| xi. [|°] < oo, (6)
kew

using the finite data rate provided by the time-varying digital
link.

IV. SCALAR SYSTEMS

In this section it is assumed that the plant in (3) is scalar
and has a representation of the following type:

Tp1 = ATk + Uk + Uk, Yp = Tk +wi, VEEW, (7)

where |A| > 1, so that the system is unstable. The result for
the scalar case is now stated:

Theorem 4.1: Under assumptions Al.-A3. above, neces-
sary and sufficient condition for stabilizability in the mean

square sense is that
A2\
E K'ﬁ) ] <1, ®)

where n is the length of the channel block with the same
rate.

The proof of the necessity is omitted here and can be
found in the full version of the present paper [9].

A. Sufficiency

We first describe the adaptive quantizer that is based on the
construction given in [10]. A fundamental property of this
quantizer that we exploit is then stated as a lemma, whose
proof appears in [10].

1) Quantizer: The quantizer partitions the real line into
non-uniform regions, in such a way that most of the re-
gions are concentrated in a symmetrical way around the
origin. A parameter p > 1 determines the speed at which
the quantizer range increases. The quantizer generates 2",
v > 0, quantization intervals labeled from left to right by
I,(0),...,I,(2" — 1). Let Iy(0) := (—o0,00), I;1(0) :=
(—00,0] and I;(1) := (0,00). If v > 2 the quantization
intervals are generated by

« partitioning the set [—1, 1] into 2V~ intervals of equal

length,

« partitioning the sets (p'~2, p~1], [—p'~2 —pi~1) into

2v~1=" intervals of equal length, i € [2,...,v — 1].
The two open sets (—oo, —p” 2] and (p”~2, 00) are respec-
tively the leftmost and rightmost intervals of the quantizer.
Let

o ky(w) be half-length of interval I(w) for w €
[1,...,2"72], be equal to p” — p”~! when w = 2" — 1
and equal to —(p” — p*~ 1) when w = 0.

e ¢y () := &, (w) be midpoint of interval z € I(w) for
w € [1,...,2"72], be equal to p” when w = 2" —1 and
equal to —p” when w = 0.

A property of this construction is that Vv > 2 the
quantization intervals I,(-) can be generated recursively
starting from go(-). In fact, for any 2 < m € Z; the
quantizer intervals for ¢,,41(-) are formed by partitioning



each bounded interval I,,(w) w € [1,...,2™~2] into two
uniform subintervals, and partitioning the semi-infinite inter-
val I,,(0) = (—o0,—p™ 2] into two intervals I,,,+1(0) =
(—OO, _p(7n+1)—2] and Im+1(1) —_ (_p(m-‘,-l)—Q7 _pm—Q]
and, similarly, partitioning the semi-infinite interval I,,, (2™ —
1) = (p™2,00) into two intervals I, ;(2mTt —2) =
(P2, P2  and Ly (2741 = 1) = (p" D72, 400).

If a real number z is in I(w) for some w € {0,...,27 1},
then the quantizer approximates x with &, (w). The quanti-
zation error is not uniform over x € R, but is bounded by
Ky (w) forall w € {1,...,2"72}. A fundamental property of
the quantizer is that the average quantization error diminishes
like the inverse square of the number of levels, 2-2¥_ More
precisely, if the (2+¢)-th moment of X is bounded for some
€ > 0, then an upper bound of the second moment of the
estimation error decays as 272¥. The higher moment of X
is useful to bound the estimation error (using Chebyshev’s
inequality) when X lies in one of the two open intervals
(pl/—17 OO) and (_007 _pu_l]'

Let L be a strictly positive random variable, define the
functional

M.X,L) = E[L* + | X|*T°L™]. 9)

The functional M.[X, L] is an upper bound to the second
moment of X:

E[|X|*] = E[|X*(1)x)<z + 1jx|>1)] < MJ[X|L]. (10)

Define the conditional version of M.[X, L] given a random
variable R as M.[X,L|R] = E[L? + |X|*TL~¢|R]. The
fundamental property of the quantizer described above is
given by the following result:

Lemma 4.2: [10, Lemma 5.2] Let X and L > 0 and R >
0 be random variables with EX?*¢ < oo for some ¢ >
0, and n € W. If p > 22/ ¢, then the quantization error
X — Lg,r(X/L) satisfies

M,[X — Lqy(X/L), Lrnr(@)|R] < ~2

< g MX. L,

(1)

for some finite constant ( > 2 determined only by € and p.

Next, the coder and controller are described.

2) Coder: The first stage of the encoding process consists
of computing the linear minimum variance estimator of the
plant state based on the previous measurements and control
sequences. The filter process satisfies a recursive equation of
the same form as (7), namely

Tkl = AT +ug+ 2, V2 €W (12)

where the (2 + €)-th moment of the innovation zj can
be shown to be bounded, under assumption A2. From the
orthogonality principle the stability of Z is equivalent to that
of z. The output Zj, of the filter (or a function of it) must be
transmitted using the finite number of bits supported on the
digital channel. Coder and decoder share a state estimator
2, based uniquely on the symbols sent over the digital link.
Since . is available both at the coder and decoder, while the
minimum variance estimator is available at the coder only,
the encoder utilizes a predictive quantizer to encode the error

between Zj and . The error is scaled by an appropriate
coefficient and then recursively encoded using the quantizer
in section IV-A.1. An accurate approximation of the error is
obtained by transmitting the quantization index across many
channel blocks. The fact that the random rate available at
future times is not known in advance is not a problem, as the
quantizer is successively refinable and can dynamically adapt
to the rate that is instantaneously supported by the channel.
By transmitting for a large enough number of blocks, the
error between the two estimator can be kept bounded.

Time k € W is divided into cycles [jnT,...,(j + 1)n7],
7 € W, of integer duration nT € Z. Notice that each cycle
consists of 7 channel blocks.

At time k = jnT, just before the start of the j-th cycle,
the coder sets the quantization rate equal to nfi;,, i.e. the
rate in the first channel block in the j-th cycle, and computes
T jnT T i’ jnT

Lj
where [; is a scaling factor updated at the beginning of each
cycle. This factor is utilized to scale Z;,r — &, close to
the origin, where the quantizer provides better estimates.
The index w;,, of the quantization level is converted into
a string of nfi;,, bits and transmitted using the n channel
uses of the jn7-th channel block. Denote with I,z (Wjnr)
the quantization interval labeled by wjy,,. After the first
n transmissions in the cycle, coder and decoder agree on
the fact that x; € I,gr;,(Wjnr). The remaining (n — 1)7
transmissions in the cycle are devoted to reducing the size
of the uncertainty interval I, g, (Wjnr)-

At time k = jnt + n, the rate Rj,,1, supported during
the next channel block becomes known at both coder and
decoder. Thus, coder and decoder divide up I,g;, (Wjnr)
into 2"fnm+n sub-intervals in the manner described above
(uniform partitions of bounded intervals and exponential par-
tition of semi-infinite intervals), sequentially generating the
partitions Inr;, +nR;pnr 0 (1) € Ingr;, (Winr) of the quantizer

@nR;, (Win) = @nr,, (25), 5= (13)

AnR;n+nRjnrin (xj

Then, the coder sends to the decoder the index of the
sub-interval containing x;. At the end of the second channel
block in the cycle, coder and decoder agree on the fact that
InRjn—&-nij-Jrn (wjn7'+n)-

Continue this process until the end of the 7-th channel
block. After receiving the last sequence of bits, the de-
coder computes the final uncertainty interval I, (w;), w; =
W(j4+1)nr—n- corresponding to the uncertainty set formed by
the quantizer ¢, (), where the random variable

Vi = nRjn‘r + nRjnT+n + ...+ nR(j+1)7LT—7L (14)

indicates the cumulative number of bits sent in the j-th cycle.
Before the (j + 1)-th cycle, the coder updates the state
estimator as follows,

Ejr1ynr = A" [Ejnr + g, (75)]+
G+1)nr—1

LY

k=jnt

)\(,j+l)nr—1—kL‘,%k7 (15)



where

Fre1 = (A4 L)iy, Vk€jnr,....jnt+n—2] (16)

and £9 = 0. L is the certainty-equivalent control coefficient
such that A + L < 1. Finally the scaling coefficient [; is
updated as follows

liv1 = max{o,l;|\" Ky, (Wii+1)nr—n) >, (17)
with l; = ¢ and where 02€ is a uniform bound in the
(2 + €)-moment of

nr—1
9= > ANz, jEW. (18)
i=0

It is important to note, from (17) and the independence of the
rate process, that the [; does not depend on the rate process
during the j-th cycle.

3) Controller: At time k = jn7 coder and controller
are synchronized and have common knowledge of the state
estimator &j,,. During times jnt,...,(j + 1)nT — 2, the
controller sends to the plant a certainty-equivalent control
signal

up = L&y Yk € [jnr,...,Gi+1)nTt—=2], (19

where 2, is updated as in (16). At the end of the each channel
block in the j-th cycle, the decoder receives estimates of the
states in the way described above.

At time (j+1)n7—1, once received ¢, (x;) the controller
updates the estimator Z(ji1),, using (15). Synchronism
between coder and observer is ensured by the fact that the
initial value g is set equal to zero at both coder and decoder,
and by the fact that the digital link is noiseless.

4) Analysis: In this section it is shown that the
coder/controller pair described above ensures that the second
moment of Z is bounded if (8) is satisfied. Define the coder
error at time k € W as fy = T — Tp.

The following analysis is developed in three steps. First it
is shown that f, is bounded for all times k = jnT j € W, i.e.
the beginning of each cycle. Next, the analysis is extended
to all £k € W. Finally the stability of fj, for all Kk € W is
shown to imply that Z (and so z) is bounded.

First we show that the coder error fr = & —Zy is bounded
in mean square for all times & = jnt, j € W. Instead of
looking at E[ jzm], it is more convenient to consider the
functional M.[X, L] defined in (9), with X = f;,,- and L =
l;. Thus, let

0; := M[fine: 1] = E[Z + | finr 77077,

Equation (10) implies that E[f? ] < 6;. Therefore, it
suffices to show that sup;cyw 0; < oo.
Substituting (19) into (12), and iterating over a block

duration,
(G+1)nT—1

j(j—f—l)nT = )\nTijn‘r + gj + Z
k=jnTt

)\(j+1)m—717k(L§7k)7

(20)

where g; is defined in (18). So subtracting (20) from (15),
JG+1nr = TG4 1)mr — T(j+1)nr
= )\nT[fjnT - qu'l)j (Ij)] + gj- (21)

Notice that, by assumption A3., the (2 + €)-th moment of
fin+ can be shown to be bounded for any finite j € W. Next,
ij-H)m is used to derive an expression for ¢; . From the

inequality (|| + [y])™ <27 (|z|* + [y|*) Yo > 0,
|fGamme 2T < 6 (INT1P fine — Ligw, (Fine /1) 1PT + 1951°79)

with ¢ = 2'*¢. Dividing by l5,, and taking expectations,

E[|f(j+l)nr‘2+€lj:f1]
<¢ |AnT|2+E]E |fj"7'_ +]E |gj‘2+€
a [541 l541
|2+e€
R Pg]\ D
0-6

<¢ |)\n7|2+eE | finr — Ly, (finr /1)
- [ 1A™T |, (w5)]€
|24€

‘fj'rm' - quVj (fj"ﬁ'/lj)lQJr6
o€

(Lo, (wj)]e

Liqu; (fins /1) |77

=¢ <|A’”|2E

where we used the fact that, from (17), l;4; =
max{o, [;|\"7|k,, (w;)}. Observe that E[I?,,] < o* +
IA"T2E [|Ik,, (w;)[?]. Adding this to (22), using E[g; "] <
02*¢ and the definition of 6;,

0j+1 < ¢ (20’2 + |)\7LT|2]EV]- |:22%M6 [fjn-r‘ lJ]:|>

= $20° + ¢C (IE {W'nDTa
922nR J
where the inequality follows from Lemma (4.2), and the
equality uses the fact that the rate process is i.i.d. and that
fjn and l; are independent of Rjpr, Rjnrin, s R(j+1)nr—n
because of the causality constraint. Therefore, 6; evolves
according to the following recursive equation

‘ 2 PN .
051 < 620” + 6 (E | ( 3m 0;.

It follows that if E [(‘2)‘2—2)”} < 1, then by making 7
sufficiently large we can ensure that the coefficient of 0;
is strictly less than 1. Thus we have established that 6;
remains bounded in the limit as j going to infinity and
therefore SUp; vy f; < oo. Hence, from (10) it follows that
sup ey E[fjn]? < o0.

Next, for any k € {0,...,n — 1} the triangle inequality
implies | £+ < AL fn] + S5 [M1L] - |24, s0
the error fi is bounded for all & € W. Finally, by rewriting
(12) as Tp41 = (A + L)Zr — Lfx + zi.the fact that fj and
2, are bounded and that A + L < 1 ensures that EZ7 < oo
for all k € W.

V. SYSTEMS OF ORDER HIGHER THAN ONE.

In this section, we consider the case of multi-dimensional
unstable linear systems. A necessary condition for stabiliz-
ability is derived using information theoretic techniques. It
is proved that the stabilizability region is contained inside



a polyhedron with a polymatroid structure. A sub-optimal
coder-decoder construction is provided and its optimality
is shown in some limiting regimes. The main difficulty
in stabilizing a multi-dimensional system over time-varying
channels consists of allocating optimally the bits to each un-
stable sub-system. The scheme proposed works for any rate
distribution. For some specific rate distributions, however, it
is possible to design more efficient schemes. We illustrate
this point at the end of this section, studying the specific
problem of stabilization over an erasure channel.

A. Real Jordan form

As usual, it is convenient to put A into real Jordan
canonical form so as to decouple its dynamical modes.
Denote the system matrix in real Jordan canonical form as J.
The matrices J and A are related via a similarity matrix T
such that T~'JT = A. Let Ay,..., )\, € C be the distinct
unstable eigenvalues (with conjugates excluded) of A, and let
m; be the algebraic multiplicity of each \;. The real Jordan
canonical form J then has the block diagonal structure J =

diag(Jy,...,J,) € R7*S where the block J; € R**#i and
detJ; = A, with
Hi= { 2m;  otherwise. (23)

As A is uniquely composed by unstable systems, we have
that "7 | i = f. Let U := [1,...,u] denote the index set
of unstable systems. Then, the dynamical system equation
can be written as

Xpp1 = Ixp + TBu, + Tvy, €R/ |y =x; +wy, €R,
(24)

: (1) (wr]"
with x;, = |x;7,...,%x; € R/, and where each sub-
system x,(j) evolves according to

Xy = Jix) +(TBugp) ) +(Tvi) ) € R* i eU. (25)

As the states of (24) and (3) are related through the
transformation matrix T, in the following we will assume
that the system evolves according to (24).

B. Necessity

Theorem 5.1 ([9]): Necessary condition for stabilizability
in the mean square sense of the system in (3) is that

!/

Za,;si log, |Ai] < 7N2(S) log, E [27ﬁ3]
n

ieu

(26)

for all s; € {0,...,m;} and ¢ € U, where p'(s) =
> icu @isi» and a; = 1if \; € R, and a; = 2 otherwise.

The region determined in Theorem 5.1 has a special
combinatorial structure.

Proposition 5.2 ([9]): The polyhedron defined by (26) is
a polymatroid.

Remarks:

1. When the rate process is deterministic, the constraints
in (26) reduce to the well known condition ([10],[15])

Z log, |n:| = Z“i logsy |Ai| < R, (27)
nil>1 =

and the stabilizability reduces to the region in
the positive orthant strictly inside the hyperplane

Zz’eu pilogy [Ni| = R.
2. In the limit as n goes to infinity, (26) reduce to

Z wilogy | Ai| < Tmin,
=

(28)

and the stabilizability region is determined uniquely
by 7min. As the digital link supports the same rate
for an arbitrarily long time interval, the system has to
guarantee stability under the worst possible rate. In the
limit, stabilization is not possible for those channels
where r,,;, = 0 (e.g. erasure channels).

3. In an erasure channel, for a fixed n, as r goes to infinity
the stabilizability reduces to the n-dimensional cube
described by

Vi.

1
1 i —1
0gy || < o ngl—p
In other words, the system in (24) cannot be stabilized
if the erasure probability is such that

1

1-p>————
max; |A;|=
In the case n = 1, this is the same condition derived in

[13] in the context of the LQG problem with erasures.

C. Sufficiency

We now present a sufficient condition for second-moment
stabilizability of a multi-dimensional system. The scheme is
based on the adaptive quantizer introduced in section IV-A.1.
We introduce a rate allocation vector which indicates what
fraction of the available rate is allocated to each unstable
sub-system.

Theorem 5.3 ([9]): Sufficient condition for stabilizability
in the mean square sense of the system in (3) is that
(logy [M1], ... ,logy |Ay|) are inside the convex hull of the
region determined by

1 _2n,. .
1og2|/\i\<—%log2E[2 ”(R)R},VZEU, (29)

for some rate allocation vector a(R) := [a1(R), .. ., o (R)]
such that,

a;(r) € [0,1]

Loai(r)-nr €N | VreR\{0}iel. (30)

Z?:] 041'(7”) S 1)

Suppose in a given channel block nr bits are available for
transmission. The rate allocation vector indicates what is the
fraction of these bits allocated to a particular sub-system.
Each of the p; sub-modes the ¢-th sub-system is quantized

with 207 b, Clearly, M must be an integer number,

and the total number of bits utilized in each block should not
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Fig. 2. Necessary conditions (dotted lines) and achievable region in Theo-
rem 5.3 (solid lines) for stabilizability of a two-mode system communicating
over a binary erasure channel with p=2/3, n=6. Mode A1 has dimensionality
two, while A2 has dimensionality one.

exceed nr. Eqs. (30) state precisely these conditions. Before
looking at the proof of the Theorem, consider the following
Example:

Example 5.1: Consider a two-mode system with two dis-
tinct eigenvalues (A1, A2), where A1 has dimensionality p; =
2 while A2 has dimensionality po = 1. Suppose that digital
channel is a binary erasure channel with n = 6. In each
channel block where R = 1, there are four allocations
satisfying (30), namely a;(1) = 1 — ax(l) = %, for
j € {0,2,4,6}. By time-sharing among these four policies,
we can achieve all the points in the convex hull. Figure 2
shows the achievable stabilizability region when p = %

Remarks:

1. If % € N for all » € R, then the rate allocation
a(r) = & ¥r € R\ {0} is optimal when \ :=
A1 = ... = Ay. In fact, from (29) sufficient condition
for stabilizability is that

logy |A| < —%logQE [2—%3} . 31)
On the other hand, this condition is also necessary, as
we can see from (26) when s; = m; for all i € U.
For example, in Example 5.1 we have that nr = 6 and
f = 3, thus the rate allocation & = (1/3,2/3) is optimal
(See Figure 2).

2. The scheme in Theorem 5.3 is optimal in the limit
of n going to infinity, and the optimal coding scheme
consists of time-sharing among the rate allocations
a(R) = e; for all i € U, where {e;}/_, are the
canonical basis vectors of R .

3. In an erasure channel, for a fixed n, as r goes to
infinity the proposed achievable scheme is asymptoti-
cally optimal. Furthermore, the optimal coding scheme

consists of time-sharing among the rate distributions
a®(r) = e; for all i € U and the allocation given
in Remark 1., i.e. W+ (p) = £,

4. When the rate process changes deterministically, [10]
showed that the necessary and sufficient conditions co-
incide. Once again, the optimal coding scheme consists
of time-sharing among the rate distributions &) (R) =
e; forall 1 e Y.

VI. CONCLUSION

Motivated by control problems over wireless fading chan-
nels, we considered mean square stabilizability of a discrete-
time, linear system with a noiseless time-varying digital
communication link. Process and observation disturbances
were allowed to occur over an unbounded support. Necessary
conditions were derived employing information theoretic
techniques, while a stabilization scheme based on an adap-
tive successively refinable quantizer was constructed. In the
scalar case, this scheme was shown to be optimal. Further-
more, we have shown that in the vector case the necessary
condition for stabilization has an interesting polymatroid
structure, and have proposed a stabilization scheme that is
optimal in some limiting regimes. An additional contribution
is that we bridged the information-theoretic results of stabi-
lization over rate limited channels, with the corresponding
network-theoretic ones on critical dropout probabilities in
systems with unbounded disturbances [13]. We have done
so by recovering the latter results as a special case of our
analysis.
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