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Abstract—Control strategies for systems with information
bottlenecks often follow an estimate-then-control paradigm. This
paper presents a ‘non-coherent” system where this strategy
cannot work and provides an alternative.

The paper considers the estimation and control of a discrete-
time linear system with continuous random observation gain, i.e.
through a non-coherent channel. It is shown that such an unstable
system is not mean-squared observable regardless of the density
of the random observation gain: the mean-squared estimation
error for any estimator must go to infinity. This is surprising in
the context of threshold results for rate-limited estimation.

In contrast to other results with rate-limited feedback, the
paper shows that the system can be closed-loop mean-square sta-
bilized in a certain parameter regime even though its open-loop
counterpart is not mean-square observable. Finally, carry-free
models (generalized deterministic models) provide an intuitive
interpretation for the results.

I. INTRODUCTION

Stringent performance requirements for high-speed decen-
tralized control systems (e.g. self-driving cars) push for a
deeper understanding of the interactions between observers
and controllers. Communication and control have a history
of playing off of each other to explore these interactions. This
work explores non-coherence in control systems (i.e. unknown
random multiplicative gains) as a parallel to non-coherent
communication.

Non-coherent channels emerge when phase-noise, frequency
hopping or fast-fading make it impossible for the receiver to
perfectly track the channel state. Such communication has
been studied as far back as 1969 when Richters conjec-
tured that even for continuous unknown fading-distributions
the optimal input distribution is discrete [1]. The conjecture
was proved in 2001 [2], [3]. Since then we know that the
capacity of channels with unknown Gaussian fading scales
as loglog(SNR) as opposed to the log (SNR) scaling of
channels with known fading [4], [5].

Non-coherent observations in control systems can similarly
arise from synchronization and sampling errors in control
systems [6]. Consider a nearly trivial continuous-time system:

X(t)=a-X(t).

The system collects samples at regular intervals ¢, 2t¢, 3tg and
so on. The system differential equation above implies X (¢) =
e X (0), which gives the difference equation:

X[n+1] = e . X[n].

X[n+1] =aX[n] 4+ Win] X[n+1] =aX[n] + Uln] + W(n]
Y[n] = C[n]X[n] + V[n] Y[n] = Cn]X[n] + V[n]
System System
Yn] Y[n] Uln]
Observer Controller
X[n+1]
Fig. 1. This paper considers the estimation and control of a system with

random multiplicative observation gain, C[n] and random initial state X [0].
V[n], W[n| are white noise and a is a scalar constant.

Say we are recording a sample Y'[n] at time ntg, but clock
noise leads to the sample actually being collected at time nty+
Atg, where Aty is a continuous-valued random noise variable.
Then we have:

Y[n] = e“("t°+At°)X(O) = ﬂ[n]ea("tO)X(O).

where ([n] is necessarily a continuous-valued random vari-
able. We would have liked to observe Y[n] = (") X (0),
but we must make do with the multiplicative random noise.
Thus, with timing jitter, state information is received over a
non-coherent channel. This paper shows that unstable linear
systems with such random continuous multiplicative observa-
tion gains are in fact not mean-square observable in open-loop.

Systems with multiplicative noise were explored around the
same time as questions regarding non-coherent transmission
were being asked. In 1971, Rajasekaran et al. derived the
optimal linear filter for systems with unknown continuous
observation gain [7], but did not consider non-linear strategies.
This optimal linear filter was further analyzed by Tugnait [8],
who noted that error turns out to be stable only in situations
when the system is stable. Kalman filtering with multiplicative
noise was studied in [9], [10], [11], however these works were
also limited to stable systems.

The interaction of information theory and control theory has
highlighted the importance of non-linear strategies (e.g. [12],
[13]), and it is natural to explore the more general setting for
the problems above. The optimality of discrete input distri-
butions for transmission over non-coherent channels suggests
that optimal estimation and control strategies for non-coherent
systems would also be non-linear. However, to the best of our
knowledge, these have not been investigated.



In fact, the recently introduced MMSE dimension [14]
can be interpreted as characterizing the gain achievable by
non-linear estimation over linear estimation in the high-SNR
regime. The MMSE dimension measures the scaling behavior
of the MMSE relative to the SNR as SNR grows in the
presence of additive noise. For purely continuous distributions,
the MMSE-dimension is 1, which implies that non-linear
estimation offers the same scaling as linear estimation. This
leads to a conjecture for the case of multiplicative noise:
for systems with continuous distributions on the state, linear
strategies should be essentially optimal. On the other hand,
the MMSE-dimension for discrete random variables is 0, i.e.
non-linear estimation can offer significant gains. In a control
problem control actions may or may not be able to discretize
a continuous-valued random state. So can we use control to
estimate better?

Unfortunately, the results from [14] cannot be directly
applied to the problem at hand since the noise is multiplicative,
and a naive strategy of taking logs of the system also does
not help as is discussed in Sec. IV-B. Instead, we reduce the
estimation problem to a hypothesis-testing problem and use
that to provide a lower-bound for the open-loop estimation
error that itself must grow unboundedly with time.

The estimation result in this paper contrasts with previous
works in this vein that provide insightful thresholds to serve
as design guidelines for systems. These thresholds provide a
metric for the “uncertainty” in the system and provide regimes
for observability and controllability. For instance, intermittent
Kalman filtering results provide a threshold for the observation
packet-drop probability parameter p, below which it is possible
to track the system in a mean-square sense [15], [16], [17].
Neither the intermittent Kalman filtering setup nor the setup
in this paper allow for coding over the observations, however,
the discrete randomness in the Kalman filtering result allows
for a threshold result.

Tatikonda and Mitter provide a joint threshold for observ-
ability and controllability with R bits of feedback with coding
allowed [18]. R > loga, where a > 0 is the gain of a scalar,
linear system is necessary and sufficient for both estimation
and control. The separation principle states that often the
optimal control is a function purely of the optimal state
estimate. This leads to the estimate-then-control paradigm.
Tatikonda and Mitter in [18] observe: “If the state estimation
error increases with time in an unbounded fashion there will
come a point when we can no longer satisfy the control
objective.”

This raises the natural question: can a system that cannot
be tracked in open-loop be stabilized with feedback? The
answer is: sometimes yes. The ability to interact with the
system lets the controller use a simple linear strategy stabilize
if the uncertainty is small enough. This is reminiscent of the
uncertainty threshold principle [19], which gives stabilizability
threshold in the presence of random multiplicative system

gains with perfect noiseless observations'.

The control problem here is similar to the larger set of
rate-limited control and estimation problems such as [20],
which looks at control over fading channels with erasures, or
[21], [22] which provide a data-rate threshold for stabilization.
Even though technically the feedback in the problem at hand
may include infinitely many bits, the systems’s inability to
choose and code these bits precludes the transmission of useful
information. For further details [23], [24] provide extensive
reviews of the work in rate-limited control and estimation.

So why are non-coherent observations different? One intu-
ition is as follows: since the system is unstable, even a small
multiplicative observation uncertainty leads to a large variation
in the state estimate. The proof of the negative estimation
result comes from first ignoring the additive noise in the state
evolution and observations. Then the estimation problem is
reduced to a hypothesis-testing problem with the help of a
carefully constructed genie who sidesteps the prior on the
initial state to provide side-information to the observer. With
this reduction, the Chernoff-Stein lemma provides a lower-
bound on the MMSE. The key technical lemmas for estimation
are presented in Sec. IV-A to distill the components above,
before the proof of the theorem in given in Sec. IV-B.

The last section Sec. VI uses carry-free models [25], [26] to
provide alternative understanding of why the estimation error
cannot be tracked and to illustrate the mechanics of a control
strategy®. We start by setting up the problem below (Sec. II)
and stating the main results (Sec. III).

II. PROBLEM SETUP

Before we set up the problem, some notational conventions:
scalars and constants are denoted by lower-case, random
variables (r.v.s) are denoted by upper-case letters, realiza-
tions are lower-case. We use the Y’ to denote the sequence
Y[0],Y[1],---Y[n], and so on. The density of X is denoted
by fx(-), and expectation by E[X].

A. Estimation Setup

Consider the real-valued discrete-time scalar linear sys-
tem (1) as shown in Fig. 1:

X[n+1)=a-X[n]+ Win],
Y[n] = Cln] - X[n] + V[n] (D)

a € Rya > 1 1is a fixed and known scalar. W[n] and Vn]
are i.i.d. white noise A'(0,1) at each time n. C[n] are i.i.d.
random variables. Let X [0] ~ N(0,1). We focus on this case,
but our results hold for more general densities over X|[0].
The observer has perfect recall and receives Y'[n] at time
n. Let F,, be the o-algebra defined by Y{'. The observer
generates an estimate X [n + 1] € F,, of X[n + 1] at time n,

IThe estimation results in this paper can also be thought of as the
observability counterpart to the uncertainty threshold principle.

2As a side note, [14] implies that a finite number of bits of side information
cannot change the scaling behavior of the MMSE, and carry-free models
provide a visual interpretation for this.



based on all the past observations Y{*. Then the mean-squared
estimation error is E[Err[n]2] = E[|X[n + 1] — X[n + 1])2].

We consider the case where C[n] ~ N (u,0?%). p,0 € R
are known constants. We also briefly discuss the case where
Cln] ~ Uniflp, pol.

B. Control Setup

Consider control of the same system:

Xn+1]=a-X[n|+Uln] + Win],
Y[n] = C[n] - X[n] + Vn] 2)

where C[n] ~ N(u,0?), u # 0. X[0] ~ N(0,1) and Uln] €
Fo.
Definition 2.1: The system (2) is mean-square stabilizable

if there exists a causal controller that generates random vari-
ables U[n] € F,, such that lim,, ., E[|X[n]|?] < oco.

III. MAIN RESULTS

Theorem 3.1: For the system in Sec. II-A, eq. (1), with
Cln] ~ N(u,0?%), X[0] ~ N(0,1), and |a| > 1 (i.e. the
system is unstable), lim,, . E[Err[n]?] = cc.

Theorem 3.2: The system in Sec. II-B, eq. (2), with C[n] ~
N(u,0%), X[0] ~ N(0,1), and |a|] > 1, is mean-square
stabilizable if a? < 1+ L.

The ideas from these results can be generalized to more
general densities on C[n] and X [0]. While we focus on scalar
systems here, the results also extend to vector systems>.

IV. ESTIMATION
A. Lemmas

Before we go into the proof of Thm. 3.1 we state a
series of lemmas that we will use to bound the estimation
problem using a binary-hypothesis-testing problem. Proofs of
Lemmas 4.1, 4.2, 4.3 are discussed in Appendix A.

Lemma 4.1 states that we can lower-bound the MMSE of a
Gaussian r.v. by the MMSE of a binary r.v.. While there are
some details, the crux of the argument says that a genie giving
the estimator more information about the the parameter © can
only help the scaling of the MMSE error. This is the first step
to reduce the problem to a hypothesis-testing problem.

Lemma 4.1: Let Y[0],Y[1],---Y[n] ~ Pe. © is the pa-
rameter for the distribution and © ~ N(0,1). Let F,, be the
o-algebra defined by Y'[0], Y'[1], - - - Y[n]. Given fixed ¢, r1, €
such that r; > rg and ry — 79 > € > 0, there exists r.v.s R, R,
and a o-algebra H,,, such that

o Ry ~Uniflro,m — €

e R is a discrete r.v. conditioned on R;. R = R; with

probability 1 and R = R; + € with probability 3.

e H, =F,UFg,, where Fpr, is the o-algebra generated

by Rl.

3For estimation, consider a genie that provides the exact values of all but
one component of the vector valued state to the observer. The arguments here
show that even the last remaining component cannot be estimated. For control,
standard extensions from the literature would establish a sufficient condition
for control.

2,Wh€1’60<’)/<1

e minE|® —O2 > min1E|R—- R
O€eF, Rew,
is a constant that depends on ¢, r; but does not depend

on e.

The second Lemma 4.2 shows that the MMSE for a binary
r.v. can increase by at most a factor of four if the estimator is
restricted to the two values in the range of the r.v..

Lemma 4.2: Let S be a discrete r.v. that that takes values
only on two points s; < s2. fs(s1) > 0, fs(s2) > 0 and
fs(s) = 0 Vs # s1,89. Let H,, be the o-algebra of the
observations. Then,

min E[|S — §J?] >

T E[S - 5P )
SEH,

_ min
SeH,,SE{s1,82}

A~

Lemma 4.3 uses the Chernoff-Stein Lemma to calculate the
probability of type-2 error in a hypothesis-testing problem
when the type-1 error is small and the two hypotheses are
getting closer and closer together. If the KL-divergence be-
tween the hypothesis is small enough, the probability of error
is constant.

Lemma 4.3: Let S be a rv. taking values s; and sg
with equal probability, Ps(s1) = Ps(s2) = 0.5, and let
Y[1],Y[2],---Y[n] ~ N(uS,025%) = Q. 0 # 0. Let
Py be N(us1,02s%) and P, be N (s, 0%s3). Consider the
hypothesis test between H; : Q = P, and Hy : Q = Ps.
H,, Hy have priors P(H,) = P(Hz) = 0.5 and ¢(Yy") is
the decision rule used. Then define the probabilities of error
as a, = P(g(YJ)) = s2|H; true) and B, = P(g(Y]) =
81|H2 true).

If 59— 51 =%, 51 < s, and 0 < ap, < —1¢ = Jy, for
some ¢ > 0, then, lim, oo Brn > 67%2% = K, a constant
that does not depend on n.

Remark 4.1: The central limit theorem states that the error

. . 1 . .
of the averaging estimator decays as T and it is natural to

think that (sy — s1) scaling as —= would be the right choice

to get a constant probability of error. However, this turns out
to be a little too slow, and in this case the probability of error
can only be lower bounded by 0 using the techniques from
this paper.

B. Proof of Thm. 3.1

We focus on the Gaussian case with C'[n] ~ N (i, %) and
X[0] ~ N(0,1) since the proof is the most intuitive and
elucidates the proof strategy. The following section remarks
on extensions to other densities.

We first show that the estimation error cannot remain finite
even for the simpler system*:

Xn+1]=a-X[n],
Y[n] = Cln] - X[n] C)
It is tempting to think that by removing the additive noise to get system (4),

we have reduced the problem to a known one with additive observation noise
as below. Indeed, if we assume the quantities are positive and take logs:

log Y'[n] = log X [n] + log C[n].



We reduce the tracking problem to a problem of estimating
the initial state X [0] using Y{*. However, the estimation error
on X [0] cannot be reduced fast enough to compensate for the
rate at which the state is growing. The key idea of the proof is
to bound the estimation error by a hypothesis-testing problem
and use the Chernoff-Stein lower bound on the probability of
error.

Proof: Consider a simpler system (4), without the noise,
X[0] ~ N(0,1), C[n] ~ N(u,0?) iid.. Clearly, if the
estimation error for system (4) is unbounded, then Thm. 3.1
must be true, since system (1) can be reduced to (4) by
giving the noise variables V[n], W([n] as side information to
the estimator.

For the rest of this section X[n],Y [n] are those associated
with system (4). Now, consider

E[X[n+1] — X[n + 1]]?

_ min

X[n+1]eF,

= min  E|a""'X[0] — X[n]|? (5)

X[n+1]eF,

=a"™' min E[X[0] - X,[0]]? (6)
Xn[0]€F,

where X,,[0] = a1 X[n).

The only uncertainty in the system (4) comes from the initial
state X[0]. For system (4), X[n] = a1 X[0] and estimating
of X[n] is equivalent to estimating X [0]. Scaled appropriately,
Yy are observations drawn i.i.d. from Px/o(-), where X[0] is

aparameter
]| X[n] ~ N(uX[n],02X[n]?), and we have
J:” X[0] ~ N (uX[0], 02X [0]2) = Poxioy ().

. We start with

Recall F,, is the o-algebra generated by Y
— X,,[0]|?. We now use Lemma 4.1

the term _min E|X[0]
Xn[0]€Fn

to lower-bound the estimation error of X[0] by the estimation

error that would result if X [0] were a binary random variable.

Choose rp = 1,71 = 2 and € = %, n > 1. Lemma 4.1
implies that 3 R, R; and 0 < 7 < 1 such that R is a discrete
r.v. that takes only two values r and r + ¢ between ry and
r1, and fr(r) = 0.5, fr(r + €) = 0.5. This gives (7). H,, =

One can use the average % > (Y[i] —iloga) (with appropriate scaling to
account for log C[n]) as an estimator for the initial state. The central limit
theorem then says that the error on log X [0] decays as % However, this
is not sufficient for us to get a tight lower-bound on the MMSE error for

X|[0]: at best the logarithmic bound only helps bound the percentage error
(ratio between X [0] and X|[0]). For large values of the argument, the log
function is flat and does not discriminate between its inputs, so a bound on
| log X[0] — log X[0]| cannot provide a tight bound on the error E[Err(n]].
On the other hand, when X[0] is close to 0, the steep slope of log can allow
for very accurate estimation of X [0]. This second situation is what prevents us
from appropriating the log analysis for the lower-bound on the error. Similarly,
results from [14] also cannot directly apply.

Further, the central limit theorem can only bound the one particular
estimator at hand, and does not help us bound the other non-linear estimators
that might perform better.

Fn UFgR,, where Fpr, is the o-algebra generated by R;.

min E|X[0] — )A(,L[OHQ

X, [0]€Fn

> mln’y-E\R—EP )
ReH,

>  min 7 ‘E|R - R|? 8)
REH , ,RE{r,r+¢€}

= 1 peln,) - & ©)
S 1 1
- 1
2 g (antBa)— (10)

(8) states that the MMSE error considered can only be
increased by a factor of 4 by reducing the domain of the
estimator R to {r,r + €} and follows from Lemma 4.2.
To see (9), note that the probability of error pe(n,e) =
P(R = TR—T+6)+P(R— r+¢€, R = r), and hence,
E|R — R|? = pe(n,e) - €% if Jie {r,r +€}.

For (10) define «,, = P(R = ’/‘|R r+e¢€) and 8, =
P(R =71+ ¢lR = 7). Let 5n = =, (> 0. Let 8" =
min S,. Then, p.(n,e) = +(a, + B,). The mean-squared

ap<dpn
error in both cases is symmetric and equal to €2
estimator restricted to two values.

At this point, the estimation problem is effectively reduced
to a binary-decision problem between the two hypotheses R =
r and R = r + e. The Chernoff-Stein lemma characterizes the
probability of error of such a binary-decision problem. This
lemma is used to prove Lemma 4.3 which gives us the key

. Ris an

step below. First, consider the case where a,, > 6,
lim a"*' min E|X[0] — X, [0]]?
noroo Xn[0]€F,
> dim a2 8L A
T n—oo 4 2 " " ’n,2
1 1 1
> i nt1 V2
2 Jim o™ S R e (12)
= o0. (13)

On the other hand if «, < §,, by Lemma 4.3 we have
lim,, o0 BZ’” > K

lim "' min E|X[0] — X,.[0]]?
n—ro0 X, [0]eF,

1
> i nt1 02 gon 14
> lim a 13 P s (14)

1 1
lim n .. 2. & 1

> r lim a 19 2 (15)
= 0. (16)

Since k is a constant the exponential term dominates as n —
oo which gives (16). |

C. Uniform C[n|, General X|0]

Even in the case where C[n| are drawn from a uniform
distribution and with X[0] drawn from the more general
distribution as above, the estimation error must go to infinity.
The proof above is based on the initial state X [0] being drawn
from a normal distribution. We note that the same technique



can work for any continuous density on X|[0], since the crux
of the proof lies in finding two points that are arbitrarily close
to each other’. With some modifications we can also extend
the proof to the case where C|[n] has a uniform density. Details
are omitted for space constraints and will be included in the
full paper. The unbounded support of the Gaussian distribution
is not the estimation holdup, nor are special properties of the
Gaussian key for the result.

Theorem 4.4: For the system in Sec. II-A, eq. (1) with
Cln] ~ Uniflui,pal. lal > 1, X[0] ~ fx() where fx()
is a continuous density, lim,, ., E[Err[n]?] = oo.

Since the uniform distribution is the prototypical continuous
density, using Thm. 4.4, we can use it to prove that the estima-
tion error for a system (1) is unbounded with any continuous
C[n]. The general density case reduces to to the uniform
case by considering a piecewise constant approximation to
the density for C[n], i.e. thinking of a general density as a
mixture of tiny uniform densities. Then reduce the problem to
the uniform case with a genie that reveals which interval C[n]
was drawn from.

V. CONTROL

This section gives the proof of Thm. 3.2. Appropriate
feedback control can stabilize the system in a certain parameter
range, even though it is not mean-square observable in open-
loop.

Proof: Choose Uln] = —dY[n] for some d € R. Then

X[n+1] =aXn]| —dY[n] + W|n] (17)
= (a — dCIn]) X[n] — dV[n] + W|n]. (18)
Hence,
E[X[n +1)%] 19
—F [(a — dCn))? X[nﬂ +E [d2V[n)] +E [Wn]?]
(20)
= (a® = 2adp + d*(p* + *)E[X[n)*| +d* +1. (1)

If K = a?—2adp+ d*(p? 4 02) < 1 the control can stabilize
the system. Minimizing K gives d = ﬁ, and for this
choice, K < 1 reduces to a? < # =1+5. [ |

VI. A BIT LEVEL INTERPRETATION

This section uses bit-level pictures to give an interpretation
for the results. The model illustrates how the ability to
modify the state (through control) lets the controller extract
information from the system and stabilize it in closed-loop.

Carry-free models [25], [26] are a bit-level representa-
tion for communication that generalize ADT deterministic
models [27]. The name “carry-free” is derived from the
fact that the addition operation does not involve carry-
overs. Multiplication between two bit-strings is convolution:
YmYm—1-YoY—1--* = (CmCm—1--") - (TmTm—1---), then
Yi =y, 5 CiTi—j- The effect of observation noise is captured

SIn fact, all we really need is a distribution that contains an interval with
a density.

co[n] = Ber(.5)

c_1[n] = Ber(.5)

z_1[n] O

Fig. 2. Fig. 2 has my = 3. So y5[n], ya[n] are deterministic, and y3[n] and
below are random. Note that y5[n] = cc,,, - 3[n] = z3[n], and ya[n] =
Cegey - T2[N] + Ceypp—1 - T2[N]. Cget = 2, Crana = 0. We only show four
levels for the gain c2 to c_7 for simplicity, but the gain levels may extend
downwards indefinitely till —co.

by a truncation operation. For a polynomial a(z) = >, a;2°
define [a(z)| =3 ;50 iz

We’ll build a carry-free parallel to system (1), with the
observations as transmissions over a channel with unknown
fading. The estimator receives uncoded transmissions of the
state. But before getting into the technical setup, we can see
what is going on in Fig. 2. The z;’s represent the state and y;’s
are the received signal. The gain c[n] has two deterministic bits
c2[n] = 1 and ¢q[n] = 0. Bits ¢g[n], c_1[n]--- are unknown
Bernoulli() r.v.s. Then ys[n] = x3[n], ya[n] = z2[n] are
clean bits, but the bit-levels ys[n] and lower are contami-
nated by the multiplicative noise. The clean levels of z[n],
i.e. x3[n], z2[n] can be perfectly estimated, but the observer
can extract no information from the contaminated levels. So
x1[n] and lower are invisible. The level of contamination is
increasing as the magnitude of the state (i.e. the maximum
bit-level above noise) increases and hence the state estimation
error grows unboundedly. However, a controller can knock-
off the top clean bit-levels z3[n], z2[n] at each time step, thus
keeping the state bounded. As long as the rate of increase of
bit-levels is not higher than the ability to control, the state can
be stabilized.

To formalize this, let the state as it evolves
in time be represented by the bits z[n] =
T, [R]Tm, —1[n] - z1[n]zo[n].x_1[n]z_2[n]---. n s
the time index. The subscript denotes the bit-level, i.e. m,, is
the highest non-zero bit-level occupied by the state at time
n. In polynomial notation, we denote the state as z[n|(z) =
T, [P)2™" + Ty, 1 [n]2™ T+t mgn] g2
We denote the carry-free state as x[n)(z). We will suppress
the dummy polynomial variable z wherever obvious. The
gain of the system is fixed as a(z) = 1- 29 and is not time
varying.

Define the state evolution as:

z[n+1] =a- x[n] (22)

The initial state x[0](z) is a random binary polynomial of



degree mg, P(z;[0] = 1) = 0.5, V i < myg. At each time
step, the system magnitude increases by g, bit-levels due to
the gain a(z). For simplicity we ignore the system evolution
noise. The observation y[n](z) is:

(23)

We model the bits of the random gain c[n](z) as Bernoulli(1)
variables. g. is the highest bit-level of c¢[n](z). The model
in [26] focused on random gains where all the bits were
random. However, this model does not accurately capture
non-zero-mean random variables. We generalize that model
to the one in eq. (25), which allows for both deterministic and
random bits. The random bits are treated similar to noise, and
above a certain level bits are deterministic.

c[n)(2) = cg.[n] - 2% + cqa[n] - 29 4 (24)
=1- chet + O . chet_l + 0 . chet_2 + ...
+ CCrand [n] . Zcrand + Ccmndfl[n] . Zcrand_l + .-
(25)
= 2%t + crana(2)[n]. (26)
Define:
1
Crand = max{i|c; ~ Bernoulli(§)}. 27

Crand is the index of the highest random bit of c[n](z) Vn.
Crand does not vary with n. On the other hand, the value of
the bit at level ¢yqnq, i-€. ¢, ,[n], does. Further, ¢;[n] =
Bernoulli(%),w < ¢pqnq and are unknown to the transmitter
and the receiver. If ¢.qnq < ge, then we also define ¢y as the
highest deterministic bit-level of c. ¢.,., = 1. All bits from
Cegoi—1 1O Ce, . ,+1 are fixed to be O for simplicity.
oo = {max{zcZ = 1}. if Crang < ge (28)
Crand, Otherwise.

By construction, we have cger > Crand-

Definition 6.1: Let Z[n](z) be any estimate of x[n](z)
based on y[n|. Then the estimation error at time n is defined
as eln](2) = z[n](z) — F[n] ()

Theorem 6.1: Let g.[n] be the highest non-zero bit-level
of e[n](z). Then E[g.[n]] — oo, i.e. the degree of the error
polynomial is unbounded.

Clearly, the estimator learns the clean (the top cg4et — Crand)
bits of the state. However, these bits are unchanged as time
increases and the same bits are learned by the estimator again
and again. The second piece of information that is in the
state is the highest non-zero level of z[n](z), my,, which
can be decoded from the highest non-zero level of y[n](z).
This is the part of the information that supposedly scales with
the magnitude of the state, a la the loglog SN R result. But
according to our model, m,, is a deterministic function of
Mp—1, My = Mp—1 + gq, and again, the same information
is re-learned over time. Since the state keeps growing and
we can never learn more than a small finite number of bits
(Cdet — Crand + logmy), the error must grow unboundedly.

Control Intuition: The carry-free model also provides an
intuition for why the condition a? < ”2;2”2 is sufficient to
control system (2). Taking logs of this expression, we have
log a? < log (2 + 02)—log o2. The carry-free model suggests
that if g, < Cget — Crang then the system can be stabilized,
since at each step, we observe the top ¢get — Crand bits of x[n].
Through these, we can extract information and then cancel
them with an appropriate control. This cancellation allows new
bits to be learned at the next time step. Hence, the state remains
bounded. (p?+0?) is the second-moment of C[n] and its log is
the parallel to cg4e;, and log o2 captures the randomness in the
system. This provides a direction to attack rate-limited control
problems even when the pure estimation problem is fragile to
multiplicative noise.

VII. CONCLUSION

This problem highlights how the ability to interact with
the system (through control) might allow an agent to extract
information about the system state. This is reminiscent of
other work in decentralized control and communication, where
source simplification and modification are essential [13], [28].
This suggests future work to understand rate-limited non-
coherent observations as well as non-coherent system gains.
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APPENDIX A: ESTIMATION LEMMA PROOFS

A. Proof of Lemma 4.1

Our proof shows that a we can reduce the estimation
problem over the entire range of © ~ A(0, 1) to an estimation
problem over just two points. We do this by generating © as
a mixture of two random variables S and 7" and using a genie
argument.

Let Ry ~ Uniflro,m1 — €|. andR; is independent of all
problem parameters. Let

g {R1 with Prob. % 1 29)
Ry + € with prob. 5

for some fixed ¢ < r; — € — 1. The density of S, fs(s), is
given by:

1
m, T'0§S<7'0+€
1
——, o+ e<s<1r;—e€
fS(S) _ (Tlfelfro)v (30)
m, T1_€<S§T1

0, otherwise.

The density of T is essentially a Gaussian2 density minus
fs(-) with a scaling. Choose v = %\/%e_%’”l. Note ~ does



not depend on e.

ﬁ(ﬁe‘% —me ro <t <ro+te

Folt) = %(ée:i —vﬁ), ro+e<t<r —e
ﬁ(ﬁe 22 —Vamegy) T E<t <
ﬁ\/%e_%, otherwise

€2y

The choice of 7 ensures that fr(t) > 0 V¢ and is a valid
density. This mixture of S (with probability v) and T (with
probability 1 — ) leads to © ~ N(0,1).

H is a y-biased coin which generates © using S, T

_JSif H is heads (prob. ) (32)
T if H is tails (prob. 1 — )

Now consider the MMSE estimate of ©, given observations

Yy". This error could only decrease in the event that a genie
were to reveal more information about ©. In particular, a genie
observes the realization © = 0, as well as S, R, T, H.
R If H is tails then the exact value of © is revealed, and
© = O. If H is heads, then the realization of the underlying
rv. By = r is revealed. Let Fr, be the o-algebra generated
by R;. Then, © € H,,, where ‘H,, = F,, U Fg,.

We are interested in the error that would be made due to
confusion between 7 and r + € after this revelation. Then,

‘min E[© — 6 (33)
QcF,
> min E[© — 02 (34)
@eHn
= min yE[|© — (:)|2|H is heads]
OcH,
+(1—9)E[|© — O)|H is tails] (35)

min 1E[|© — 62| = §] + (1 — )E[|© — 6[*|6 = T]

OcH,

(36)

> min E[© - 6?0 = 9] 37)
OcH,

= min 4E[|S - 0|0 = S, R, = 1] (38)
OcH,

= min 0.5 (E[|S - 8S =] + E[|S — O2|S = 7+ ¢])
OcH,

(39)
(38) follows since when © = S the genie reveals R; = r. For
(39) note that S|R1 = r with probability 0.5 and S|R1 =r-+e
with probability 0.5. Let R = S|R; = r.

: 1
n_ r with Prob. 5 ) (40)
T + € with prob 3

If we substitute R into (39), we get (41), which gives the
desired result.

= min 7E[|R — ©]?|© = R] 1)
OcEH,

— min 1E[R — R|?] (42)
REH’VL

B. Proof of Lemma 4.2

Let the posterior probabilities on on s and s by the data be
gn and 1 — g,,. Then, the MMSE estimator S,, and associated

mean squared error Err[n] = min E[|S — §n|2} are
Sn€Hn

(43)
(44)

Sp = qns1 + (1 — qn)s2
E?“?“[TL] = Qn(sl - Sn))2 + (1 - Qn)(52 - Sn)2

Now consider a quantization estimator Sqyqant,n € {51, 52}
Errquant|n] is the associated mean-squared error.

) sy, if (51
Squant,n -

- §n)2 < (s2 — §n)2 ie ¢>0.5
—5.)2 > (50— 8,)%ie. ¢ < 0.5

45)
If Squant,n is in error, the magnitude of the error is always

(s2—51)%. Let pe,quant be the probability with which Syuant.n
is in error. So

S92, if (81

Errquant [n] = pe,quant(SQ - 31)2 (46)

Clearly, Errquant[n] > Err[n), by the definition of S,,.
Consider the expression, Errquamygeme[n], which reduces
the error by a factor of 4.

B gt genieln] = 3 Brrguann] = peguane (252
(47
We will show that
Err[n] > Errquant genie N (48)

To get (48), compare Err[n] and Errguant genic[ht] On
a realization by realization basis. Let ¢, > 0.5. Then
Squant,n = 1. AlSO, Pequant = 1 — gp, since this is the
probability with which S = s5. Since ¢, > 0.5, we have
$1 <8, < % < s9. If S = s1, |Errguant genic[n]|* = 0,
and |S — S,|2 = (51— Sn)2. S0, | Errquant.genie|n]|? < |S —
Sp[? in this case. If S = s2, |Er7quant,genie[n]|* = (%)2
and |S — S,|? = (51— $2)% |Errquant,genic[n]|> < |S — Sn|?
in this case as well. A similar argument holds if ¢ < 0.5.
Hence, we have Err[n] > Errguant,genie|n]-

Consider now the optimal estimator for S over those esti-
mators that only take values on {s1,s2}

E[S - S/

argmin (49)

§€'Hn,§€{51752}

Sopt,n =

Errop[n] is the associated mean squared error, and
Erropt,genie[n] is the associated error for the optimal esti-
mator with the help of the genie so that Errp: genie[n] =
1 Errop[n], since the genie reduces the error by a factor of 4.
Sopt,n Will have better performance than Sgyqnt,» and hence
the probability of error pe opt < Pe,quant- Hence,

1
Errquant,genie [n} Z E’rropt,genie [’I’L} = ZETropt [n] (50)
Hence, (48), (50) imply that Errn] > $Erren[n] ie.
~ 1 ~
min E[|S — S|*] > - min E[IS —S]?] (51

gE’Hn - 4527-[",3\6{31,52}



C. Proof of Lemma 4.3

1

n

S9g — 81 = %,thus— =

12
ns% s9 ) °

Consider any decision rule, g(Y{"). Associated with the

S1 1

S92 nss

decision rule is an acceptance region for H; based on Y{,

i.e. the set of values of Y where g(Y]') =

S1. Let Bn

denote this acceptance region. Then a,, = Pi(BS) < 0p,
so Pi(B,,) > 1 — 0. Since D(P1||P;) < oo, the Chernoff-
Stein lemma (Lem 11.8.1, Thm 11.8.3, [29], pg. 383) implies
Py(B,) > (1 —26,)2 nPlIP)+0n Recall, 6, = —.

When o # 0,
lim Py(B,) > lim (1 — 24,)2 "(P@lP)+9) (52)
n— o0 n—o0
Y _ -~ 1 —nD(Py||P,)
L
(53)
=1-2° lim 27"P(llF) (54)
n—oo
2 2 2
S2 s (B +o
D(P1||P2) =log — 5|5 (|—— | —1
i s (45 )
2
12 S1 1
221, - 55
+U2< o~ 2) (55)
hm 27nD(P1HP2)
n—oo
il 10s 52 o (w2402 yu2 (51,1
i 2{ (1gsf+.5(5%(#02 ) 1)+Z2( S;Jrz))} (56)
n—r 00
— lim ﬂ”.2{_%ﬁg(ﬁ(u2+02)—0235—%23132-*#23%)} (57)
R sresS So
~ lim sin .2{,% 0213% (H2<S%+S§725152>+g’2(5%75%))} (58)
n—oo §9
i ST oA (i i) | 59)
n—oo S9
n n 1 21 _ 210 1
— lim (1- - .2{ b (e 2>)} (60)
n— oo nsa
1 1
— ¢ 2952 (61)
1
Thus, lim,, o0 Pa(By) > (2)°2 = k. u
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