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Convergence of fundamental limitations in
feedback communication, estimation, and
feedback control over Gaussian channels®

JiaLing Liuf AND Nicora ELiA

This paper presents a unifying perspective on communication, esti-
mation, and control. A feedback communication system over a
Gaussian channel is reformulated as an estimation system (i.e. a
Kalman filter) and also as a feedback control system. Therefore, a
fundamental limitation applicable in one system can be translated
into a fundamental limitation applicable in another system and
vice versa. Specifically, the achievable rate in the communication
system is equal to half the Cramer-Rao bound decay rate or mini-
mum mean-square error decay rate in the estimation system, and
also equal to the Bode integral in the control system. Furthermore,
the optimal trade-offs for each of the following three pairs of quan-
tities are equal: first, the pair of power and rate in communication,
second, the pair of the (causal) prediction performance and (anti-
causal) smoothing performance in estimation, and third, the pair
of the output regulation performance and disturbance rejection
measure in control. All these trade-offs can be interpreted as the
tradeoff between causality and anti-causality. Extensions to more
general channels are briefly discussed.
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1. Introduction

There is an increasing trend to investigate the interactions of information,
estimation, and control; see [IHI3] and references therein. Specifically, the
communication system in which the transmitter has access to noiseless feed-
back of channel outputs has been a central focus since it possesses aspects
of a communication system, an estimation system, and a control system.
One of the most important case of such is the system over a Gaussian
channel with noiseless feedback. The fundamental limitation of this sys-
tem, from a communication perspective, is characterized by the feedback
capacity and capacity-achieving codes and has been studied using several
approaches. These approaches are categorized roughly (by no means strictly,
since they are intrinsically related) as follows. 1) Estimation theory related
approaches. This approach utilizes concepts such as maximum likelihood
(ML) or minimum mean-square error (MMSE) estimates in constructing
the coding schemes, such as the capacity-achieving Schalkwijk-Kailath (SK)
codes for additive white Gaussian noise (AWGN) channels motivated by
the Robbins-Monro stochastic approximation and recursive ML algorithm
[1L 2]. See also [14HIT]. 2) Information theoretic approaches, most notably
those based on the Cover-Pombra scheme (CP scheme for short) built upon
the asymptotic equipartition property, the mutual information between the
message and channel outputs, and the directed information from the input
to output of a channel. In addition, Kim [I8] proved the capacity theorem
and obtained the capacity expression. See also [6, [19-23]. 3) Control theory
related approaches, which regards the feedback communication problems as
optimal control problems (cf. e.g. [3H0, 22] 24]). Tatikonda and Mitter [6]
reformulated the capacity problem as an optimal control problem and pro-
posed dynamic programming based solutions. Sahai and Mitter [5] investi-
gated the problem of tracking unstable sources over a channel and introduced
the notion of anytime capacity, revealing the connections of the fundamen-
tal limitations between communication and control. Elia [4] established an
equivalence between reliable communication and stabilization over Gaussian
channels, showed that the achievable transmission rate is equal to the Bode
integral (BI) of the associated control system, and generalized the SK codes
via control-oriented methods. See also [25], 26] and so on for a related study
of analyzing a control system under communication constraints. There also
exist studies utilizing more than one approach, such as Ardestanizadeh et
al [27, 28] showed the connections of the information-theoretic capacity and
MMSE exponent with a certain type of control policies.
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As we have seen, different approaches have been shown useful in address-
ing the fundamental limitations associated with the Gaussian feedback com-
munication system. This paper attempts to present a converging point for
the studies of this system based on a perspective that unifies information,
estimation, and control. We demonstrate that the communication problem
can be reformulated as an optimal estimation problem or an optimal control
problem. Specifically, we will show that many coding schemes in the existing
literature have to utilize the Kalman filter (KF) algorithm or are reformu-
lations of Kalman filters: First, the CP scheme needs to implement a KF to
achieve power efficiency (defined as achieving minimum channel input power
to support a given rate) and optimal receovery of the transmitted message
(see Section ; second, the SK code can be easily obtained from a KF of
an appropriate form (see Sections [2{and ; and third, the control-oriented
schemes can be derived from a KF by the duality between control and esti-
mation [29, 30] (see Section [5.1). Therefore, we will conclude that the three
approaches described above are intimately connected, and consequently, one
can be used to complement another when addressing various problems over
Gaussian channels.

As a result, we can establish certain corresponding relationship for the
fundamental limitations in feedback communication, estimation, and feed-
back control. The achievable rate of the feedback communication system is
alternatively given by the decay rate of the Cramer-Rao bound (CRB) (or
equivalently, decay rate of the MMSE) for the associated estimation system,
or given by the BI of the associated control system, in both finite horizon
or infinite horizon (see Sections and . In addition, the fundamen-
tal limitations in terms of the optimal tradeoffs in feedback communication,
estimation, and feedback control coincide, all of which may be interpreted
as the tradeoff between causality and anti-causality. In feedback communi-
cation, this fundamental limitation is the capacity, i.e., the optimal tradeoff
between the input power (i.e. the cost) causally generated by the feedback
loop and information rate (i.e. the payoff) which is independent of feedback;
in the associated estimation system, it is characterized by the optimal trade-
off between the causal mean-square error (MSE) and (anti-causal) smoothing
MSE decay rate; and in the associated control system, by the optimal trade-
off between the variance of a regulated output generated by causal feedback
(a control performance measure) and the BI (or degree of anti-causality or
degree of instability, which is the disturbance rejection measure). For each
of the tradeoff pairs, if one wishes to keep the cost (i.e. the first in the pair)
low, the payoff (i.e. the second in the pair) cannot exceed some constant
determined only by the underlying channel and the cost (see Section .
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The above-mentioned equivalence relationship leads to a simple equiva-
lence between generalized SK codes and the KF, which provides a convenient
way to obtain a feedback communication scheme from an estimation prob-
lem. This leads to an information theoretic characterization of KF'; that is,
the KF is not only a device to provide sufficient statistics (which was shown
n [22]), but also a device to ensure the power efficiency and to recover the
message optimally.

Different from papers studying channel capacity problems and estab-
lishing capacity theorems or coding theorems, this paper is focused on dis-
cussing the confluence of information, estimation, and control, such as how
one problem may be transformed into another, and how the fundamental
limitations in these problems are related. Hence only some aspects of the
channel capacity that are pertinent to estimation and control will be dis-
cussed in this paper. We do not attempt to address the capacity problem
per se (e.g. proving the coding theorem), and the interested reader is refer
to [18| BI] and related papers for the characterization of capacity.

Throughout the paper, for simplicity, channel refers to feedback chan-
nel, Gaussian channel refers to Gaussian channel with memory and feedback,
and capacity refers to feedback capacity, unless otherwise specified. We use
underlines to specify vectors, and boldface to specify matrices. We repre-
sent transpose by /. K >0 (or > 0) means that the symmetric matrix K
is positive definite (or positive semi-definite). We represent time indices by
subscripts, such as y¢. We denote by y” the vector [yo,y1,...,yr]’, and |ly”||
be the vector 2-norm of y”. We assume that the starting time of a process
is 0. A finite-dimensional linear time-invariant (FDLTI) system is denoted
using a scripted symbol, e.g., Z(z), and as it can be alternatively captured
by a matrix, we represent the matrix associated with the linear system Z(z)
by Z (boldface scripted symbol). We use (A, B,C’, D) to represent system
(1) { Liyq :,Aﬁt + Buy

yr = C'zy + Duy.

2. Motivating example: Kalman filter based optimal
communication over AWGN channel

To help the reader understand the intuition behind our study, we present a
simple example over an AWGN channel before we study the general Gaus-
sian channels with memory. First, we introduce a simple KF system (see
Fig.|1| (a)), followed by a straightforward rewrite of it (see Fig.|l| (b)), which
then may be used for information transmission at the Shannon capacity
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rate. Finally, we show that this communication system is equivalent E| to the
SK scheme in the sense that both follow the same procedures and dynam-
ics and generate identical corresponding signals for any time horizon. This
implies that the celebrated SK scheme in fact performs the KF algorithm. It
motivates the further exploration of the connections among feedback com-
munication, estimation, and feedback control.

2.1. A Kalman filter problem

Consider a standard KF problem for a first-order unstable LTI system with
noisy measurements:

Ti41 = QT
(2) to-be-estimated system: T = CTt
Y =Tt + Wy,

for time ¢t =0,1,..., where x( is a continuous random variable with zero
mean and finite variance, |a| > 1 (namely the system is unstable), a and ¢
are known, and w; "X N'(0,1) is the AWGN. The KF provides the linear
MMSE estimate of {z:} based on the noisy measurement process {7}, and
if xo is Gaussian, the estimate is the MMSE estimate. The (steady-state) E|
KF is described as (see Fig. [1] (a) for the block diagram)

ZB\t+1 = CL?L‘\t + let
(3) Kalman filter: Ty = Ty
et = Yi — CTy,

aXc
4 -
(4) l 1+ 28

is the asymptotic Kalman filter gain, and X is the asymptotic MSE for 7, (i.e.
¥ = limy_,00 E(2: — 2¢)?), which is the positive solution to the discrete-time

In here and subsequent places, “equivalence” is according to the notion described

in Appendix

2Though {7} is neither stationary nor even asymptotically stationary, a time-
varying or time-invariant (steady-state) KF can be built to guarantee bounded error
variance for estimating x;, and the difference between the time-varying one and
time-invariant one vanishes as time increases, as pointed out in Chapter 14 of [29).
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algebraic Riccati equation (DARE)

a?c2¥?
Y= - —=_
Solving the DARE, we obtain
a2 —1 a2 -1
6 Y=—_-— I= .
Kalman filter

Figure 1: (a) A KF problem. (b) A KF-based coding scheme.

2.2. KF-based feedback communication

Next, as illustrated in Fig. [1| (b), we introduce a feedback communication
coding scheme over an AWGN channel by slightly changing the KF problem
shown in Fig.|1|(a). Rather than closing the loop to the right of the AWGN w;
(i.e. adding (—7¢) to g, to obtain e;) as done in the KF, in Fig.[1|(b), the loop
is closed to the left of the AWGN wy (i.e. adding (—7¢) to r¢ to obtain u). It
is straightforward to verify that all corresponding signals remain the same
after the change and hence the two systems are considered as equivalent.
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(Note that in Fig. [1|{(b), ¥+ = €;.) As indicated in Fig.[1| (b), one can identify
a communication system with an encoder, AWGN channel, and a decoder,
all of which will be described in the following for time ¢t =0, 1,.. ..

(7) AWGN channel: 3 = uy + wy,

where wu; is the channel input, w; "5 N'(0,1) is the channel noise, and y; is

the channel output.
At time ¢, the encoder can access 7; (generated from y'~!) via the noise-
less feedback link and operates according to:

Ti4+1 = ATt
(8) encoder dynamics: T = CTy
up =T — Ty

where a and ¢ are encoder design parameters such that |a| > 1 and ¢ # 0.
The encoding procedure is as follows. Fix the number of channel uses to be
(T'+1) (i-e. the system runs from time 0 to time 7") and a power budget
P > 0. Given a set of K1 equally likely messages, map the kth message into
a message point M*) according to

w0 . VP (_ 2k N\, _ ~
9) M®) = ( b g )i k=00 KL

This is known to both the transmitter and receiver a priori. Suppose the kth
message is to be transmitted across the channel. To encode, let o := M*),
the message point representing a selected message.

The decoder operates according to

Tip1 = aTy + lyy

(10) decoder dynamics: Ty = Ty
Zogt = a Tt+1,

and the decoding procedure is to simply map Zor (or Zor/(1 —a=2172))

into the closest message point referred to as M*).
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In summary, the KF-based communication system dynamics is:

Tt41 = Ty

Tt = CTt encoder

Ut =T — ?t

KF-based
(11) .. Yt = Ut + W = € AWGN channel
communication - -

Tyl = aZy + leg

T = cTy decoder

Tot = a Tt41

The following proposition shows that, the Kalman filter in , an opti-
mal estimator for a process generated by a continuous random variable and
perturbed by AWGN, can be transformed into an optimal communication
system to transmit digital messages over an AWGN channel.

Proposition 1. The feedback communication system together with the de-
scribed encoding and decoding procedures can achieve the feedback capacity

(12) Cpp(P) = 3 log(1+P),

under an average channel input power constraint

1

(13) T+1

E[lu|? <P
for any T.
Proof. Fix any € > 0, an arbitrarily small slack from the capacity C;. Then

let a:=+v14+P,c#0, Kp:= La,(TH)(l*G)j, and follow the above-described
encoding and decoding dynamics and procedures. One can derive that

t—1
(14) E(z; — 21)? = a *'E(x)? + 12 Z a ¥,
=0

and then straightforward computations show that the channel input power
satifies

(15) E(Ut)2 = CQE(.T}t — .7L‘\t)2 = a_zt(02E<x0)2 — ’P) +P < P

since zg := M®) and |cM®)| < /P for any k according to @ Therefore,
holds.
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Additionally, for any fixed xg, the decoder generates

T
(16) EO,T = (1 — a_QT_Q).IO + CL_QT_2 Z aj+1le,
7=0

which maps to the correct message point if

VP

1 ~- 3 =
( 7) ‘:L’o ZEO,T| < dT C(KT — 1),

where dr is half of the spacing between any two neighboring message points.
One can see that (zg — Zo 1) is Gaussian conditioned on zo, with mean pr :=
a=* =2z and variance 02 := a2 2(1 — a=21=2)P/c2. Then the probabil-
ity of the decoded message point M not equal to the selected message point
M can be shown to satisfy

PEq = Pr(M # M|M)
< PI“(.CI}QT —x0 > dT‘.%o) + PI"(JZ()T —x0 < dT|x0)

dr + pr
or
— Q < < CLT+1 + aTICJ:()))
(18) V1-— a*2T*2 Kr—1 VP
N Q 1 CaT+1 B a—T 10‘,1;.70
V1—a2T-2 \Kr—1 VP
caT+1 o
<2Q <§Ta(1—e)(T+1) —a )

< 2Q(ca6(T+1) — aiT*l),

where &7 := Kp/a('=9T+D < 1. The first inequality (as opposed to equal-
ity) is because when, say, 2o := v/P/c, then any noise such that Zo,r > o
would not result in a decoding error. The last two inequalities are because
the Q-function is strictly decreasing and c¢|zg| < v/P. Since a > 1, straight-
forward computation can show that as T tends to infinity, the above upper
bound of PErys, which is independent of o, decreases to zero. Then the
probability of decoding error PEp := Pr(M # M) also vanishes to zero.
Hence the rate

(19) lim
T—oo 1T + 1

log K7 = (1 —€)C(P)
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is achievable (also cf. [32] for a similar proof for a slightly different setting),
and we have proven that equipped with the described encoding and
decoding procedures is capacity achieving. O

Note that in the KF problem described in Section the initial condi-
tion zq is a continuous random variable with zero mean and finite variance,
whereas in the KF-based communication problem described in this subsec-
tion, the initial condition is a discrete random variable uniformly chosen from
the K1 message points. However, as suggested by and , asymptot-
ically the distribution of zy does not play any role in recovering zg from
the noisy measurements and hence the KF-based communication scheme
can be used to transmit any unknown xg, regardless of its distribution. See
[33] (page 481) for similar comments regarding a common scheme used for
transmitting either a Gaussian random variable or digital data. As we will
see in Section the common scheme in [33] is a rewrite of our KF-based
communication scheme.

2.3. Connections with the SK coding scheme

The coding scheme in Fig. (b) is a simple reformulation of the celebrated
SK coding scheme known to achieve capacity. To see this, a slight variation
of the original SK scheme (cf. [2]) is illustrated in Fig. E| . In this figure,
one can identify the encoder, AWGN channel, decoder, and the feedback
link with one-step delay.

To see the connection between the two coding schemes, note that in the
SK scheme, it holds that

Ut = gat(fo,tfl — zp) encoder
=u +w AWGN channel
(20)  SK scheme { Y P
~ o _gtl —t—2
Tot = 5—Lot-1—a gy: decoder
a

3The SK variation here performs the same operations every step, as opposed to
the scheme in [2] whose initialization step differs from later steps, and the message
points M(*)’s are defined differently in this paper and in [2]. However, for any time
k > 1, both the variation in Fig. [2| and the original SK scheme perform identical
operations. The resulting signal differences can be shown to vanish as time increases
and affect neither the power constraint nor the decay of the error probability (details
omitted for brevity). See also Sec. IV-B for [4] for similar comparison and [24] for
further comparison of a few SK-type schemes and their variations.
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AWGN
channel
decoder
encoder O
F T ui iy . 3 Zo.4
t i it t 2 _ )
—®~ ga 5@;;@/9 %‘lgl D—{ ¢ 2
2!
|
L1

Figure 2: The SK coding scheme.

(To help the reader verify, note that the signals zo, wy, v, Zos in Fi
correspond to 6, Z;1, Yi1(X;1), Xiy11 in [2], resp.) If we let g := —V/P,
then leads to

up = VPat(zo — To4—1)

(21) PO
Zot = Tot—1 t+ a_t_Q\prt-

Straightforward computations can show that the KF-based coding scheme
also follows (21)) if we let ¢ := v/P (and hence | = v/P/a), namely, the KF-
based coding scheme and the SK scheme generate identical channel inputs
ug, outputs y;, and decoder estimates Zo; respectively at each time.

2.4. A stable variation of the KF-based coding scheme

The KF-based coding scheme illustrated in Fig. [1| generates unbounded sig-
nals such as r; (noticing r; = calzy where |a| > 1). The SK coding scheme
illustrated in Fig. [2| generates unbounded values such as af. A simple refor-
mulation, however, leads to a stable coding scheme with all involved signals
and values stable. See Fig. 3| for the stable formulation.

The system dynamics is

Ty = aTi—1 — ly—1

(22) KF-based stable Up = €Ty encoder
coding scheme Y = € = U + wy AWGN channel
Zot = Top—1 + a "ty decoder

where _1 := M /a if M is the selected message point (i.e. 2y = M), y_1 := 0,
and Ty —1 = 0. To see how this formulation may be derived from , simply
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T T T T T T T wew
channel

| encoder | decoder
| s

T g /L Yt Lo,t
et [cF——0—7{c""lil-9
| _| : |._ 5 |

é _ [ —T1] '
i =

control setup
Figure 3: A stable variation of the KF-based coding scheme.

let
(23) ft =Tt — ft

in and then ([22]) will follow.
To see that it is stable, note that

(24) -%t = Gﬁftfl — l(C§t71 + wt,l)
= (a—lc)T4—1 — lwy—

1~
Tp—1 — lwg_1,

=a
where we have used the definition of I in (). As [a™!| < 1, is stabilized
and hence all signals and parameters in are bounded.

We remark that the stable variation in coincides with the com-
mon scheme studied by Gallager (pages 480 to 482, [33]). The only dif-
ference being that, in [33], the decoder calculates the unbiased estimate
Zor/(1 —a"2T=2) and then maps it to the closest message point to receover
the transmitted message (as opposed to mapping Zo r directly to a message
point); however the difference vanishes sufficiently fast and hence and
the common scheme have the same asymptotic behavior.

Moreover, this formulation is related to a control problem. To see this,
consider the optimal control problem for , assuming a and c are given,
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[ is the controller gain (i.e., —ly;—1 is the control input based on noisy
observation y;_1):

. 1 )
<25) l:slrsltable Th—rgo T + 1 tz; E(Ut) ’
that is, we want to minimize the power of the regulated output u by appro-
priately choosing [ (namely to minimize the power of the “error” signal
u := cTy, or simply put, to make the state ; small, through proper controller
design). Since the objective function does not assign any direct penalty to
the controller’s output —ly, i.e., there is no need to reduce the control effort,
this is a cheap control problem. See [34]; also see Appendix for the dis-
cussion of cheap control and closely related expensive control problems. It
is straightforward to see that, the average channel input power Eu? is min-
imized if and only if the control gain [ takes the value according to @ For
this reason, the dotted box in Fig. [3|is called a control setup.

Thus, we have seen that the SK scheme can be seen as a reformulation
of a KF system or cheap control solution. The SK scheme is an optimal com-
munication system; the KF system is an optimal estimation system; and the
cheap control solution is an optimal control system. This draws connections
among communication, estimation, and control. These observations can be
generalized for Gaussian channels with memory, which we now turn to.

3. The channel model and CP scheme

In this section, we introduce the Gaussian channel with memory, which
includes the AWGN channel studied in the previous section as a special
case. The channel may be formulated as one with AWGN and inter-symbol
interference (ISI), or one with colored Gaussian noise but without ISI. We
then discuss the CP scheme over the channel with colored Gaussian noise.
Finally we reformulate the CP scheme for the channel with AWGN and ISI
and introduce a state-space representation of the scheme.

3.1. Channel models

Fig. [ depicts the channel F with AWGN and ISI. In state-space the channel
is given by

Sg41 = Fs, + Guy

(26) channel F : { i = H's, +us + wy,
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where sy =0, F € R™*™ the system (F,G, H', 1) is stable and minimum-
phase, and w; "~ N(0,1). Here m is called the order (or dimension) of the
channel. The input-output representation of F, in matrix form and for the

time duration ¢ =0,1,...,7T, can be written as
(27) Foyh=274" +w",

where Z.' € RT+DX(T+1) ig 3 unique lower triangular Toeplitz matrix of
the impulse response of (F',G, H',1) with all-one diagonal elements.

Wy
on St41 St ,L Y
™ L

— /
o Zl ﬂq‘”

o

Figure 4: The channel F in state space.

This channel F can be transformed to a colored Gaussian noise channel
without ISI (6l 22]), called F’, defined as

28) F': g i=Zry" =" + Zrw” =T + 27, de T =u" + 27,

where Z7 := Z7w” is the colored noise process generated by the FDLTI
system Z7 driven by AWGN w?”. The channel F is said to be equivalent to
the channel in the sense that gT and QT causally determine each other.

3.2. The CP scheme over F’
Over the channel 7', the CP scheme is obtained by letting
(29) QT = BTZT + QTv

where By € RITDX(T+D) g gtrictly lower triangular and v? is Gaussian
and independent of Z7. That is, the channel input u” is generated based
on the strictly causal feedback of the channel noise Z7 and an indepen-
dent information-bearing signal v”. Based on the CP scheme, the concept
of “finite-horizon information capacity” was introduced in [3I] as the rate
associated with the maximum mutual information between v? and the cor-
responding channel output QT for all admissible By and K ;T) = EuToT".
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Formally, let u” (K (QT),BT) and y7 (K (QT),BT) be an input sequence and an
output sequence generated using (K (QT),BT), and I(vp; yT (K (QT),BT)) be the
mutual information between v? and yT.

Definition 1. The finite-horizon information capacity Cp(P) for any power
budget P > 0 is defined as

1
(30)  Cr(P):=sup Rp(K",Br) == sup mI(QT;yT(K(gT)aBT))

subject to the power constraint

1

(1) By =
(31) Pr(K(" Br) = 7

E|lu" (K", Br)|* < P.
One can also define the inverse function of Cr(P) as Pr(R), the infimum
power for a given rate constraint:

(32) Pr(R) = inf Pr(K{",Br).
s.it. Re(KS" Br)>R B

The finite-horizon C7 is different from the capacity notion defined for
infinite horizon in the sense of Shannon, but in [3I] a channel coding theo-
rem was proven for the case of Gaussian channels based on the sequence of
Cp. Furthermore, if the Gaussian noise process {Z;} is stationary, then Cp
converges to the feedback capacity in the sense of Shannon [I8]. Therefore,
it is meaningful to study C7r. In addition, the results in [31] also imply that
any mutual information rate is achievable by appropriate codes, and hence
it is sufficent to study mutual information rate for the Gaussian channels.

3.3. The CP scheme over F
We now introduce the CP scheme for F based on the CP scheme for F'. Let

(33) rT = (I +Bp) 7,
i.e., 77 and v”T can causally determine each other for any given Br and
hence are in one-to-one correspondence with each other. However, ! turns
out to bear some significance since the mutual information between ! and
QT across the channel is determined only by 7 (in particular, the mutual
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information or its rate is independent of B, a property not held for v7);

see Proposition |2/ and Remark |1} By Z7 = Zpw” and 37 = ZTQT, we have

u! = BrZrw? + (I + Br)r’

34
( ) yTzz;l(I‘FBT)(ZTMT‘i‘KT)-

This further follows that, the channel input «” can be represented as
35)  u' =T +Br)'BrZry" +r" =Br(I+Br) ' Zry" 417,

which we call the CP scheme over F and is illustrated in Fig. 5| (a). We
point out that in this formulation of the CP scheme, the channel input u’ is

generated from the strictly causal feedback of the channel output QT (instead
of the channel noise ZT in (29))) and message-bearing signal r” (instead of

vT in )
3.4. State-space representation of the CP scheme over F

A state-space representation of the CP scheme over F, denoted S := S(F),
can be obtained as shown in Fig. [j| (b), and its dynamics is shown in (36]).
The corresponding relation between S and the CP scheme over F will be
rigorously established in Lemma

Ty = Az,
re =C'z, encoder
(36) Coding U = Tp — Ty
scheme 5 S41 7 /F & + Que channel F
yr = H'sy + ug + wy
L ! = ngT feedback generator

where 2y := M ~ N(0,I,+1),0 <n < T, (n+1)is called the encoder dimen-
sion or order, and G will be characterized in state-space in the next section.
Note that the initial condition z, is assumed to be Gaussian since here we
focus on the study of mutual information, which is maximized if z is Gaus-
sian.

Let Tz, := (A € RFDX0+) ¢ e Rt G ¢ RTFDXTHD) The tri-
ple Tr,, is said to be admissible if the following Assumption (A1) holds:

(A1) (A,C) is observable, Gy is strictly lower triangular, and 0 <n < T.
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channel F

encoder channel feedback
i generator

Figure 5: (a) The CP scheme over the channel F. (b) A state-space repre-
sentation of (a), called the coding scheme S over F. The feedback generator
is a portion of the decoder.

Throughout the paper, Assumption (A1) is assumed unless otherwise
specified. Note that the feedback generator’s operation at time ¢ is fully
captured in the (¢4 1)st row of the matrix Gpr. Then the fact that Gr
is strictly lower triangular implies that the feedback generator is strictly
causal. Assumption (A1) allows the feedback generator Gr to be either
time invariant (if Gr is Toeplitz) or time varying (if Gr is not Toeplitz).

Let T (T7,,) and y* (Tr,,) be any input and output sequences generated
with the triple T7, and so on (the dependency on T, may be dropped for
notational convenience), and

1
Rrn(Try) = m——I(M;y" (Trn)),
Tn(T1n) T+1I(7,7 (Tr.n))
<37) 1 T 2
Pr.(T7.,) = —B|uT (Tr,,)|%.
T (T70) T+ |lu” (Trn)]|

The system S with a triple T7, generates

(38) u"(Try) = 7" +17 =Gry" + 7 M,
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where we have defined

(39) r’=TrM
and
(40) T (Tr,) = [C,AC,...,AT'CY

is the observability matrix with full rank by Assumption (A1) (cf. [35]).
Therefore, the covariance matrix of r’, i.e.,

(41) KD .= ETr" =TTy,

is of full rank.

In the case of n = T, the strictly lower triangular matrix Gr can be cho-
sen such that it can generate any strictly causal feedback from y”, and r”
can be or approach any given covariance matrix. Thus, comparing the above
u? (T7,,) generated by the system S with , one can conclude that any
input that the CP scheme can generate can also be generated or approached
by the system S, and hence Cr can be attained or approached by the sys-
tem S.

Definition 2. Consider S in . Define the constrained capacity

(42) Cry = Crp(P) = sup Ry o (Tr,)
Pr o (Tr.n)<P,(Al)

and define its inverse function as Pr,(R), that is,

43 Pr. = Pp,(R) = inf Pr (Tp).
(43) T tn(R)= o aiBhr ) T T )

In other words, Cr,, is the finite-horizon information capacity over all
admissible T, with a fized encoder dimension (n + 1). The following lemma
connects Crr and Cr based on the relation between S and the CP scheme
over either 7 or F.

Lemma 1. i) For any given triple Ty, there is (K(QT),BT) such that
uT (K" Br) = u (Tr.,);

it) For any given pair (KéT),BT) with K;T) > 0, there exists an admis-
sible triple Trr such that yT(K(QT),BT) :gT(TT;p); for any given pair
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(K(QT),BT) with K(QT) >0 but K(QT) # 0, there exists a sequence of admis-
sible triples {Tr71;}2, such that QT(K(QT),BT) = lim;_s 00 @T(TT7T7Z'),'
iii) It holds that Cr(P) = Crr(P) and Pr(R) = Prr(R).

Proof. See Appendix O

Thus, to achieve Cp, it is sufficient to study either the CP scheme with
all possible (K éT), Br) or the system S with all admissible T 7. Since the set
formed by all admissible T7 7 is a subset of the set formed by all admissible
Tr, with n < T, we can study the system S with all admissible T, with
n < T with no loss of generality or optimality. However, allowing n to be
not necessarily equal to 7" gives us the flexibility of increasing 7" (i.e. time
horizon) for a fixed n (i.e. encoder dimension), a useful step towards the KF
characterization of the feedback communication problem. In what follows,
several refinements to the coding scheme S with Tr, will be presented.

4. Necessity of KF for optimal communication

In this section, we refine the CP scheme by showing that the scheme S
necessarily implements the KF algorithm in order to minimize the channel
input power (i.e., to achieve power efficiency) and to generate an optimal
estimate of the transmitted message (e.g., in the sense of MMSE estimation).
Therefore, the optimal feedback communication system over the channel F
(optimal in the sense of capacity achieving) has to contain a KF, either
explicitly or implicitly.

4.1. The KF for channel input power minimization

We first compute the mutual information in the aforementioned coding
scheme S.

Proposition 2. Let (A,C,Gr) be an admissible triple for'S in (36]). Then
it holds that

1
(44) I(M:y") = 10" y") = S log K|

= S logll + 27 KD (4,002,

independent of Gr.
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Proof. From gT = Z;IQT +w? and ot =T — QTQT, one obtains
(45) y' =T - 2Z:'Gr) (2T +wh).
Therefore, we have

(46) I(M;y") = h(y") — h(y" | M)
= h(y") = h (I - 23'G7r) (27T + w") | M)
1
2
1
2

where (a) is due to r” =TrM and |[I — Z:'G7|~! = 1, (b) is due to |AB| =
|A||B|. Thus, I(M;y") is independent of the feedback generator Gr and

depends only on (A, C) or equivalently K éT) (A, C). One can also easily seen
that

1
(47) I("5y") = 5 log K|
following similar derivations. ([

Remark 1. The proposition implies that, for the given channel F, a fized
(A,C) or fized KéT) (A,C) leads to a fixzed mutual information regardless
of the feedback generator. Thus, the information rate Ry (A, C,Gr) can be
written as Rr,(A,C) since it does not depend on Gr, in other words the
mutual information (and information rate) is invariant under any causal
feedback, and is equal to the mutual information (and information rate,
resp.) in the system without feedback. Consequently, these quantities can
be computed offline before running the closed-loop system, and hence may
be interpreted as anti-causal quantities.

A further implication is that the feedback generator Gr has to be chosen
to minimize the average channel input power in order to achieve the capacity
(recalling that the capacity can be expressed as the minimal power for any
giving rate (43))). The infinite-horizon counterpart of this result was proven
in [4].

Next we solve the optimal feedback generator for a fixed (4,C) in
finite horizon. Denote the optimal feedback generator for a given (A,C) as



Convergence of fundamental limitations 181

G (A, C), namely

(48) Gin(A, Q) == arg inf Pr,(A,C,Gr) = arg iéleHfT +Gr(A,O)y" 1%

that is, the optimal feedback generator G7.(A, C) achieves power efficiency.
This problem can be solved by studying the estimation system shown in
Fig. 6 (a), which contains an estimator QT mapping the channel output
QT into fr’T, an estimate of r’ , i.e., :\ Q'TyT As one can see, similar
to the case studied in Section [2 a communication system with feedback
can be constructed from an estimation system, and the minimization of
channel input power in the communication system can be obtained from the
minimization of MSE in the estimation problem, which necessitates a KF.
In other words, the observation regarding converting a KF over an AWGN
channel to a communication system (cf. Fig. [1) can be generalized to more
general Gaussian channels. More specifically, from the estimation system
Fig. |§| ), one can subtract the estimate 7; from the channel input and
add back (Z7 171) to the channel output, which leads to the communication
system with the feedback generator G showr}\ in Fig. |§| ) without affecting
the input, state, and output of the estimator Gr. If the estimate 7; minimizes
the MSE, then the power of the channel input u; := r; — 7; is minimized in
the communication system, i.e., the optimal feedback generator achieves
power efficiency.

Proposition 3. Consider the coding scheme S in Fig. @ (b). Then it holds
that i) (recall the capacity definition Pr,,(R) in )

(49) PT,n(R> = RT,n(lAn,fQ)ZR PT,n(A7Q7 gT(A7Q)>

and 1) the optimal feedback generator G (A, C) is given by
(50) G (A,.C) = —G1(A,O)I — 27'G(A,C)) !

where 6}(A,Q) is the one-step prediction MMSE estimator (Kalman filter)
of T based on the noisy observation gT = Z;lzT + w’ (i.e. the optimal
one-step prediction is 71 = G?(A,Q)QT), given by

~ . 1
(51) Gn(AC) = argrr’l\lnT_i_

T

Bl -Gy,

where éT 18 strictly lower triangular.
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unknown source channel estimator

Figure 6: Transforming an estimation system (a) to a communication sys-
tem (b).

Fig.[7| (a) shows the KF 6*T (A, C), and (b) the state-space representation
of the optimal feedback generator G7.(4,C) (the parameters L, and Ly,
will be characterized in (64))).

Remark 2. Proposition [3| formally states that, for any fixed (A, C), the
minimization of the channel input power in a feedback communication prob-
lem is equivalent to the minimization of MSE in an estimation problem.
Thus, one essential role of the feedback generator G for any fixed (A, C) is
to minimize the input power, and the optimal feedback generator G1.(4A, C)
is given by the KF.

Proof. i) By Proposition 2| for any fixed (A,C), Rr (A, C) is fixed. Then
from the definition of Pr,(R), we have

62 Pra(R) = nf  Pra(A.C.Gr)
st Ren(AC)>R

= inf inf Pr.(A,C, .

zlﬁll,lQ (A,Q)lgxed,gT L (4,C.G7)

sit. Rr..(A,C)>R
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Kalman filter g}

€t LZ’t ~ -~
A0 AN 7y O =X B B S ) S e
P
"""""""""""""""""""""""""""""""""""""" @ T
(A, C")
Lo i """"""""" y
o AL, —COf="

Figure 7: (a) The KF éi}(A, C). (b) The KF-based feedback generator
G71(A,C) in state space. (4, L, ;, —C,0) with Z; denotes a state-space repre-
sentation with Z, being its state at time ¢, and initial condition Z, being 0.

Then i) follows from the definition of G7.(A,C). For ii), note that for the
coding scheme S, it holds that

(53) o =" (1) ="+ Gry"
Then, letting
(54) Gr:=—Gr(I - 2:'6r)7!

and y7 := Z7'r" + w”', we have Gry” = —éTgT. Therefore,

1
(55) G1(4,C) = arginf ———B|lr" +Gry" |
_ inf EllrT — G712,
argin 1 HE gTy H

T
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The last equality implies that the optimal solution Q\*T is the strictly causal
MMSE estimator (with one-step prediction) of r’ given Y, which can be
implemented recursively in state-space as a KF ([29])). Finally, from the
relation between G and Q'T, we obtam 1.} The state-space representation
of G7 (A, C), as illustrated in Fig. I , can be obtained from straightforward
computation, as shown in Appendix O

4.2. The presence of the KF algorithm for optimal
message recovery

Given the transmitted message z, := M, denote the decoder-side estimate
of the transmitted message at time ¢ as ¥, and denote M My :=7yp. The
estimate is desired to satisfy: 1) no loss of information during the recovery
process, ie. I(M; MT) =I(M;y"), and 2) minimization of the error M :=

M — M 7 in some sense, e.g., in terms of MMSE or minimum error entropy
(MEE, see e.g. [36]). It is known that to recovery M, a (an anti-causal) fixed-
point smoothing filter can be used. The smoothing filter, typically based on
the KF innovations, is given by (see Problem 10.1 in [29])

(56) Zos = E(My') = Zo 1 + ¢ (1)CK e,

where ¢(t) := Ay (t — 1)Aq(t —2)---Ay(0) if t > 0 and ¢(0) := 1, Ay(t) :=
A — L, ,C’, e is the KF innovation (see Fig. 7| and Section [5.1). Since this
estimate is the conditional-mean estimate and the system is linear with
Gaussian random variables, straightforward computation shows it satisfies
the above-mentioned optimal criteria 1) and 2). Hence, the KF algorithm
can provide the optimal estimate of the transmitted message.

4.3. The complete characterization of the roles of KF algorithm
in feedback communication

To summarize, the KF for a process generated by an unstable linear sys-
tem driven by its unknown initial condition and observed through a Gaus-
sian channel with memory (e.g. 7 in Fig. [§] (a)), when reformulated in
an appropriate form, is optimal in the sense of power efficiency in infor-
mation transmission and information recovery. Searching over all admissi-
ble unknown processes ! can achieve the capacity Cr(P). The power effi-
ciency in communication, i.e. the minimization of the channel input power
for a fixed information rate, is guaranteed by the strictly causal one-step
prediction operation in Kalman filtering (i.e. the operation to recursively
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generate E(r¢|y'~1) at time t); and the optimal recovery of the transmitted
message (optir;lal in the sense of MMSE or MEE between the message and
the estimate of the message) is guaranteed by the anti-causal smoothing
operation in Kalman filtering (i.e. the operation to generate E(M|yT)). We
may view this characterization as the optimality of KF in the sense of infor-
mation transmission with feedback, which is a complement to the existing
characterization that KF is optimal in the sense of information processing
established by Mitter and Newton in [12].

5. Connections among feedback communication,
estimation, and feedback control

We have shown that the coding scheme S necessarily contains a KF-based
feedback generator. The KF immediately links the feedback communication
problem to estimation and control problems. In this section, we present
a unified representation of the coding scheme S* (defined as S with the
optimal G*(A, C) replacing G), its estimation theory counterpart, and its
control theory counterpart.

5.1. Unified representation of feedback coding system,
KF, and cheap control

5.1.1. Coding scheme S*. The coding scheme S* which contains the
optimal feedback generator G7-(A, C) can be described as

(2 = Az,

re=C"x, encoder
up =1y — Ty

coding St41 ,F§t + Gy channel F

(57) * ye = H' s, + ug +wy

scheme S e 54
Stp1 = F§t + Lgt@t
e =y —H'S, optimal feedback
Dy = A2y + Ly yeq generator G*(A, C)

_?t = _Q/ Et

with o = M known to the encoder only, s, = 5, = 0, and z, = 0. Here Ly,
and Ly, are the time-varying optimal gains of the optimal feedback generator
(which is readily solved by studying the innovations representation of the

associated estimation problem; refer to Section|5.1.3)). See Appendix for
the derivation of a state-space representation of G7-(A4, C). One can see that
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this is an extension of the KF-based coding scheme over an AWGN channel
shown in ﬂ The encoding and decoding procedures, omitted here for
brevity, are also extensions of the AWGN ones as described in [4] (which also
showed that any mutual information rate is achievable using the encoding
and decoding procedures).

5.1.2. The estimation system. Fig.[6|(a) shows the estimation system,
in which (A, C) is fixed and known to the estimator. (Note the randomness
in 77" comes from the initial condition for generating r’.) The system is
described as

L+ :,Agt } unknown source
re=C"a,
S0 =F5,+G
. . St+1 ,_§t T } channel F
(58) estimation Y, = H'sy + 1y +wy
system: Ty = AL, + Ly seq
rn=017, Kalman filter
Sp11 = F3, + Gy + Ly sey G*(A,C)
€t :gt _ﬂlgt _?t

\

with oy =M, 5, :EO =0, and Z, = 0. To write this in a more compact
form, define

>4
I
Lot |8
PR
I
1) [2)
S
I
NES
| o

(59)

Then we have

Xt-i,-l = AXt } unknown source
(60) estimation Yy, = Q'XtA+ wy and channel F
system: X, 1 =AX, + Lie Kalman filter
e =9, ~ CX,. } G*(A.C)

with X, = [M’,0'] and Xo = 0. This is clearly an extension of the Ist-order
KF system shown in .

4Note that (57) is time-varying whereas is time-invariant. Therefore, to be
more rigorous, (57) is an extension of the time-varying counterpart of , and the
steady-state of (57)) is an extension of . See Section for the existence of the
steady-state of (57)).
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It can be easily shown that ry, 7, €, z,, and Z, in and are
equal, respectively, and it holds for any ¢ that s, — 3, = 5, — 5,, which leads
to the following unified representation as a control system.

5.1.3. The unified representation: A cheap control problem. Define

~

Sp =S T 8 = S — Sy Xy 1= Ty — Ty,

“ aefeacn a-f aff

Note that X, is the estimation error for X,. Substituting into
and , we obtain that both systems become

X1 = (A - L,C)X, — Lyw; (state evolution)

control =AX, — L,e
(62) . _ , .
system: et =C' X, + wy (noisy measurement)
u =D'X, (regulated output)

It is a control system where we want to minimize the power of the regulated
output u by appropriately choosing L, (namely to minimize the power of the
“error” signal X weighted by D, or simply put, to make the state X small,
through proper controller design). More specifically, one may view e; as the
noisy measurement which is also the input to the controller, (—L,) as the
time-varying controller gain, (—L,e;) as the controller’s output which is also
the input to the system with state X,. The objective is to minimize E|u’||?;
formally we want to solve

63)  Pro(AC)=  min 7o BluT(AC Ly LI
s.t. (62),(A,C)fixed

in which M is unknown to the controller. Note that the control effort is
“free” as there is no direct penalty on the controller’s output (—L,e;), and
therefore, it is a cheap control problem, similar to the AWGN case studied
in Section 2

The signal e; in is the KF' innovation or simply innovation, which
forms a white process (cf. [29]), i.e., its covariance matrix K éT) is a diag-
onal matrix. Also e’ and QT (and thus gT) determine each other causally:
el = Vy! where V is lower triangular with all-one diagonal elements. Hence

h(e") = h(y") and |K"| = K.
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For each t, the optimal L, is determined as

(64) L= | B | 25
Ly,

where ¥; := EX,X], K. := E(e;)? = C'S;C + 1. The error covariance ma-
trix X, satisfies the Riccati recursion

)
Ke,t

(65) Et—i—l = RiC(A,Q, Et)

with initial condition Xg := diag(l,+1,0), where the Riccati operator
Ric(, -, ) is defined as

AT, CCEA

. — I
(66) Ric(A,C. %) = ADA - =g ==

This completes the description of the (KF-based) optimal feedback generator
for a given (4, C).

The existence of one unified expression for three different systems ,
, and is because the first two are actually two different non-minimal
realizations (cf. [35]) of the third. The input-output mappings from w” to
¢! in the three systems are equivalent (see Appendix . Thus we say that
the three problems, the optimal estimation problem, the optimal feedback
generator problem, and the cheap control problem, are equivalent in the
sense that, if any one of the problems is solved, then the other two are
solved.

6. Connections of fundamental limitations

In this section, the fundamental limitations and their connections are dis-
cussed. These limitations involve the information rate and channel input
power in the feedback communication system, the Fisher information, MSE,
entropy rate, and CRB in the estimation system, and the Bode integral and
regulated output variance in the feedback control system. The limitation in
one system may be expressed in terms of that in other systems, thanks to
the equivalence established above. For an incomplete list of references on
similar connections, see, e.g., [5l 6] &, 10, 1T} 13], 27, 28, B0, 37, B38]. Specifi-
cally, Mitter and Newton presented a rigorous theory on the duality between
estimation and control in [30] B8]. Van Trees [37] (pp. 501-511), de Bruijn,
and Guo et al [I1] (and therein references and subsequent works) discussed
filtering versus smoothing as well as their relation to entropy and mutual
information.
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6.1. Fisher information matrix (FIM), CRB, entropy rate, and
Bode-type sensitivity integral (sum)

In estimation theory, it always holds, as a fundamental limitation, that
(67) MSEy > CRBy =TI/,

regardless of how one designs the estimator [37], where MSE,, is the MSE
for estimating M, CRBjs is the (Bayesian) CRB, and Zj; is the Fisher
information matrix (FIM).

In feedback control, the Bode integral is a fundamental limitation (typ-
ically stated in steady state). Simply put, for any feedback design, the sen-
sitivity of the output to exogenous disturbance cannot be made small uni-
formly over all frequencies, since the sensitivity transfer function’s power
spectrum in log scale sums up (integrates) to be constant [§]. Various forms
of the Bode integral and the like were derived in e.g. [10, 39]. A similar
limitation holds in finite horizon as we now show for the system S in (36)).
For any feedback generator G, the outputs of the closed-loop system is

(68) yT =T - Z;IQT)_I(Z;lgT + MT).

Since e! = VQT, one may treat either gT or e’ as the measurement outputs.

Then the sensitivity of the measurements e’ against noise w” is Sy := V(I —
z;lgT)—l. It is easily seen that, if the spectrum of SpS7. is {AEEL then

=17

T+1

(69) S log A = 0,
=1

which holds valid regardless of the choice of feedback generator G, including
the case of open loop (i.e. there is no feedback). Thus, the effect of noise w™
cannot be made uniformly small over time in the noisy measurements e’ by
any feedback, which may be viewed as a fundamental limitation of noise (or
disturbance) suppression.

We also introduce another way to quantify the disturbance rejection

capability. Let

1 KU1 A @
Blr := 1 = = log \i (KT
(70) T =or+1) 8 kD 2T +1) ; og Ai(K )

1 T
— N1 K
2T + 1) tz:; 08 Hety



190 J. Liu and N. Elia

which, by Proposition [2[ and ]KéT)\ = \KéT)], is independent of any causal
feedback G and may be seen as the finite-horizon counterpart of the widely
known Bode integral of infinite-horizon; that is, causal feedback can reshape
the power spectrum for the noisy measurements e’ or channel outputs y”,
but it cannot change the sum (in log scale) of the measurement power spec-
trum. Hence Blr is an open-loop system property determined by Z7 and 7,
which may be seen as an anti-causality measure invariant with or indepen-
dent of the causal feedback. Note that v’ = 7T in open loop for the system
in ; that is, u” or equivalently T is the regulated output associated with
L, =0 for all ¢, and is also the initial-condition response for (62)).

6.2. Expressions for mutual information and channel input power

Proposition 4. Consider the coding scheme S with fized (A,C) satisfying
(A1). Then it holds that i)

T T
1 1
TN o o /
(71) I(M;y") = (T +1)Blp = 3 ;O log Ket = 3 ;0 log(C'®,C + 1)

1 _ 1 1 _
= 5 log [MMSEy 7| b= 5 log|Tarr| = 5 log |[CRBy 7| g

and i)
1 < 1
(72)  Pr.(A,C)= 71 ;D’Etﬂ) =7 -trace(CMMSE,. )
1 ET: C'A'MMSE, ;A" C,
T+14~ AR =

where MMSEy 1 is the minimum MSE of M at time T, CMMSE, 1 is
the causal minimum MSE of rT, Iy is the FIM of M for the estimation
system @), and CRBy 1 is the Bayesian CRB of M.

Note that CMMSE, 7 := E|77 — 7|2, in which 77 = [f,...,7r] con-
tains the strictly causal estimates with one-step prediction 7y := C'E(z,| gt_l)
fort=0,...,T.

Remark 3. We have described before and also re-described in this propo-
sition that the mutual information (or information rate) cannot be made
higher or lower than a constant regardless of the feedback generator choice;
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the disturbance rejection measure Bl cannot be made smaller than a con-
stant regardless of the feedback controller design; the estimate error cannot
be made smaller than a constant regardless of the estimator design. Fur-
thermore, this proposition connects these limitations by showing they are
essentially equivalent, and one limitation can be translated into another. For
example, the amount of mutual information we may obtain is limited by the
disturbance rejection ability in control and by how well the estimate can be
in estimation. We remark these limitations are expressed in finite horizon,
as opposed to the infinite-horizon limitations studied in [4]. It is also inter-
esting to point out that a capacity notion can be introduced based on the
MMSE decay rate and is closely related to the Shannon capacity for several
Gaussian channels; see [2§].

Proof: i) First we note that h(gT) = h(el) and K.;=C'%C+ 1.
Next, to find MMSE of M, note that the linear model in Fig. |7 (a) is
gl = Z2Tr M + w? with M ~ N(0,I), w? ~ N(0,I). Thus we have

(73) MMSEy ;= (I +Th27Y 25 Tr)
yielding

(74)  |MMSEu,| = |I + 2507002777 = I+ 2 K207
= KD + KL

In addition, from Sec. 2.4 in [37] we can directly compute the FIM of M
to be (I +T%2,Y2Z.'Tr). Then i) follows from Proposition [2| and the
system dynamics . ii) Since uy =D'X, = C' 2, = r — 7 and E3,7} =
A'MMSE) :AY, we have E(u)? = D'E,D = C'Ez,2,C = E(ry — 73)?, and
then ii) follows. O

6.3. Connections of the fundamental tradeoffs

The above fundamental limitations are based on one fized (A,C) with
A € R™*™, Searching over all admissible (A, C) with A € R™*" foralln < T,
one obtains the optimal tradeoffs for feedback communication, estimation,
and feedback control. By the optimal tradeoff in feedback communication we
mean the optimal power-rate relation. The optimal tradeoffs in estimation
and control will be characterized below, and it is expected that they corre-
spond to the optimal tradeoff in feedback communication. Indeed, the opti-
mal tradeoffs obtained by searching over all admissible (A, C) are optimal
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over all (possibly nonlinear) feedback communication designs ﬂ estimator
designs, and feedback control designs, as elaborated below.

The fundamental tradeoff in the feedback communication problem over
the channel F for the finite-horizon from time 0 to time T is the capacity
Cr(P) (or Pr(R), see definitions in and (32))) expressed as the optimal
power-rate pair where the power is viewed as the cost and the rate is the
utility. Though it is desired to make the cost low and the utility high, the
cost cannot be arbitrarily low for any given utility, and the utility cannot be
arbitrarily high for any given cost, regardless of how one may design the cod-
ing scheme. In other words, although one wishes to obtain a high rate using
a low power, one can only obtain no more than a certain rate with the given
power, and cannot arbitrarily lower the power in order to achieve a desired
rate. To capture this, let f:= (A,C,Gr) be any coding scheme over the
channel F, Rr(f) := T}rll( T(f) = y*(f)) be the information rate with
f,and Pr(f) := T+1EH“ (£)|I? be the average channel input power with f.
Here we used the concept of directed information (see [6]) from u’ to y*
defined as a

T
(75) Iw" —y") =) I uly'™)
t=0

Optimal Feedback Communication Tradeoff: Consider the feedback
communication problem over the channel F with one-step delayed output
feedback. i) Given any P > 0, then the rate Ry (f) cannot be higher than
a constant (the constant being Cr(P)) for any f such that Pr(f) < P. ii)
Given any R > 0, then the power Pr(f) cannot be lower than a constant
(the constant being Pr(R)) for any f such that Rp(f) > R.

In the power versus rate tradeoff, one may see the power as a causal
quantity whereas the rate as an anti-causal quantity. This is because the
average input power depends on the strictly causal feedback from the channel
output. On the other hand, the information rate is independent of the causal
feedback and can be obtained a priori before executing the feedback system:;
therefore, one may view the rate as a measure of anti-causality of the system.
Hence the power versus rate tradeoff can be seen as a causality versus anti-
causality tradeoff.

5This can be seen from Lemma |I| and Proposition |3} Linear (A4, C) can achieve
Pr,(R) and hence Cp(P).
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A fundamental tradeoff for the estimation problem over the channel F
is the causal estimation performance versus anti-causal estimation perfor-
mance. Consider any unknown process r! with known covariance matrix,
and 7T passes through the channel F to generate noisy measurements 3 .
Let us assume r? is generated from the normalized, whitened signal M
and M is to be estimated. That is, it holds that M := R™!rT, where R :=

@\ 4 gD . e R _
(K r ) if K, 7 is of full rank; otherwise R is such that K 5; = I holds that

rank (K ps) =rank(K éT)). Therefore we have a linear model (which includes
the linear model in Fig. [6] (a) as a special case)

(76) g’ =2Z:'RM +w'.

Let f be any estimator which outputs a causal, one-step prediction 74 1,(f)
at each ¢t and a smoothed estimate ﬂﬂT( f) at time T. Then the time-
averaged causal MSE with one-step prediction, for the source ! with the
estimator f, is

T

(77) OMSE(r"f) = g 2 B (e = Fuea ()

and the decay rate of the anti-causal, smoothing MSE, for the source r’

with the estimator f, is

(78) R-MSE(r”, f)
1 _
= ey e MSECT )
~ — s B (O~ Bl )0~ oY)

The CMSE is viewed as the cost since the error is desired to be small, and
R-MSE the utility since the error is desired to decay fast.

Optimal Estimation Tradeoff: Consider the estimation problem over
the channel F. i) Given any P > 0, then the smoothing rate R-MSE(r”, f)
cannot be larger than a constant (the constant being C(P)), for any source
rT and any estimator f such that CMSE(r”, f) < P. ii) Given any R > 0,
then CMSE(r”, f) cannot be smaller than a constant (the constant being
Pr(R)), for any source rT and any estimator f such that R-MSE(r?, f)
> R.
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Since CMSE is causal but the smoothing MSE is anti-causal and inde-
pendent of the causal operation (if any) done by the estimator, this predic-
tion versus smoothing tradeoff is a causality versus anti-causality tradeoff.
Note that the statement above “for any source r’ and any estimator f” is
equivalent to “for any admissible (A,C, Ly, ..., Ly)” as we mentioned that
there is no loss of generality in considering linear systems only.

A fundamental tradeoff for the cheap control problem over the
channel F is the closed-loop control performance (regulated output vari-
ance, in this case the variance of the channel input u(f)) versus the Bode
integral (the disturbance rejection measure in (70)) Bl (f), for any con-
trol design f :=(A,C, Ly, ..., Ly). The control performance is defined as
P,(f) = %H Ztho E(u(f))?, which is viewed as the cost since one wishes
to keep it small. The disturbance rejection metric is desired to be high and
is the utility since a higher BIp(f) implies a relatively smaller contribution
of the noise.

Optimal Feedback Control Tradeoff: Consider the control problem over
the channel F. i) Given any P > 0, then the Bode integral Blp(f) cannot
be larger than a constant (the constant being C7(P)) for any control design
f such that the regulated output variance P,(f) < P. ii) Given any R > 0,
then P,(f) cannot be smaller than a constant (the constant being Pr(R)),
for any control design f such that BIr(f) > R.

Note that this specifies the relation between the (closed-loop) control
performance achievable via causal feedback and the (open-loop) anti-causality
of the system.

To summarize, all three tradeoffs are equivalent to each other and are
essentially the fundamental tradeoff between causality and anti-causality,
which manifests itself in the three different but closely related problems.
The causal entities, e.g. the channel inputs in feedback communication, one-
step prediction in estimation, and regulated output in control, are closed-
loop entities generated in a causal, successive way by the causal feedback,
and vary as the causal feedback varies. In contrast, the anti-causal enti-
ties, e.g. the information rate (and the decoded message) in communication,
the smoothed estimate in estimation, and the BI in control, are invariant
regardless of whether the systems are in open-loop or closed-loop or how
the closed-loop is done. Note that this does not claim that the open-loop
capacity is equal to closed-loop capacity, since the capacity is in fact the
pair of rate and power.
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7. Asymptotic analysis of the feedback system

By far we have completed our analysis in finite-horizon. Below, we briefly
consider the steady-state communication problem, by studying the limiting
behavior (7" going to infinity) of the finite-horizon feedback system S* while
fixing the encoder dimension to be (n + 1). (The infinite-horizon capacity
problem, solved by Kim in [18], is beyond the main scope of this paper and
will not be discussed.) We make the following assumption in S*:

(A2) (A,C") is observable, and A has no eigenvalue on the unit circle or at
the locations of the eigenvalues of F'.

7.1. Convergence to steady-state

The time-varying KF in converges to a steady-state, namely is
stabilized in closed loop. That is, asymptotically becomes an LTT system

Xt-i—l = (A - LQ)Xt — Lw; = AX,: — Ley
(79) steady-state: { e; = C' X, + wy
ut = D/ Xty

where

;. AzC

(30) L=,

K, = C'SC + 1, and X is the unique stabilizing solution to the Riccati equa-
tion ¥ = Ric(A,C, X).

This LTT system is sometimes easy to analyze and to implement. For
instance, the cheap control (cf. [24] and [34]) of an LTT system asserts that
the transfer function from w to e is an all-pass function in the form of

Y
81 7:1}6 Z) = kd
1) @-110
where Ao, ..., A\ are the unstable eigenvalues of A or A (noting that F is

stable; see (59))), which also implies the whiteness of innovations process {e; }
since the all-pass function 7o,c(z) holds that |7 (e727)| is constant for all
0. It also shows that the closed-loop eigenvalues are the reciprocals of the
open-loop ones.
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Proposition 5. Consider the Riccati recursion X1 = Ric(A,C,X;) and
the system (63). Assume (A2) and that A has (k + 1) unstable eigenvalues.
Then i) Starting from any initial condition ¥ := diag(l,,+1,0), the sequence
{X:} converges to Lo, the unique stabilizing solution to the Riccati equa-
tion ¥ = Ric(A,C, %), and X has rank (k+1). i) The time-varying sys-

tem (@ converges to the unique steady-state as given in

Proof. See Appendix [A4] O

7.2. Steady-state fundamental limitations

Now we fix (A,C) and let the horizon T' in the coding scheme S* go to
infinity. Let N(Mp) := eni?Mr) b the entropy power of the smoothing
error My := M — My,

k

(82) DI(A) := ]I\l

=0

be the degree of instability or the degree of anti-causality of A (as A;’s are in
the right-half plane), and S(e727) := e(e72™) /w(e72™) be the spectrum of
the sensitivity function of system (cf. []). Denote the asymptotic linear
growth rate of a sequence {ar} as

L ar
(%) 7o) = N T

and the asymptotic exponential growth rate of a sequence {ar} as

. log ar
4 =1 .
™ Aor) = T

Note that in this paper we only encounter the cases where the above limits
exist,.

Then the limiting result of Proposition [4] is summarized in the next
proposition. See Remark (1| and for the notation R, (A,C), which is
extended to the infinite horizon below.

Proposition 6. Consider the coding scheme S*. Fix anyn > 0 and (A,C")
with A € ROHDX0HD) satisfying (A2). Then the asymptotic information rate
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s given by
(85) Roo (A, C) := o(I(M;y"))
1 1 1
=3 log K. = o(h(er)) — 5 log 2me = 5 log(C'EC + 1)
1

)

- %p(N(MTﬁ = / " log| (/)| d0 = log DI(A),

1 1
=-p( Ty r]) = —§P(|MSEM,T ) = _§P(|CRBM,T

2

o

N =

and the average channel input power is given by
(86) Pen(A,C) = o(E[u"|*) = D'ED.

Proof. Proposition [5]leads to that, the limits of the results in Proposition
are well defined. Then

T
) 1
(87) Roon(A,C) = Tlggo m ; log Ke ¢

1 1
=3 log K¢ oo = o(h(er)) — 3 log 2re,

where the second equality is due to the Cesaro mean, and the last equal-
ity follows from the definition of entropy rate of a Gaussian process. Now
by , {e;} has a flat power spectrum with magnitude DI(A)2?. Then
R n(A,C) =log DI(A). Since

(88)  h(My) = %log(Zwe)"H KD = %1og<2ﬂe)"+1|MSEM,T\,

we have p(N(My)) = p(MSE s 7). The Bode integral follows from [4]. The
other equalities are the direct applications of the Cesaro mean to the results
in Proposition [4 O

This proposition shows that all the fundamental limitations for the infor-
mation rate obtained in Proposition 4| become the logarithm of the degree
of anti-causality of A. One consequence of this is stable eigenvalues in A
do not affect the rate (also pointed out in [4]). Stable eigenvalues do not
affect Py (A, C), either, as shown in the following corollary. Therefore, the
feedback communication problem studied in this paper can be reduced to a
problem of tracking an anti-stable source over the Gaussian channel ([4} [5]).
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Proposition 7. Suppose that (A,C) with A € RUHDX0H) satisfies (A2).
Suppose further that A has (k + 1) unstable eigenvalues denoted Ao, . .., g
where 0 < k < (n+1). Then there exists an observable pair (A, C}.) with
Ay, € REFDXEHD being anti-stable such that Reon(A,C) = Roo x(Ax, C})
and Poo n(A,C) = Py 1(Ax, C}).

Proof. See Appendix O

It is straightforward to extend the finite-horizon connections between the
fundamental tradeoffs for feedback communication, estimation, and feedback
control, presented in Section to infinite horizon, since the limits exist.
The detail is skipped for brevity.

8. More general channels

In this section, we will extend some previous results over the Gaussian chan-
nel to more general channels. We will present an inequality of the mutual
information rate and estimation error decay rates, and will show that the
causal MMSE predictor is necessary for power efficiency for general channels
with feedback.

8.1. Information rate versus estimation error decay rate

Consider a channel with input u” and output y” for the time horizon span-
ning from 0 to T, in which each u; can depend on the message signal M and
past outputs y'~! for any ¢ between 0 and 7. Assume the message signal
M of size n x 1 is fixed for any time horizon, and the recovered message is
M. Assume all the involved differential entropies and limits exist and are
finite. Let 1) My := My — My be the estimation error; 2) hy; be the

=T ,MEE

minimum (infimum) error entropy (MEE), i.e. hy; :=inf hy; for any
M

— =—=T,MEE
possible M [36]; 3) Hy; 1 pp = 0(hy; ), i.e. H

77 meg s the entropy
rate associated with the MEE estimate; 4) p3; 1/ pp = p(N(MTMEE)), ie.

P37 v gp 18 the exponential increasing rate of the entropy power for ﬂﬂ MEE;
5) p3i sy = PIMMSE) [) where MMSE)y_ is the MMSE for estimating
My; and 6) R := o(I(M;y”)) be the information rate across the channel.
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Proposition 8. It holds that

(89) R>-H oPMMEE = T 9PM . MMSE

M,MEE —
and the first equality holds if and only if U(I(MT,MEE%QT)) =0.

A sufficient condition for o(I(Mqp;yT)) =0 is I(Mp;yT) =0, namely
the estimation error is independent (not just orthogonal) to the observa-
tions. In this case it is easily seen that the first and last equalities in
hold (since if I(M;y") = 0 then the corresponding M, is the MMSE esti-
mate). Therefore, the proposition states that one cannot expect the MEE
(or MMSE, or any) estimator error to decay at a rate higher than the infor-
mation rate, and if the estimation error can be made independent of the
observations, the estimation error decays at a rate equal to how fast infor-
mation is transmitted over the channel; here the decay rate may be the
linear decay rate of the entropy, the exponential decay rate of the entropy
power, or the exponential decay rate of the mean squares.

Proof. For any time horizon, it holds that

(90)  I(M;y") = h(M) — h(M|y") = h(M) — h(M — Myly")

= (M) — h(M7ly™) & (M) — h(My) + I(Mp; y7)

b) N
> M) — h(Mr).
From (b), one obtains that for any estimation error MT, it holds that

(1) o(1(M:y")) > o(h(M)) = o (h(Dy))
= —o(h(My)) = =5 p(N(My));

by straightforward computation. Clearly, the above inequality holds for the
MEE estimate. From (a), it can be seen that the equality can be achieved
if o(I(M s y")) = 0.

By the definition of MEE estimate, it holds that hg; < hz
< 3 log(2me)"|MMSE 7| and thus

2r MEE MT,IVI}WSE

92) o <hM

2Yr MEE

) <o (; log(27re)”]MMSEM7T]> _ %p(\MMSEM,T\).

Then the proof is complete. O
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8.2. Necessity of the MMSE predictor for general
channels with feedback

Assume an arbitrary additive channel
(93) QT =Hu" + 27

with an average power constraint E|u” ||> < (T + 1)P, where Z7T is an arbi-
trary additive noise process. Assuming one-step delayed channel output feed-
back, the next Proposition states that the optimal feedback generator has
to be an MMSE one-step predictor. Let I(u” — y”) be the directed infor-
mation from u” to y” of some appropriate form that can be used to capture
the information rate across the channel [6].

Proposition 9. Let u; := up — E(ut]yt_l) and QT =Haua" + ZT. Then
Iw" = y") = 1@" - 7") and Bl@"|| < E[u”|.

Proof. Note that E(u|y'~!) can be generated and added back to the channel
output at the receiver side and hence the directed information across the
channel is the same using either u? or &' as the channel inputs. The average

power of using &’ is no larger since the conditional mean E(u| y'!) has the
minimum MSE. U

Simple as it is, this necessary condition for optimality is rather universal.
A corollary is that in the optimal feedback coding scheme the current channel
input u; is independent of all past channel outputs y'~! by the Projection
Theorem. Moreover, since El; = E(u; — E(us|y' ™)) = 0 by the law of total
expectation, it is a center-of-gravity encoding rule (cf. [16, 22, 40]). It is also
straightforward to see that if the channel output feedback delay is d steps,
then an MMSE d-step predictor is needed for optimality. E|

9. Conclusions and future work
We proposed a perspective that integrates information transmission (com-

munication), information processing (estimation), and information utiliza-
tion (feedback control). We established a certain equivalence and explored

6We note that in [I7] the authors demonstrated the significance of a principle
called Posterior Matching in feedback communications and proposed optimal feed-
back communication based on the principle; its connections with this paper will be
addressed in future study.
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fundamental limitations in feedback communication, estimation, and feed-
back control over Gaussian channels with memory. We demonstrated that a
simple reformulation of the Kalman filter becomes the celebrated Schalkwijk-
Kailath codes, and the well-studied Cover-Pombra scheme necessarily con-
tains a Kalman filter in order to be optimal. We characterized the roles of
Kalman filtering in an optimal feedback communication system as to ensure
power efficiency and to optimally recover the transmitted codewords. We
showed that the fundamental limitations/tradeoffs in these three systems
also coincide: The power versus rate tradeoff in feedback communication, the
causal prediction MSE versus smoothing MSE tradeoff in estimation, and
the control performance versus Bode integral tradeoff in control, are equiv-
alent and in essence, are a causality versus anti-causality tradeoff. Some of
the results were extended to the cases with more general channels.

Our perspective has been employed in [41] to uniformly address the fun-
damental limits of several classes of feedback communication problems, and
we envision that this perspective can generate a new avenue for studying
more general feedback communication problems, such as multiuser feed-
back communications. Future research may include extending our proposed
scheme to address the optimality of other feedback communication prob-
lems (e.g. MIMO systems with output feedback). We also anticipate that
the perspective and the approaches developed in this paper be extended
and help build a theoretically and practically sound paradigm that unifies
information, estimation, and control.

Appendix A.
A.1. Systems representations and equivalence

The concepts of linear system representations and the equivalence between
different representations are used in this paper. We introduce a finite-horizon
input-output equivalence below; for a thorough treatment (including both
finite- and infinite-horizon systems), see e.g. [35].

Definition 3. Fix 0 <T < oo. Two linear mappings M, r : Re(T+D) —,
RP(THY) 5 = 1,2, are said to be equivalent if for any u? € RIT*Y it holds
that MLT(ET) = M2,T(ET)-

Example: Equivalence between the estimation system (/58 and
coding scheme S (57)) To show the equivalence, it is sufficient to show
that the mappings from the system input (M’, w?”)’ to system output (r?”,
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e’ 717) (or any other choice of output formed by corresponding signals in
the two systems) are equal that is, for each t, the sets of signals 74, 7, e, x4,
and 7, in and (57)) are equal, respectively. To this aim, first note that for
t =0, the sets of s1gnals are equal, respectively, and that s, — 5, = 5, — 5-
Assume that for t < 7, the sets of signals are equal, respectively, and that
S, — 8, =5, Now use induction. Apparently, 2, ; (and hence r;,1)
generated by and are equal, respectively. Then

~

(A1) srp =8 =F(s; —5,) +Grr —=77) — Ly €7 = 5,11 — 5,40,

and e,y from both and equals H'(3, —3,) + (17 — 7r) + wrt1.
Thus we have proven the equivalence.

Likewise, we can show that the estimation system , feedback com-
munication system , and control system are equivalent.

Example: Derivation of state-space representation of G (A, C)
Consider G7.(4, C) in in Section [4] where the state-space rep resentatlons
for QT(A C) and ZT are illustrated in Fig. |7 I ) and Fig. 4] Since
suggests a feedback connection of G* and 271 as shown in Fig. (b), we
can write the state-space for G* as

§t+1 = A, + Ly 4e
r=C'z,

8t+1 =F5, + Grt + Lo et
e =7, —H'S, —

Sat+1 — Féa,t + Q?t z-1
G, =y + H'sqy +7 T

Kalman filter a}(A, Q)
(A.2)

Letting 5, := 5, — s, +» the above reduces to

Lyy1 = Az, + Ll,tet

mn=C%Z

A3 P Y

( ) St+1 = Fs, + L2,t6t
€t = Yt — E/Et

which is the dynamics shown in Fig. [7| (b) for G, as claimed in the proof for
Proposition 3] The above reduction of realization is allowed since it preserves
the system equivalence.
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A.2. Cheap control

We briefly describe the scalar LTI formulation of the cheap control problem
and its related expensive control. Further details may be found in [34], [4],
and references therein. Consider a scalar LTI system

Ty = atyq1 — lyi
(A4) Ut = C.i't

Yt = Ut +U]t,

where a > 1 and ¢ # 0 are given. We need to find the control gain [ (i.e., the
controller’s output is —ly;) to solve the following optimal control problem
in infinite horizon:

o0

<A5) D is stable Z ’

k=

which is called a cheap control problem as the objective function does not
assign any direct penalty to the control effort —ly;.

Alternatively, instead of assuming c is given, we may assume [ is given
in , and the state feedback control gain ¢ (i.e. the controller’s output
is u; = cZ) is to be found to solve the following problem in infinite horizon:

o0

(A.6) min > E(uw)?,
c: is stable o

which is called an expensive control problem as the sole objective is to reduce
the control effort u;.
In either problem, when (|A.4)) is stable, it holds that

& 272
. 2 22 _ cl
(A7) lim E(u)? = ¢ ;(a le)?t =i

Then straightforward calculations can show that the optimizing solution
must satisfy

(A.8) lc=(a® —1)/a,

and the resulting closed-loop is stable, with the associated minimum aver-
age power being a? — 1. Therefore, the cheap control problem and expen-
sive control problem in infinite horizon can be reformulated as one another
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for , and this holds similarly for their higher-order LTI counterparts
(proofs skipped for brevity). Thus, a communication problem may be con-
nected to a cheap control problem (as done in the present paper) or an
expensive control problem (as done in [4]).

It should be pointed out that the above connection between the cheap
control and expensive control is shown for the case where the controller
gains are static, i.e., the closed-loop systems are LTI. The cheap control and
expensive control can also be studied if the controller gains are allowed to
be time-varying, i.e., if [; at time ¢ needs to be solved in (A.5) and if ¢; needs
to be solved in , for every t. For the cheap control problem, notice the
following iteration

(A9)  E(#)% = (a—1ic)’B(Z_1)* + (I;)?
= (PE(F—1)* + 1)(1,)? — 2acE(F—1)*l; + a*B(&_1)?;

therefore, to minimize the average power of u, one needs to minimize E(%;)?
at each t by choosing [; (independently from the choices of lx, k # t). By
completion of squares (as done in [29] for the Kalman filtering problem),
one can solve for the optimal ;:

acE(#;_1)?

Al = — .
( O) t C2E(:f't71)2 +1

Then the convergence to the LTI cheap control solution can be easily shown,
similar to the Kalman filtering problem. On the other hand, the time-varying
expensive control problem is a minimum variance linear quadratic Gaus-
sian (LQG) problem, which can be solved using the dynamic programming
(details skipped for brevity), and the solution converges to the LTI expensive
control solution.

A.3. Corresponding relation between the CP scheme
and coding scheme S

i) For any given admissible T7,, in S, the channel input is equal to

(A.11) ul(Tr,) =T + ngT =Tr(Trn)M + ngT-

To find the (K Sf) ,Br) in the CP scheme that can generate the same channel
input, let

Br = GrZ;'(I—-GrZ;H)!

(A.12) vp = (I+Br)Tr(Tr,)M,
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(i.e. K(QT) = +B)L'r(Trn)Lr(Tr,) (I + Br)'). Then the channel input
generated by the CP scheme is

(A.13) ul (KD, Br) = (I+Br) " + (I +Br) 'BrZry”
=Tr(Trn)M +Gry" =u" (Try).

ii) Assume K (ET) > 0 first. For any fixed (K (ET),BT) in the CP scheme,
define in S that

Gr:= I +Br) 'BrZr

(A.14) A:=T. [%] T, —T-lAT, €RTHIXT+)

Q::Fa[l 0 - 0]/::Pag1,

where ', := (I + BT)_IKQET) (I +Br)~'): =T, is a positive definite square
root, * can be any number, and A, and e; are defined in obvious ways. Then
G is strictly lower triangular, and (A, C’) is observable since its observabil-
ity matrix is ', with full rank. Letting M := (T'y)~*(I + Br)'v;, then the
channel input is

(A15) u'(Tr,) =Tr(Trn)M + Gry" =ToTo) (I +Br) tor + Gy
=T +By) 'l + (I +Bp)” 1BTZTQ
which is the same as the input generated by (K ;T),BT).

Now consider the case that K (QT) > 0 but K (QT) # 0. Perform the eigen-
value decomposition, one obtains that K M _u AU’, where without loss of

generality, A = diag(Aq, .. % ,0< qg<T+1, and q is the rank of
K(T) Define a sequence {KUZ fol, Where K( ) = =UA+1I - %%IQ)U’,
I is the identity matrix and I, := diag(l, ...,1,0 ...,0) with rank ¢. For

large enough i, each matrix in the sequence is positive definite, and hence
for each pair (K 1() l),BT) we can find an admissible triple T7 r; correspond-
ing to it per the above construction. It is easily shown that the sequence of
triples generate a sequence of inputs that converge to u? (K éT),BT).

iii) By the continuity of the mutual information and power, the power
and mutual information generated by u? (Tr ;) converge to the power and
mutual information generated by u’ (K () ,Br), respectively. Thus to show
iii), it is sufﬁcient to show that u? (Tr ;) holds the power constraint in
Definition [2] if u” BT) holds the power constraint in . However,

this is true as trace(K ;T)) < trace(K (QT)). Then the result follows.
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A.4. Proof of Proposition [5 convergence to steady-state

We show that system converges to the steady-state given by . To this
aim, we first transform the Riccati recursion into a new coordinate system,
then show that it converges to a limit, and finally prove that the limit
is the unique stabilizing solution of the Riccati equation. The coordinate
transformation is given by

N L -1 . A O

A :=TAV " = [0 Fl

~ , ~
(A16) Q . \II—IIQ — |:C +I_I¢ H:l ’ D — \II—IID _ |:C:| 7

~ ~ ~ I —1/)/]

S, = USU, 5i= U0 — ,

t t 0 0 |:_¢ ",bd)/

where

— Iny1 O s B F SNV
am vl 8] pewrofl 9,

and 7 is the unique solution to the Sylvester equation Fy —9pA = -G C'.
The existence and uniqueness of ¥ are guaranteed by Assumption (A2) that
Xi(—A) + \j(F) # 0 for any ¢ and j.

Assume k = n for the rest of the proof; i.e., A is anti-stable. For the
case k < n, we can further transform A, C, and ¥ into A, C, and ¥ such
that A = diag[A,,A_, F] where A, € RE+DX(+D) js anti-stable and A_ is
stable; then the following argument can be easily adopted for the case k < n.

Therefore, the convergence of ¥;11 = Ric(A,C,¥;) with initial condi-
tion Xg is equivalent to the convergence of ¥;41 = Ric(A, C, ;) with initial
condition ¥y. By [42], £; would converge if

w8l 2]

where X 99 is the negative semi-definite matrix to the discrete-time Lyapunov
equation

(A.19) X =FXpuF — (C+y'H)(C+y'H).

Then direct computation shows that f)t indeed converges to a limit f)oo,
and the limit is a positive semi-definite solution to the Riccati equation
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Yoo = Rlc(A (C $.0). By [29], this solution is the unique stabilizing solution
because (A (C) is observable (since (A,C’) is observable) and A does not
have any eigenvalues on the unit circle, and it can be computed as ¥, =
diag(X11,0) where 317 is the positive-definite solution to a reduced-order
Riccati equation %17 = Ric(4, (C’ + - H'Y), $11) and has rank equal to the
number of anti-stable eigenvalues of A. Thus, ¥; converges to ¥, with rank
equal to the number of anti-stable eigenvalues of A. The the results follow.

A.5. Proof of Proposition [7]

Consider the coordinate transformations used in the proof of Proposition [5]
that transform A, C, and ¥ into ¥ into A, C, and X. Note that the block in
Yoo (i.e. the solution to the Riccati equation defined by A and C) associated
with the A_ block is zero. By Proposition [6] in the new coordinates the
rate and power due to the A_ block are both zero, and hence in the original
coordinates the rate and power due to the stable eigenvalues of A are both
zero. Then we remove the dimensions corresponding to A_ in A, C, and 2.
It is easy to check that this leads to a pair of reduced order (A, C}) with
A}, anti-stable and satisfying R n(A,C) = Roo (A, C}) and Py n(A,C) =
Poo i (Ar, Cy,).
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