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Variable Length Coding Over an Unknown Channel
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Abstract—Burnashev in 1976 gave an exact expression for the
reliability function of a discrete memoryless channel (DMC) with
noiseless feedback. A coding scheme that achieves this exponent
needs, in general, to know the statistics of the channel. Suppose now
that the coding scheme is designed knowing only that the channel
belongs to a family Q of DMCs. Is there a coding scheme with
noiseless feedback that achieves Burnashev’s exponent uniformly
over Q at a nontrivial rate? We answer the question in the af-
firmative for two families of channels (binary symmetric, and Z).
For these families we show that, for any given fraction, there is a
feedback coding strategy such that for any member of the family:
i) guarantees this fraction of its capacity as rate, and ii) guaran-
tees the corresponding Burnashev’s exponent. Therefore, for these
families, in terms of delay and error probability, the knowledge of
the channel becomes asymptotically irrelevant in feedback code de-
sign: there are blind schemes that perform as well as the best coding
scheme designed with the foreknowledge of the channel under use.
However, a converse result shows that, in general, even for families
that consist of only two channels, such blind schemes do not exist.

Index Terms—Burnashev’s exponent, error exponent, feedback,
universal channel coding, variable-length coding.

1. INTRODUCTION

E consider communication over a stationary discrete
memoryless channel (DMC) with causal, perfect feed-
back. The presence of feedback allows the encoder to let
the transmitted symbol X,, at time n to depend upon the
received symbols Y7,..., Y,—1 as well as the message m.

More subtly perhaps, the feedback allows the decoding time
to depend on the received sequence. Consider, for example,
communication with feedback over a binary erasure channel of
a 1-bit message m € {0, 1} ([10, Problem 2.10] and [7]). The
encoder, by sending X,, = m until a nonerasure occurs, can
ensure error-free communication, with a random decoding time
T = inf{n : Y, # E} at which the decoder declares m = Yr.
It is easy to see that the expected decoding time is 1/(1 — ¢)
where € is the erasure probability. One also observes that
this strategy, when used to transmit a succession of bits, will
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achieve a long-term-average rate of 1/E7T" = 1 — ¢ bits/channel
use. Note that this is indeed the capacity of the binary erasure
channel, and the above strategy achieves it, with perfect reli-
ability, without the knowledge of the channel parameter e. It
would be appropriate to call this universal strategy “optimal for
the class of binary erasure channels.” !

If optimal feedback strategy for a class of channels were de-
fined only in terms of achieving capacity, then it is not diffi-
cult to see that such strategies exist—e.g., first train to estimate
the channel and then transmit for the estimated channel—for a
very broad class of channels. If, however, the optimality crite-
rion were to include a finer notion of reliability in terms of the
decoding delay and error probability, then the existence of such
strategies is far from clear.

In considering feedback communication over a known
channel, Burnashev [2] gave an exact expression for the re-
liability function—the exponential rate of decay of the error
probability with respect to the expected decoding time. In the
following, we will refer to this function as the “Burnashev
exponent.” 2

We choose to include the notion of reliability in our optimality
criterion by asking a strategy, when used on a member of a class
of channels, to “attain the Burnashev exponent” for this member.
Note, however, that there is an ambiguity in this requirement:
the rate that is achieved by a strategy depends, in general, on
the member, and it is thus necessary to specify for what rate we
evaluate the Burnashev exponent. Furthermore, a strategy that
transmits above capacity for all channels in the class, would
trivially achieve the Burnashev’s exponent at this rate (as the
exponent equals zero); to admit such a strategy as universal is
clearly undesirable. We thus see that universality needs to be
defined with some care.

In this paper, we define a suitable optimality criterion and
show that, for two nontrivial classes of channels (binary sym-
metric and Z), there are strategies that are universal in this sense.
Loosely speaking, for these families, it is possible to both attain
the Burnashev’s exponent and have a certain control on the rate.
The control on the rate is in the form of guaranteeing that the
rate stays above (or below?) a certain fraction of the channel

INotice that without feedback, the communication task at hand would be that
of communication over a compound channel [1]; a strategy could hope at best
to transmit at the capacity of the worst channel in the class.

2In particular, even though feedback does not increase the capacity of a mem-
oryless channel (Shannon [17] and Csiszar [3]), it does, in general, increase
the reliability function. That the feedback strategies need not commit to a fixed
block length turns out to be critical for this gain in reliability: Dobrushin [5]
shows that for symmetric channels the error exponent attainable by block feed-
back strategies cannot exceed the sphere packing exponent.

3In certain cases, it might be more desirable to achieve a low error probability
rather than a high communication rate. Therefore, one may want to communi-
cate at a rate that does not exceed a certain limit while attaining a low error
probability.
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capacity. Such strategies, in terms of rate and reliability, thus
do asymptotically as well as the best coding schemes tuned for
the channel under use. Therefore, in terms of achievable rates
and error exponent, the knowledge of the channel becomes ir-
relevant: no penalty occurs because of the channel uncertainty.
However, families of channels for which universally optimal
feedback strategies exist are rather specific. More precisely, we
provide a converse result that shows that, even for certain simple
families of channels that contain only two channels, no univer-
sally optimal coding strategy may exists.

The rest of the paper is organized as follows. In Section II,
we first review a few important definitions on variable length
coding schemes.

In Section III, we exhibit optimal coding strategies for the
sets of binary symmetric and Z channels in a sequence of steps.
In Section III-A, we exhibit a decoder that performs without
knowing the statistics of the channel under use for an arbitrary
class of DMCs, i.e., a universal decoder. For the average error
probability over the ensemble of codes randomly generated ac-
cording to a distribution P (i.e., each symbol of each code-
word is chosen independently according to P), this decoder,
when operating at a rate R, achieves an error exponent equal to
I(PQ) — R, where () is the current channel and I(P(Q) is the
mutual information between the input and the output induced
by the joint distribution (PQ)(z,y) = P(z)Q(y|z). For each
of the two classes of binary symmetric and Z channels, one can
find a (universal) encoder that, combined with the above uni-
versal decoder, yields a coding strategy that achieves the error
exponent I(PQ) — R for every channel. In Section III-B, we
append a second coding phase to the above universal coding
strategy. The addition of this second phase augments the error
exponent and makes it possible to attain Burnashev’s exponent
for the binary symmetric and the Z families.

In Section III-C, we set, in a general framework, the problem
of finding universally optimal coding strategies for a given set
of channels. We then show that for general families of channels
optimal coding strategies do not necessarily exist.

In Section IV, we prove our results. In Section IV-A, we prove
the claims related to Section III-A whereas Section IV-B con-
cerns the claims of Sections III-B and III-C.

We conclude this section with notational conventions. With a
slight abuse of notation, when we refer to some channel (@ it is
intended to be a DMC with transition probability matrix Q). The
Z channel is the binary-input binary-output channel @) given by
Q(0]0) =1 and Q(0|1) = &, for some ¢ € [0, 1]. Random vari-
ables are denoted by capital letters, e.g., X, and their samples
by lower case letters, e.g., . The notation EX stands for the
expectation of X. Given a sequence z" = z1,Z2,...,T, We
define its empirical distribution P (z) as

Z?:l 1, (z;)

n

where 1,(z;) = 1if z = z; and 0 if & # x;. Given two
sequences z" and y", the joint empirical distribution is denoted
by Ppr yn(z,y), e,

R " Ao (@Y
Pm"ay"(%y) ES Zf—l (7’;)( J ya).
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II. PRELIMINARIES

Let @ be a stationary DMC with input alphabet X', output
alphabet ), and with causal instantaneous noiseless feedback.

Definition 1 (Codebook (or Encoder)): Given a message set
M of size M > 1, a codebook (or encoder) is a sequence of
functions

f:{fn:Mxy”_1—>X}n21. (1)

The symbol to be sent at time n is given by f,(m,y""1).

A codeword for message m is the sequence of functions
{fn(mv')}nzl'

Definition 2 (Random Codebook): A random codebook is a
set of randomly and independently generated codewords, such
that each codeword { f,,(m, -) },,>1 is replaced by a sequence of
random variables

X (m) & X1(m), Xa(m),. ..

drawn independently according to some probability distribution
P defined over X'.

A perhaps more natural definition of a random code-
book might be a codebook where the elements in the set
{fn(m,y™~1)} are replaced by samples drawn independently
according to some probability distribution P defined over X.
With this definition, for a given message, the nth symbol to be
sent depends on the received symbols ™~ 1. In Definition 2, the
nth symbol to be sent is the same, regardless of 4™, In other
words, the random codebook as defined in Definition 2 ignores
feedback. However, one can easily check that our results related
to random codebooks (in particular, Proposition 1) hold with
both definitions.

Definition 3 (Decoder): Given a message set M of size M >
1, a decoder is a sequence of functions

together with a stopping time 7" relative to the received symbols
Y1,Ys,. .. .4 The decoded message is ¢ (y7).

Definition 4 (Coding Scheme and Sequence of Coding
Schemes): Given a message set M of size M > 1, a coding
scheme is a tuple ¢ = (f, ¢, T'). A sequence of coding schemes
indexed by the number of messages {c } Mm>1 is denoted by S.

Example 1: In the language of the definitions intro-
duced, the coding scheme in the Introduction for the bi-
nary erasure channel can be described by M = {0,1},
Fa(my™™) = m. du(y") = Yo if Yo # E and pu(y") = 0
ify,=FE,and T=inf{n : Y, # E}.

4An integer-valued random variable T is called a stopping time with respect
to a sequence of random variables Y7, Y5, . . . if, for all » > 1, conditioned on
Y1,...,Y,, theevent {T = n} is independent of Y, 11, Y, 4o, ...
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Definition 5 (Rate): Given a message set of size M > 1 and
a coding scheme ¢ = (f, ¢, T), the transmission rate is’

In M
R(e,Q) 2 22
EqT

nats per channel use 3)
where E denotes the expected decision time (over uniformly
chosen messages) when the channel @ is used, i.e.,

1
EqQT 2 i Z Eq(7'| message m is sent). )
meM

Indeed, by the law of large numbers, when a large number of
messages are sent using a coding scheme c, the average rate
approaches R(c, Q).

The asymptotic rate for a sequence of coding schemes S =
{cM} pr>1 and a given channel @ is

RSQ £ Jim REQ) )

whenever the limit exists. Notice that we use the same “R”
for two different quantities R(c, Q) and R(S, Q). No confusion
should occur since, while both functions have the same range,
they are defined over different domains.

Definition 6 (Error Probability and Average Error Proba-
bility): Given a message set of size M and a coding scheme
¢, the average (over uniformly chosen messages) error proba-
bility is defined as

Po(&le)= % Z Po ((;ST(YT) # m|c, message m is sent)
meM
(6)

where the subscript ¢ refers to the channel over which com-
munication is carried. Alternatively we will use the notation
Po(€|f,¢,T) instead of Pg(€|c) to emphasize the coding
scheme under consideration.

Given a decoder (¢,T) and a codebook randomly gen-
erated according to some distribution P.° the average error
probability (over uniformly chosen messages) is denoted by
Po(E[{Xa(m)}2_y, 6. T).

In general, given a message set of finite size, finding a coding
scheme that minimizes the error probability for a certain coding
delay is an open question. For this reason, we shall instead con-
sider the behavior of the error probability when the message set
size tends to infinity.

Definition 7 (Error Exponent): Given a channel () and a se-
quence of coding schemes

S ={c" a1 = {(fY, ™. T ) harx
such that P (€]cM) — 0 as M — oo, the error exponent is
1 y
E(s,Q) = 1%?%—@ InPg(&|cM) . (7

5We use “In” for the logarithm to the base e.
6See Definition 2 of a random codebook.
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Ep(R,0Q)

c(Q)

Fig. 1. For a given DMC @ with perfect feedback, the maximum achievable
error exponent is given by Eg (R, (2). The slope of Eg (R, Q) is always equal
or steeper than —1.

Remarkably, the exponential behavior of the error probability
as a function of the expected decoding time of the best coding
schemes is known.

Theorem (Burnashev [2]): Let Q be a DMC with input and
output alphabets X' and ), and with capacity C(Q). Let R be
any constant in [0, C(Q)]. For any S = {c¢™}/>1 such that
R(S,Q) = R

. 1
hmsup—mlnPQ(ﬂcM) < Ep(R,Q) )

M — o0

where

EB (R7 Q) é

max
(z,x")EX XX

, R
DU (1- 555 )
&)
and where D(Q(-|z)]|Q(-|z")) denotes the Kullback-Leibler
distance between the output distributions induced by the
input symbols x and z’. Moreover, there exists an S such that
R(S,Q) = Rand E(S,Q) = Ep(R, Q).
The typical shape of Ep is given in Fig. 1. In the sequel, the
function E'p will be referred to as the Burnashev’s exponent.

III. RESULTS

A. A Universal Coding Scheme

Suppose we use some random codebook {X(m)}M_; to

communicate through a channel @ that is revealed neither to the
transmitter nor to the receiver. The transmitter starts sending
X1(1), X2(1), X5(1),... for some [ € M until a decision is
made by the receiver. What is a good time to decode? Since
the code has been generated according to P, we may hope to
achieve rates up to I(PQ) over the channel @, and aim for a
rate [(PQ)/a with & > 1. But, since @ is unknown, we cannot
use I(PQ) directly in our decoding rule. However, one would
expect that the empirical distribution of the sent codeword and
the received sequence would be close to P, and that among all
codewords the sent one would have the largest empirical mutual
information with the received sequence. Hence, a reasonable
candidate for the decoding instant is the first time n for which
maxp, I(Pyn (m),yn)/a > (InM)/n. Accordingly, consider
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Fig. 2. This figure illustrates the first phase of one transmission cycle with
M = 3. Each trace represents a sequence of empirical mutual informations

{I(Pyn (m,u" )}n>1.m = 1,2,3. As soon as a trace exceeds the threshold
curve % , the decoder declares the corresponding message.

the following universal decoding time 77 = T3 («, M) defined
as:

Tl(a,M)éinf{nzl :Ame{l,...,M}

. In M
with 1( P, ye) > “— } (10)

where o« > 1 is some fixed constant. At time 77, the receiver
declares the message m for which the empirical mutual in-
formation exceeds the threshold that defines T} (see Fig. 2).
If multiple messages have empirical mutual informations that
exceed this threshold, the receiver picks the one with the
smallest index. Through feedback this decision is also known
to the transmitter. This universal decoder, which we denote by
(¢M Ty (e, M)), is an extension of the well-known maximum
mutual information (MMI) decoder [12], [4]. The difference
between (¢, Ty (o, M)) and the MMI decoder stands in that
the MMI decoder is used in combination with fixed length
codebooks, whereas (¢, Ty (c, M)) chooses the moment to
decode according to the stopping time defined in (10). Another
variation of the MMI decoder with variable length decision
time was previously introduced by Shulman [18, Ch. 3]. The
related results will be discussed after Proposition 2.

Proposition 1: Let Q be a DMC with input alphabet X' and
let P be a probability distribution over X'. Let > 1 and let £
denote the decoding error event at time 75 . Then we get (11) at
the bottom of the page, where

In M _I(PQ)

lim =

R =
M — o0 EP[EQTl (Ol, M) «

and where E pE T (o, M) denotes the expected decoding time
averaged over the ensemble of codebooks randomly generated
according to P.

From Proposition 1 we deduce that, if the transmitter and
the receiver share a common source of randomness that gener-
ates independent and identically distributed (i.i.d.) samples ac-
cording to some distribution P, the error exponent I(PQ) — R
is achievable at a rate R = I(P(Q)/« without the transmitter
and the receiver knowing the underlying channel.
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Remark: One of the parameters in Proposition 1 is the input
distribution P, and this might be considered as a weakness of the
proposition. A question that naturally arises is the choice of this
distribution when different channels in the class have different
capacity achieving distributions. We don’t have an answer to this
question, but, for any set Q of binary input channels, setting PP
to be the Bernoulli 1/2 distribution yields I(PQ) > 0.94C(Q)
for any element ) in Q, where C(Q) denotes the capacity of
the channel () (see [14] and [18, Chapter 5]).

The next proposition shows that for some classes of channels
the error exponent I(PQ) — R is universally achievable with
one single sequence of (nonrandom) codebooks. In other words,
in certain cases, the error exponent I(P(Q) — R is universally
achievable without the transmitter and the receiver sharing a
common source of randomness. The universal coding strategy
obtained still requires only 1-bit feedback.

We denote by BSCy, and Zj, the set of BSCs and Z channels,
respectively, with crossover probability ¢ € [0, L].

Let P be a probability distribution over X and () a channel
with input and output alphabets X" and ) such that I(PQ) > 0.
Let P denote the set of joint distributions on X X ). For any
a > 1 and any integer M > 1 define

ny (o, P,Q, M) £ min {n >1:

In M
min DVI|PQ)>(a—1)— 3. (12
Vep: (V)< elad ViPQ) = ( ) n } 12)
We use the notation a A b to denote min{a, b}.
Proposition 2: Let L € [0,1/2) and let

A
ny(a, P, M) = lelaaé)((}L n«(a, P,Q, M) . (13)

For any o > 1 and any probability distribution P over {0, 1},
there exists a sequence of codebooks { f M } m>1 such that, for
every (Q € BSCy,

S = {C]u = (fM,¢y,T1(a,M) A TL*(OJ,P, M))}A[ZI

satisfies
. In M
R(s,Q) = Jim Eo (T (a, M) A nu (e, P, M))
— @ . (14)
«@

The same result holds for the family Zy with 0 < L < 1.

Remark: The decoder (¢pM Ti(a, M) A n.(a, P, M))
differs from (¢, Ty (a, M)) only in that the decoding time of
(oM Ty (o, M) An(c, P, M)) is bounded by n.(cr, P, M).In
particular, if no sequence of empirical mutual informations ex-
ceeds the threshold that defines 77 («, M) by time n, (a, P, M)
the decoder (¢M, Ty (a, M) A ny(cr, P, M)) declares an error

S 1
Muse EpEqTh

iy (ErPalEl Xm0 Tia M) ) > 1(PQ) - R

Y
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whereas (¢, Ty (o, M)) does not. An intuitive meaning of
n.(a, P,Q, M) is provided in the remark that follows the proof
of Proposition 1.

In [18] a result similar to Proposition 2 is given.

Theorem (3.1, Shulman [18]): Let Q be any set of DMCs de-
fined over the same input alphabet X'. For any probability dis-
tribution P over X, there exists a sequence of coding schemes
S = {CM}MZl such that

I. forany y > 0 and M large enough, P (€|cM) < pu for

allQ € Q;
II. the asymptotic rate R(S, Q) equals I(PQ) forall Q € Q.

The preceding theorem has a more general setting than Propo-
sition 2. The theorem says that even though the channel is almost
completely unknown to both the transmitter and the receiver
(only the input alphabet needs to be revealed), it is possible to
reliably communicate, in the sense that the error probability can
be made uniformly arbitrarily small. In Proposition 2, we re-
stricted ourselves to smaller families of channels while having
a refined expression for the error probability. Also notice that in
Shulman’s case, the rate is governed by the input distribution P
whereas in our case the asymptotic rate is set by both P and the
parameter « in the definition of T} («, M). Finally, it should be
emphasized that the universal coding schemes in [18, Theorem
3.1] exploit also only 1-bit of feedback.

In the next subsection, we provide a means for boosting the
error exponent obtained in Proposition 2.

B. Boosting Error Exponents

We describe a two-phase coding scheme where the first
phase is carried out by the universal coding scheme mentioned
in Proposition 2 with decision time T3 (a, M) A ny (o, P, M)
(see (14)). In certain cases, the addition of a properly chosen
second phase boosts the error exponent from I(PQ) — R
to Burnashev’s exponent. From now on and without loss of
generality, we assume that message 1 is sent.

At time Ti(a,M) A n.(a,P,M), the receiver labels
as “most probable” the message m for which the empir-
ical mutual information exceeds the threshold that defines
Ty (a, M) A ny(a, P, M). If multiple messages have empirical
mutual informations that exceed this threshold at time 77,
the receiver picks the one with the smallest index. Through
feedback this decision is also known to the transmitter.

The second phase consists in performing a hypothesis test to
let the decoder decide if the message m labeled “most probable”
is the sent message or not. Namely, let z(A) and z(N ) be code-
words for two additional messages “Ack” and “Nack,” respec-
tively. If m = 1, the transmitter acknowledges the choice of the
receiver by sending x(A). If m # 1, the transmitter denies the
receiver’s decision by sending (V). If the receiver decodes the
sent codeword as “Ack,” the transmission of the message is com-
plete (either correctly or incorrectly), and the transmitter starts
re-emitting a new message. Otherwise, if the decoder decides
on “Nack,” we begin afresh and message 1 is retransmitted (see
Fig. 3).7

"The idea of a two-phase transmission procedure characterized by first
choosing a “most probable” message and then accepting or rejecting this choice
was previously studied, e.g., in [16], [2]. Our scheme differs from the previous
works mainly because it is independent of the channel under use.
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() A
FAERN AN incorrect
transmission

correct
transmission

Fig. 3. The graph illustrates a two-phase transmission procedure. The vertices
indicate what the transmitter sends. The edges indicate the receiver’s decision.
In particular, codeword x(1) is correctly transmitted only if: message 1 is
declared as the “most probable” codeword and x(A) is correctly decoded.

The results of this subsection are obtained by studying two-
phase coding strategies. Theorems 1 and 2 below are to be com-
pared with Proposition 2.

Theorem 1: Let L € [0,1/2). For any v € (0, 1) there exist
two sequences of coding schemes S’ and S” such that, for every
Q € BSCy

E(S/7Q) EB(R(S/7Q)>Q)
70(Q) < R(S,Q) < C(Q)

with

(15)
and

with

E(8",Q) =Ep(R(S",Q),Q)
0 <R(s",Q) <vC(Q).

Further, there exists S” such that, for every Q € BSCp,

E<SH7 Q) = EB(07 Q)
R(s",Q) = 0.

(16)

with
(17

Theorem 2: Forany L € [0,1) and v € [0, 1), there exists a
sequence of coding schemes S such that, for every Q) € Zp,
E(S,Q)=o0 with R(S,Q)=+C(Q). (8)

Note the difference between Theorems 1 and 2. For BSCy,
and Zp, it is possible to achieve Burnashev’s exponent but, for
BSCp, the constant -y allows only to bound the rate (either from
above or from below), while for Z channels it allows an exact
control on the rate.

We may ask if the same result for more general families of
channels as for BSC7, and Z 1, holds, i.e., to achieve Burnashev’s
exponent universally while having a certain control on the rate.
An answer will be provided in the next section.

C. Optimal Feedback Strategies

We first provide a general setting for the problem of com-
munication with feedback over an unknown channel. Then we
introduce an optimality criterion for feedback strategies with re-
spect to a family of channels. This criterion essentially asks for
attaining Burnashev’s error exponent, and, at the same time, it
asks for having a certain control over the communication rate.
In light of Theorems 1 and 2, we shall conclude that, for the bi-
nary symmetric and the Z channels families, optimal feedback
strategies exist. Second, by extending a results from [19], we
show that, in general, optimal feedback strategies do not exists.
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The following definition introduces a main concept of this
paper. We quantify the set of error exponents that can simulta-
neously be achieved over a given family of channels.

Definition 8 (Universally Attainable Error Exponent): Let Q
be a set of DMCs. Let K (Q) be a nonnegative function defined
over Q. Let E(R, Q) be a function such that E(R, Q) > 0 for
every @ € Q and R € [0, K(Q)), and such that (R, Q) =
0 for every @ € Q and R with R > K(Q).® The function
E(R, Q) is a universally attainable error exponent over Q for
rates in the range [0, K(Q)] if, for any Q € Q and any R €
[0, K(Q)), there exists a sequence of coding schemes S such
that the following two conditions hold:®

I
RS,Q) >R and E(,Q)>E(RQ); (19
II. forevery W € Q with K(W) > 0
E(S,W)>0. (20)

Condition I of Definition 8 requires that, for a given channel
Q and for any R € [0, K(Q)), there exists a sequence of coding
schemes S yielding a rate at least equal to R and a corresponding
error exponent at least equal to E(R, Q). By condition II, this
sequence S, if used on any channel W € Q (with K(W) > 0),
must achieve a strictly positive error exponent and therefore a
rate not exceeding K (W). Without condition II, the definition
would have only required that for each channel there would be
a good coding scheme, which does not capture the notion of
universality.

For any S and W let

A(S,W) £ Ep(R(S,W),W) — E(S,W) 1)

where Ep(R,W) is defined in (9). In the case where
E(S,W) = oo (which implies that Eg(R(S,W), W) = o0)
we set A(S,W) = 0.1 The nonnegative quantity A(S, W)
compares the sequence of coding schemes S, in terms of error
exponent, with the best possible sequence of coding schemes
designed for the channel W and rate R(S, W). For any family
Q, let

A'(Q) 2 sup A(S,W).

weQ

inf (22)
S:YWEQ , E(5,W)>0

A definition of an optimality criterion with respect to a set of
feedback strategies and a family of channels would be to require
that A’(Q) = 0. This means that there exists a sequence of S’s
each of which yields a rate not exceeding capacity and in the
limit an error exponent equal to Burnashev’s, on any channel
in Q. However, the existence of such a sequence gives no control
on the rate achieved on the family of channels. In particular, for
two different channels this rate might be negligible on one and
close to capacity on the other.

8The function K (@) plays the role of the capacity.

9The same “E” is used to for two different quantities E(R, Q) and E(S, Q).
No confusion should occur since, while both functions have the same range,
they are defined over different domains.

10The definition of A(S, () implicitely assumes that (S, () is well defined.
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A second alternative for the definition of an optimality crite-
rion would be to introduce the quantity

A S inf A(S,W) (23
+(2:7) o B S (8, W) (23)
51 o(W)<R(s,W)<C(W)
and to declare optimality if
A"(Q) 2 sup AL(Q.7) (24)
'YE[Ovl)

equals zero. One can easily check that this second definition of
optimality is stronger than the previous one in that if A”(Q) =
0, then A’(Q) = 0. Claiming A”(Q) = 0 is essentially equiva-
lent to declare that Burnashev’s exponent is universally achiev-
able over Q, for rates in the range [0, C'(Q)], while universally
having a certain control on the rate through the parameter ~.
However, notice that the control on the rate is only from below:
we focus on coding schemes that, universally, yield a rate at least
equal to yC'(W).

We now introduce our optimality criterion that will basically
require to be able to universally achieve Burnashev’s exponent,
and to control the rate from above and from below, on any
channel in the class. Define the quantities

A_ = A(S, W) (25
(Q,7) e s (s, W) (25)
5 0<R(s,W)<~C (W)
A(Q,0) & inf sup A(S,W).  (26)
VW, EB,W)>0 weQ
5: R(s,W)=0

For any family of DMCs Q, we define the diversity A(Q) as

A(Q) = max {A(Qﬁ)7 sup max{A+(Q77),A(Q7'y)}}.

v€(0,1)
27)
We say that a family Q satisfies the optimality criterion if it is
nondiverse, i.e., if

A(Q) = 0. (28)

Finally, we justify the terminology “diversity” for the quantity
A(Q) defined in (27). Having A(Q) large implies that there
exists a pair of channels in Q such that Burnashev’s exponent
cannot be universally achieved at either sufficiently high rates or
at sufficiently low rates (or both). Informally, if A(Q) is large,
the family contains some “too different” channels (the family is
too “diverse”) in that, at some particular rate, no coding scheme
can attain Burnashev’s exponent on each of them.

Combining (27) with Theorems 1 and 2 we obtain the fol-
lowing corollaries.

Corollary 1: If L € [0,1/2) then A(BSCL) = 0.
Corollary 2: If L € [0,1) then A(Zz) = 0.

For Zy,, the optimality criterion is satisfied and, in addition,
the corresponding “optimal coding schemes” have the property
that they simultaneously achieve exactly any given fraction of
the capacity of the channel under use.

The following theorem is an extension of the theorem pre-
sented in [19] and provides a converse to the Corollaries 1 and 2.
It says that, given a pair of channels J; and Q- that satisfies

Authorized licensed use limited to: Telecom ParisTech. Downloaded on June 26, 2009 at 11:25 from IEEE Xplore. Restrictions apply.



2132

certain conditions, Burnashev’s exponent cannot be achieved si-
multaneously on ()1 and @5 at all rates vyC'(Q) for ~y below a
certain threshold.

Theorem 3: Let 1 and Q2 be two DMCs on X’ x ). Let

K(szQy)
£ x| [DQiC) QD ;1))
(29)
and assume that there exists some y € [0, 1) such that
K(Q1,Q2) <2E(vC(Q1),Q1) and
K(Q2,@1) <2E5(70(Q2), Q2)- (30)

Forany 7' € [0,+] and any S such that R(S, Q;) = +v'C(Q;) for
i € {1,2}, either E(S,Q1) < Ep(y'Q1,Q1) or E(S,Q2) <
Ep(7'Q2,Q2).

Example 2: Let Q1 = BSC(e) and Q2
0 < & < 1/2. One can easily check that

K(Qh QZ) = K(QQ?QI)

Therefore, the condition (30) becomes

= BSC(1 —¢) where

= Ep(0,Q1).

EB(07 Ql) < 2EB(’YC(Q1)7 Ql)

from which we deduce that v < 1/2. Hence, if we operate at a
rate below half the capacity, Burnashev’s error exponent cannot
be simultaneously achieved on ()1 and Q.

As a consequence, in general, for a given family of channels
Q, we have A(Q,0) > 0, and hence the optimality criterion
defined in (28) is not satisfied, i.e., A(Q) > 0.

A discussion on whether optimal feedback strategies exist
also for more general classes of channels than the binary sym-
metric and the Z will be provided in Section IV-C.

IV. ANALYSIS

This section is devoted to the proofs of the results of Sec-
tion III. We would like to draw the reader’s attention to the fact
that Propositions 1 and 2 and Theorems 1 and 2 still hold if the
feedback link has any constant delay, provided it remains noise-
less. This can be easily checked from the analysis we provide in
this section.

From now on, whenever we consider a channel it is assumed
to have input and output alphabets A" and ).

A. Proofs of Propositions 1 and 2

We first establish five lemmas mainly using tools from the
Method of Types [4].

The set of all joint types of length n defined over X X ) is
denoted by P,, whereas P denotes the set of all joint distribu-
tions over X X ).

Lemma 1 gives the probability that the empirical mutual in-
formation of an incorrect codeword exceeds the threshold that
defines 17 (see (10)) at some time 7, when the codebook is ran-
domly generated according to a distribution P.

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 52, NO. 5, MAY 2006

Lemma 1: Let Px and Py be two distributions over X and
Y, respectively. Let {(X;,Y;)};>1 be a sequence of i.i.d. pairs
of random variables such that

P(Xi =Y, =y) = Px(z)Py(y)

for all ¢ > 1. For any real @ > 1 and integer M > 1

aln M
n

P <I(pX”,Y") > ) <M~ *(n+ 1)V @31

Proof: The event {I(Pxn yn) > alnM} s the union of
all joint empirical distributions V' yielding a mutual informa-
tion larger than % From the Method of Types, the proba-
bility that PXn’yn equals a particular empirical joint distribu-
tion V' is upper-bounded by e ~*P(VIPxPy) A direct computa-
tion yields, for any V € P

D(V||PxPy)=I(V)+ D(Vx|Px)+ D(Vy||Px) (32)
where
)éZV(:v,y) and Vi (y ZV:vy
y
Hence, D(V||Px Py) > I(V), and therefore,
P <I(p\' yn) ) e~ nD(VIPxPy)
VEP,: I(V )>elnn
< Z o~ nI(V)
VeP:I(V)>elal
<M~(n+ 1)*IVI (33)

where the last inequality holds since P, satisfies |P,| <
(n + 1)I¥IV] (see, e.g., [4, Lemma 2.2]). O

We now present a technical lemma that will often be used in
the sequel. It shows that the quantity n. («, P, Q, M) introduced
in (12) grows logarithmically in M provided that I(PQ) > 0.
Given two functions f(M) and g(M), we use the notation
f(M) = O(g(M)) if there exist ¢ > 0 and My > 0 such that
F(M)] < eg(M) for M > My. 1t f(M) = O(g(M)) and
g(M) = O(f(M)) then we write f(M) = ©(g(M)). Finally,
the notation f(M) = o(g(M)) is used if |f(M)/g(M)| — 0
as M — oo.

Lemma 2: Leta > 1,let P be a probability distribution over
X, and let Q be a channel such that I(PQ) > 0. The quantity

ny (o, P,Q, M) 2 min{n >1:

min
Vep: (V)< alnd

D(V([PQ) > (o - 1)%} 64

is well defined for all M > 1. Moreover

(o, P,Q, M) =0(In M) . (35)

Proof: Fix some integer M > 1. The function D(-||PQ)
defined over the compact convex finite-dimensional set P is
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1

\ miny.; )<, D(V||PQ)

: = r
r 1(PxQ)

Fig.4. 0 < r. =r(a,M,n,) < I(PQ).

convex and therefore (see Luenberger [13]) continuous. Since
{VeP: (V)< «M}is compact

min

inf D(V||PQ) =
in VIPQ) = | min

| DV]IPQ).
VePI(V)<alnM
(36)

The function

min

_D(V|PQ)
VeP:I(V)<alnM

is nondecreasing with n. Since I(PQ) > 0, and because
(a — 1)2M girictly decreases with n, we conclude that
ny < oo forall M > 1. Hence, n. is well defined.

We now prove (35). Let us first rewrite (34) as

n.(a, P,Q, M) = min{n >1:

o —

i D(V||P >
vepail o PVIPQ) 2

1

r(a, M, n)} (37)
with r(a, M,n) £ ol

Since D(V||PQ) = 0 if and only if V = PQ

min

D(V||P 0
VeP:I(V)<r (VilPe) >

(38)

for all r € [0, I(PQ)) (see Fig. 4). Therefore, since n, < oo,
by defining

e 2 ro(o, P,Q, M) 2 r(a, M, n,)

we have v, € (0,I(PQ)) for all M > 1. Now let
7 = 7(a, P, Q) be the unique solution of the equation

. a—1
min =

D(V||P
VeP:I(V)<r (ViiPe)

T. (39)

The same arguments as for r, applies and, therefore,
7 € (0,I(PQ)). Let us write (M) for r.(a, P,Q, M)
since «, P, and () are kept fixed. Using the definitions of 7 and
r+(M), one can easily show that, for any M > 1

alnM «olnM
n*—l_ Ny
_falnM 2 1
( T ) aln M(1—1/n.)
1
:(r*)2alnM—7‘*
1(PQ)?
~“InM - I(PQ)

0<7—r.M)

(40)
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where the last inequality holds because .. < I(PQ) and @ > 1.
Therefore, from (40) we conclude

A aln M
Ny =
T
_ aln M
74 o(1)
=0(ln M). 41
O

We now want an estimate of 7} . To that aim, we consider the
first time the sequence of empirical mutual informations that
corresponds to the correct codeword crosses the threshold de-
fined by the curve «In M /n. Lemma 3 will show that this time
has low probability to occur after n, when the codebook is ran-
domly generated according to a certain distribution P.

Lemma 3: Let P be a probability distribution over X’ and let
@ be a channel such that I(PQ) > 0. Let {(X;,Y;)}i;>1 be a
sequence of i.i.d. pairs of random variables such that

P(X; = 2. = y) = P(2)Qyl).

For any o > 1 and M > 1, the quantity n. = n.(«, P,Q, M)
defined in (12) satisfies

aln M

Thx

P <I(pX71i<1Yni<) S > S M_(a_l)(n* + 1)|X‘|y|

(42)
Proof: From the Method of Types we have

PO&&RWQS

DS

VeP,, I(V)<aln

aln M
Tx
e~ D(VIIPQ)

< (TL + 1)|X\|y|e_"* minvep:t(v)gﬂ};}ﬂ D(V||PQ)
> * -

=M~V (n, 4 1)XIVI (43)

where the last equality follows from the definition of .. O

Lemma 4 states results about 77 in terms of its mean and its
concentration around the mean as the message set size increases.
Unless stated otherwise, from now on we assume, without loss
of generality, that message 1 is sent.

Lemma 4: Let P be a probability distribution over X’ and let
« > 1. For any channel @) such that I(PQ) > 0, the ensemble
of codebooks randomly generated according to P satisfies, as
M — oo

I
aln M — MnM_ (74 6(1))
P(Ty(a, M —(1 1 < e 2UFQ :
(Titaan) > S50 +o)) < ,
(44)

1L
aln M —m(l—l—o(l))
PlTi(ax, M) < 1 1 < In [X] ;
(Titan) < 30 o)) < ,
(45)
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III.

aln M
I(PQ)

ETi (o, M) = (14 0(1)). (46)

Proof: For the logic of the proof we prove the claims in
the order I, IH and II.

L

Lets 21+ ‘I’(I“ Mg dy(M, P, Q) where
I1(PQ)

miny ¢p. D(V||PQ)< ——

di(M,P,Q) = :
1( ’ 7Q) I(V)
e
(47)
We first show that di (M, P,Q) = 1 + o(1) which im-
plies that

aln M
5= m(l + o(1)).

Since I(V') is a continuous function over the closed
se {vepr D(V||PQ) < \/ﬁ},'the minimum
in the denominator of the right-hand side of (47) is
well defined, and so is d; (M, P, Q). Now suppose that
V(z,y) = Vx(z)Vy(y) for all (z,y) € X x V. A
direct computation (as for (32)) yields

D(PQ|IV)=I1(PQ) + D(P||Vx) + D(Qy [|Vy)
> 1(PQ) (48)
where
Qv(y) 2 ) P()Q(ylx).

reEX

Then, since the set P™ of product measures in P is
closed and D(PQ]||-) is continuous over P™, from (48)
we have

Juf D(PQ|V) = min D(PQ|V) 2 I(PQ) .
(49)
In other words, any product measure V' is at least at a
distance I(PQ) from P(). Hence, for large enough M,
the compact set {V € P : D(V||PQ) < 1/VIn M}
contains no product measures. Therefore, for large
enough M

min

I(V)>0
VeP:D(V||PQ)L—

VT
implying that d; (M, P,Q) is finite. This implies that
d1(M, P, Q) decreases with increasing M, and since it
is lower bounded by 1, we get d1 (M, P, Q) = 1+ o(1).

From the definition of 7} (see (10)) and since, without
loss of generality, we assume that message 1 is sent, we
have

P(Ty > s)
< Y P(Ti=n+1)
n>[s)
Z P (I(pX"(l),Y”) < ah;M)
n>[s)
Z (n+ 1)\X\|y|6_" miny vy atny DVIIPQ)

n>[s)

(50)

IN

IN

619
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III.

where | x| stands for the largest integer not greater than
z. Let us focus on the expression

D(V||PQ).

min
VePI(V)<anM

If we expand d; in the definition of s we get

InM
at min () (52)
s—1  ver.DV|PQ)< il
which implies that
1
min D(V|PQ) > . 53
verrl sy VIPQ) > T (53)
Hence, from (51) and (53)
PTy>s)< Y (n+ )P . (54)
n>s—1
Since s = 1 + ?(llﬂgg dy(M, P, Q) and since
di(M,P,Q) =1+ o(1)
from (54) we obtain
aln M
PlT, > —=(1 1
(7> Tyt +o)
< Z (n + ]_>|X||y|e_n\/1i M
n>s—1
= ¢~ =rtriy (o), (55)
From (51)—(54) we deduce that
_ XY+ =n T
(n+1)P(Ty = n+1) < (n+1) e (56)

for all n > |s|. Hence, from the definition of s we get

alnM

ETi(a, M 1 1)) . 57

Thus, in order to prove claim III it suffices to show that
alnM

ETy (o, M 1 1)). 58

First notice that from the definition of 7 («, M) we have
Ti (o, M) > [2InM7 "where [] denotes the smallest

In|X|

integer not smaller than . Let us define

A aln M A aln M

= — = ———ds(M, P -1
where

I(P
MaXxXy ep.p(v||PQ)< = (V)
(59

Similarly as for dy (M, P, Q), we have d2(M, P,Q) =
1+ (o(1)). We have

[q]
ETy(c, M) ZIP (T, > n)

Zq—qP(M <Ti <[q]). (60)

From (60), and since ¢ = ‘I’&‘;gg (1 + o(1)), in order to

derive (58) it suffices to show that
gP([v] < Th(a, M) < [q]) = o(1).
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From the definition of T} we get

P(Jv] <11 < [q])
:P(EImE{l,...,M} and j € {[v],...,[q]}

R |
with I(Pys gy y1) > — j ) (61)

The union bound and Lemma 1 yield
P([v] <T1 < [q])
< 0= 1P(37 € ... )

N 1
with I(Pxi2),ys) > - IJl )

+P(3je{fﬂ,---,[q1}

with I(pXj(l)’yj) > alnlM)
< M0 ([q] + DIV
+P(3j e (ol [al}

A 1
with I(PXj(l)vyj) > “ IJl

) . (62)

alnM)

An easy computation yields

P (Elj e{[v],...,[q] }WithI(PXj(l)YYJ) >

< ([q] + D)I¥IVIHLT ity epuv)> afap DVIPQ)
(63)
Now, expanding do(M, P, Q) in the definition of g we
have
In M

am? _ max I(V)  (64)

q+1  ver:DV|PQ< A=

which implies that (same as in (52)-(53))

1

min D(V||PQ) > 65
VePI(V)>elni ViPe) = In M (63)

From (62), (63), (65), and the definitions of v and g we

have
P([v] < Ti < [q]) < e BiRTA+HM) (66)
and we conclude that
gP([v] < T1 < [q]) = o(1) - (67)

II. Since P(T; > [v]) = 1 and ¢ = ¢! (1 4 (1)) from

I(PQ)
(66) we get
Oéh’lM _\/W(1+0(1))
< e < e TiAl .
p <T1 < I(PQ)(1+O(1)> <e
(68)

O
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Remark: We may notice that the function v/In M in the defi-
nition of d; (M, P, Q) and d2 (M, P, Q) in the proof of Lemma 4

can be replaced by any strictly positive function g(M) such that
g(M) = o(lu M).

Lemma 5 is a key lemma and Proposition 1 is an immediate
consequence of it. We consider communication over a channel
@ by means of a codebook randomly generated according to
some distribution P, and the universal decoder (¢}, T} (o, M))
defined in Section III-A.

Let n be any integer such that n > 1 and let &,, denote the
event defined as: no correct decoding decision has been made
during the period [1,n]. In particular, &, includes the decoding
error event of (¢pM, T (a, M)).

For notational convenience we shall often remove the argu-
ments of the functions and write, for example, 7 instead of
T1 (Oé, M ) .

Lemma 5: Let P be a probability distribution over A and
let @ be a channel such that I(PQ) > 0. Let & > 1 and let
1. = ny(a, P,Q, M) be defined as in (12). Then

L

lEPPQ(Snx |{X(m) 71%:17 d)']uu? A n*)

<0 (Ml—“n‘,;"“y'“) as M — 0o (69)

?

IL.

IMEpPg(En, {X(m)IN_1, oM Ty Any)

u

> I(PQ)— R (70)

lim inf—
M —o0o

1
EpET:

where R = limp/_, oo [E;f[‘EJgTI - @.
Proof:
1. We have
EPPQ(gru {X(m) %:17 11:'[7T1 A TL*)

. In M
S P <I(PX77.* (1)7Y71>k) S am )

Tox

+P<3[€{2,...,M}andj€{1,...,n*}

R |
with I(PXj(z),Yj) > “ n ) . (1)
J

Without loss of generality, we assume that message 1 is
sent, hence P(X;(1) = z.Y; = y) = P(x)Q(y|z).
Lemma 3 in turn yields

aln M

Thx

P (l(vau (1), = ) < > SMI_“(n*+1)|X”y|.

(72)
Now, forevery [ € {2,...,M} and j > 1, we have

P(X;(l) =,Yj =y) = P(z)Py(y)
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P(Ell €{2,...,M}and j €{l,...,n.} with I(Py;()y:)>

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 52, NO. 5, MAY 2006

aln M

J

) < MY=(n, 4 1)IXIVIHL (73)

with Py (y) = >, Q(y|z)P(x), and Lemma 1 together
with the union bound gives (73) at the top of the page.
Hence, from (71)—(73) we have s

[EP[FDQ(EW* |{X(m> 7]:{:17 §bﬁ[, Ty A n*)
S O (Ml—anLXHyl'l'l) . (74)

In M

We readily obtain

M1—an|*k’\|y|+1 — o~ (a=14o(1))In M
_ o (1(PQ)— 58 10(1) ) ET1 (140(1))
— ¢~ (I(PQ)—R(M)+o(1))ET; (1+0(1))
= ¢~ I(PQ)=ROETI(1+o(1)) — (75)

The first equality follows from the fact that n, =
O(In M) by Lemma 2. The second and third equalities
are justified by Lemma 4 claim III. Finally, combining
(74) and (75) we get

EpPQ(En. {X (m)} =1, ¢u’ s T1 A1)
< ¢ UPQR-R(M)ET: (1+o(1)) — (76)
Hence,
o 1
it~ EEoy
X (m EpPo(En. {X(m)}NM_1 oM, 11 A n*))
>1(PQ) - R (77
where R = limp/_, o IE;“T]& = I(PQ)/a by Lemma
4 claim III. (]

Proof of Proposition 1: Since

EpPq(EN{X (m)}nimy. 03" T1)

m=1Yu

< EpPQ(En, [{X(m)} oy, ' Ty An) - (78)

Proposition 1 follows from Lemma 5. O

Remark: At this point, we would like to give some intuition
on n(«, P,Q, M). This quantity is introduced to find a conve-
nient upper bound on EpPq (E|{X (m)}M_, ¢M, T (a, M),
the average error probability of the universal decoder
(M, Ty (o, M)), when the codebook is randomly gener-
ated according to some distribution P. Let n = n(M) be
an integer valued function growing sublinearly with M. We
may upper-bound P (E|P, ¢, T1(a, M)) by considering as
an error the event in which (¢, Ty (o, M)) has not made a
correct decision in the interval [1, n]. We denoted this event by
&n. The event &, is realized if one of the following two events
happens: an incorrect decision is made in the interval [1, n], or,
in the interval [1, 7] no message has a corresponding sequence

of empirical mutual informations that exceeds the threshold
that defines 77, i.e., 77 > n. Denoting these two error events
by A and B, respectively, we get

EpPQ(E{X (m)}p—1: ¢u', T1)
<EpPQ(E{X(m)}nicys 00", Th)
<P(A)+P(B). (79)

What now remains is to strike a good balance between P(A)

and P(B) by choosing an appropriate n. The n, used above is

chosen such that P(A) and P(B) have the same error exponent.

From Proposition 1 we deduce that, for any channel @, it is
possible to find a codebook that, combined with the universal
decoder described in Section III-A, yields a low error proba-
bility. However, in general, this does not imply the existence
of a codebook that guarantees low error probability for every
channel in a given family. The main point in the proof of Propo-
sition 2 is to show that there exists a codebook that admits low
error probability on all channels in BSCr (L € [0,1/2)), and
similarly for Zy, (L € [0,1)). An essential ingredient is a cou-
pling among the channels in the families BSCy, and Zr,. This
coupling is made possible because of the ordering among chan-
nels in the families.

Proof of Proposition 2: 'We first consider the family BSCp,
where L € [0,1/2). Pick an input distribution P over {0,1}, a
constant « > 1, and let

ny(o, P,M) 2 max n,(a, P,Q,M).

QEBSCy, (80)

For the moment we assume that n, («, P, M) is well defined and
such that n, (o, P, M) = ©(In M'). We will prove this claim at
the end of the proof.

Without loss of generality, we introduce a coupling between
the channels in BSCy,. This coupling will be used to show the
existence of a universal codebook that, combined with the uni-
versal decoder (¢, Ty (o, M) Any (e, P, M)), has the desired
error probability and expected decision time for all channels in
BSCy.

Let {A;}i>1 be an i.i.d. sequence of random variables such
that A, is uniformly distributed within the interval [0, L], and
set

Yi=2;® 14,<1c (81)

where ]lAigLs = 1if A; < Le and ]lAiSLE = 0if A; >
Le. We interpret Y; as the ith output of the channel BSC(e)
when the input symbol is z; (one can verify that the crossover
probability of the channel described in (81) is indeed ¢). The
coupling introduced in (81) is such that whenever the channel
BSC(e) makes a crossover, all the channels BSC($) with § €
[e, L] also make a crossover. Moreover, because of the coupling,
at each time n the set BSCy, behaves as if there were only at
most n + 1 distinct channels. To see this, let us partition BSCy,
as follows. Let {.A;}"_; be the order statistics of {A4,}74, i.e.,
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{A;}?_, represents the same set of random variables as { A; }_;
but labeled in increasing order. Then partition BSCyp, as

BSC,= [J b (82)
leN
0<i<n
where
bp = {BSC(e) : e € [0,.A1)}
b £ {BSC(e) e € [A, Aip1)}
forl € {1,...,n—1}andb, = {BSC(e) : ¢ € [A,, L]}. From

the above partition we deduce that, at time n, given an input
sequence z", the family BSC, produces at most n + 1 distinct
output sequences of length n, i.e., the set BSCy, behaves as if
there were only at most n + 1 distinct channels.

We will now consider the decoding rule described in Sec-
tion III-A with decision time 77 (a, M) A n.(«, P, M) instead
of T} (e, M). Using a random coding argument that makes use
of the coupling introduced above, we will prove that, for any
M large enough, there exists a coding scheme that simultane-
ously over all channels in BSCy, has the desired error prob-
ability and desired expected decision time. Let us first con-
sider the error probability that can be simultaneously achieved
over BSCy . One can check that claim I of Lemma 5 still holds
when n.(a, P,Q, M) is replaced by n,(«, P, M) (assuming
that n.(a, P, M) = ©(In M)). Therefore, for any @ € BSCy,,
the average error probability over the ensemble of codes satis-
fies

IEPPQ(E”M(CY P]\[)HX( ) m=1rYu 7T1 /\n*)
50(M1 “ny (o, P, M)IFIVIFL) - (83)

If we apply Markov’s inequality to the error probability defined
over the ensemble of random codebooks generated according to
P, from (83) we get

{X (m)}n=

Ty a1 2100

< 0 (TP (g

Pp(PQ(Sm

Now, recall that the coupling introduced among channels BSCy,
is such that, at each instant n, the family BSCy behaves as if
there were at most n + 1 distinct channels. Hence, from the
union bound and (84) it follows that

Pp( U

QEBSCL

{PQ<6nK|fM (X (m)IMy M Ty A )

S Ml_anguxnym)})

< 0 (nz I (85)
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Now for the decoding time. From the union bound we get

aln M
I(PQ)

Py

{Tl ATy >
Q€EeBSCy,

(1+o(1)}

aln M
I(PQ)

<(ny+1) max P <T1 Amy >
QEBSCy,

(1+ 0(1))>. (86)

From Lemma 4 claim I, for every Q € BSCp,

alnM In M
PI(lTi A N —— | 1 < 37 PQ)(1+O(1))
(1 n >I(PQ)( + o ))) e
(87)
It follows that
aln M
ol P (Tl Ane> Tyt (1>)>
< T ) g
From (86) and (88) we have
aln M
P Ti Anye > ———(1 1
L
_ Nireva o
< (o 4 1)e Twense, rm A+ g,

A similar argument as above together with Lemma 4 claim II
yields

aln M
T, " 1
P Qegc { TAN _I(PQ)( + o ))}
L
< (na + e~ BERTO+HM) ()

Finally, since n, = n.(«, P, M) grows logarithmically with
M, the sum of the right-hand sides of (85), (89), and (90) is
smaller than 1 for M larger than some integer M, («, P), say.
Hence, for every M larger than M, («, P), there exists a (non-
random) codebook ™ such that, for every Q € BSCyp, the
following two conditions are satisfied:

PQ(En, [FM, oM, Ty (a, M) Any) < M=ol HIPIHD g1
and
In M
Eq(Ti(a, M) Any) = ?(;Q) (1+0(1). (92

From (91) and (92) and a similar computation as in (75)—(77),
by setting

5= {cM (fM ¢M 1(o, M) A (o, P, M)} ars>1
we have
E(s,Q) > I(PQ) —R(8,Q) and
s, In M
(8,Q) = M_)OO [EQ(Tl(Oé M) A ny(a, P, M))
_itrg) )

for every Q € BSCrp.
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For the case where Q = Zp with L € [0, 1), an argument
similar to that for BSCy, holds. The only difference is that the
coupling should be made according to

Vi =1o=ila,> e (94)
We conclude the proof of the proposition by showing,

along the lines of the proof of Lemma 2, that n.(«a, P, M) =
©(ln M). From (12) we have

(o, P, M) = min{n >1:

In M
: . o .
V%Pjgg;M%MQg§%LIKVHPQ)_(a H— } (95)

On the one hand, the function

min min  D(V||PQ)
VeP:I(V)<elnM QeBSCy

(96)
is nondecreasing with n. On the other hand, (o — 1) In M/n
strictly decreases with n, and since mingensc, I(PQ) > 0,
we infer that n.(a, P, M) < co. Let us define 7 = 7#(a, P) as
the unique solution of the equation

a—1

min min  D(V||PQ) = T o7

VeP:I(V)<r QEBSCy
Since mingepsc, [(PQ) > 0, we deduce that

0<7(a,P) < min I(PQ).

QEBSC

Finally, from a reasoning similar to that concluding the
proof of Lemma 2 (see from (39) onwards) we deduce that
ny(a, P,M) = O(In M). O

B. Proofs of Theorems 1, 2, and 3

We start with a brief study on the two-phase coding strategy
emphasizing the purposes of the first and second phase. Let us
assume that communication is carried out over some channel @
and that we have a two-phase coding strategy with the following
properties.

1. There is a low probability that the two-phase coding
scheme makes more than one cycle, i.e., there is a low
probability that, at the end of the second phase, the de-
coder declares ‘“Nack.” As a consequence, the average
decoding time EgT is approximatively equal to the
average decoding time of the first phase, EqT1, plus the
average decoding time of the second phase, Eq75.

2. The coding scheme used for the first phase achieves a rate
R; close to capacity.

3. The two-message coding scheme used for the second
phase is such that the probability Pg(A|z(N)) of

declaring “Ack” while “Nack” is upper-bounded by
e~ EB(0.QEQT:

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 52, NO. 5, MAY 2006

Under the above assumptions, we have that the average
error probability of the two-phase coding scheme can be
upper-bounded as follows:

Pq(&le) =Po(z(NV))Po(Alz(N))
b e_EB(OyQ)EQTQ
. i%?)EQT
_ s (0.Q) (1- 4 )EeT

% e_EB(O,Q)(l—%)EQT

e ~Es(RQEQT

IN

—EB(o,@(l—

Qe

(98)

The approximation a. holds by property 1. If the two-phase
coding scheme makes one cycle with high probability, the error
probability essentially equals to the probability that a wrong
message is declared “most probable” at the end of the first phase,
times the probability that the receiver declares “Ack” while a
“Nack” was sent.!! Inequality b. holds by the assumption 3.
The approximation c. holds because EqT" ~ Eg17 + EgT5 by
assumption 1. Approximation d. holds by hypothesis 2 and e.
is by definition of the Burnashev’s error exponent (9). Finally,
note that assumption 1 requires Po(N|z(A)) to be small, but
not necessarily exponentially small with respect to the average
coding delay of the second phase.

In order to prove Theorems 1 and 2, we will essentially
show that there exist two-phase coding schemes that satisfy
hypotheses 1,2, and 3 universally over BSCy, and Zj,. This will
imply that Burnashev’s error exponent is universally achievable
over BSCy, and Zp. In addition, we will need to prove that
the rate can be controlled. For BSCy,, this means that the rate
is guaranteed to be universally at least (or at most) equal to
a given fraction of the channel capacity, whereas for Zj, the
control on the rate means a rate universally equal to a given
fraction of the channel capacity.

Remark: From (98) we see that the role of the first phase
is to carry information at a high rate while the role of the
second phase is to make the probability P(A|z(N)) as small
as possible. Hence, Burnashev’s exponent can be achieved
with two-phase coding strategies even if the first phase has a
corresponding error probability that vanishes arbitrarily slowly
with increasing coding delay, i.e., the error exponent of the
first phase is irrelevant. Hence, the above computation gives
a simple way to prove the achievability part of Burnashev’s
theorem. However, the above computation hides a difficulty:
finding capacity achieving coding schemes for the first phase.
Therefore, the above computation gives only a conceptually
simple way to reach Burnashev’s exponent through a random
coding argument. Indeed, the two-phase scheme proposed in
[2] to prove the achievability of Burnashev’s error exponent
may appear very complex (at each time a complex randomized
decision at both the transmitter and the receiver is required),
but has the advantage that it can be implemented.

The next lemma shows that the probability of error of a two-
phase scheme is approximatively P (z(NN))Pg(A|z(N)). For
simplicity, from now on we will often drop the subscript (.

1P, (x(N)) is the average error probability of the coding scheme used for
the first phase.
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Lemma 6: Let ¢ be a two-phase coding scheme. If
P(z(N)) + P(N|z(A)) < 1 then

PE|e) < P(z(N))P(Alz(N))
~ 1=P(z(N)) - P(N|z(A))

Proof: Let £ denote the event that an error occurs at the
end of the th cycle and let N; denote the event that the re-
ceiver declares “Nack” at the end of the ith cycle. The family
of events {N;};>1 is such that N;;1 C N; and also satisfies
P(N;+1|N;) = P(Ny). Hence, we have the recursion relation
P(N;11)=P(N;)P(Ny), and therefore, P(N;_1) =P(Ny)" L.
It follows that

99)

N))P( 1)
N)P(Ny)™t. (100)

Now, we have
P(N1) =P(N|z(N))P(z(N))

+P(N|z(A)(1 = P(z(N)))
<P(z(N)) + P(N|z(A)). (101)

Since {£%};>1 is a family of disjoint events, (100) and (101)
yield

_ S (e < — PEODPURN) 0

- P(a(N)) - P(N[a(A))

O
Proof of Theorem 1: Pick some L € [0,1/2) and as-
sume that communication is carried out over a binary symmetric
channel @) with crossover probability ¢ € [0, L]. The proof is
divided into a few subsections. We first introduce the coding
scheme used for the first phase that we denote by c}. We then
propose the two-message coding scheme, denoted by c)?, used
for the second phase of communication. In the last subsection,
we show that the two-phase coding scheme has the desired prop-
erties.

a. We consider the coding scheme used for the first phase.
Letting @ > 1 and P be the Bernoulli 1/2 distribution,
we deduce from Proposition 2 that there exists a sequence
of coding schemes

{2 (M, M Ty (o, M) Ao, P M)} ars1
(103)
such that, for every W € BSCp,
1

lim inf In Py (E|cM
T (M)A (a, P, P w )

>CW) -

cw) (104)
(0%

and

In M c(w)

1. —
MI_I)ILO |EVV(T1((1,M) /\’I’L*(avva)) @
(105)

b. The messages “Ack” and “Nack” are encoded by using

the all-one sequence z(A) = 1,1, ... and the all-zero se-
quence z(N) = 0,0, .. ., respectively. Suppose that z:( A)
is being sent. The resulting output sequence Y7, Ys, ... is
an i.i.d. Bernoulli sequence with P(Y; = 1) = 1 —¢. De-
fine the random variables Z;’s as
Z;i=1, if V;=1and Z;,=-1, if ¥;=0.
(106)
Let V,, £ 31" | Zi, 3> 0, and define the stopping time

Ty = To(8, M) £ inf{n > 1: |V,| > [BIn M} .
(107)
Consider the decoding rule:
— if Vi, > [f1n M]: declare “Ack,”
- if Vp, < — [Bln M]: declare “Nack.”
By symmetry we have

Eq(Ty|z(A)) = Eq(Th|z(N)) £ EqTy  (108)
and
Pqo(Alz(N)) = Pqo(N|z(A))
=Po(Vp, = = [Bln M] |z(A)). (109)

Now Po(Vr, = —[BInM]|z(A)) < e [AmMI
where 7* is the strictly positive root of the function
In(Ee"%) (see, e.g., [11, Corollary 1 p. 233]) and equals
D(e||]1 —€)/(1 — 2¢).12 Therefore, we have

Po(Ve, = — [BIn M] |z(A)) < e~ st Deeli=e)

(110)
From Wald’s equality and (108) we have
T
Eo < A)) =Eq(Z1]x(A)EQT,
i=1
=(1-2e)EpTs . (111)

Since

£ (TQ A))
— [0 M Po(Vay = [#1n M] [2(4))

— [BIM]Pq(Vr, = — [A1n M] |a(A))
— [BIn M] —2Pq(Vr, = — [A1n M] |a(A))) [51n M]

(112)
from (110) and (111) we get
Gln M
EoTs = 1 1)) . 11
o= o (o). A13)
Hence, using (110) we obtain
Po(N|z(A)) £Pq(Vr, = — [BIn M] |z(A))
< e~ Pleli=e)(1+o(1)ERT> (114)

For given M > 1 and 8 > 0, the two-message coding
scheme described above will be denoted ).

12D(g||1—¢) denotes the divergence £ In(c/(1—2))+(1—¢) In((1—¢)/2).
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C.

Let ¢™ denote the two-phase coding scheme obtained by
using ¢ and ¢3! for the first and second phase, respec-
tively, and let T'(«, 3, M) denote the decoding time of
M. Using Lemma 6, we deduce that that, for all Q €
BSCp,

Po(Elc™)
_EQT(a,8,M)—EQTo(8,M)

e—D(EHl—s)(l-{-o(l)) (l EQT (a3, 7) )IEQT(Q,S,AI)

(115)

where we used the fact that E5(0,Q) = D(e||1 — ¢).
Now, one can show that (see Appendix A)

EoT(a, 8, M) — EqQT> (8, M)
=Eq(Ti(a, M) An.(a, P, M))(1+0o(1)). (116)
Hence, using (113) and (105), for any & > 1 and 8 > 0
EqQT(a,B,M) —EQT>(B, M) aR(a,f,e)

li —
Mobe EqT(a, 3, M) C(Q()l "
where
Cc(Q)
R(wa, f,¢) & <
o+ 29Q
~ fim Mg

M — oo |EQT‘(O{7 ﬁ, M)
Therefore, from (115)—(118), for every Q@ € BSCy,

1
liminf — ——————InPy(&|cM
Mo  EqI(a,fB, M) Q(€le™)
aR(a, S, e))
>D(Ell—e) 11— ——————2)]. (119
In Appendix B, we show that if (118) and (119) hold for
any > 1, then there exists a sequence of two-phase
coding schemes for which (118) and (119) also hold for
o = 1, ie., there exists {¢™},r>1 such that, for every
Q € BSCy,
1

iminf — InP M
K inf e =150 " Pelle?)

> Dl - (1- K552 2)
where
) In M
R(a = lﬂQ) = ]\}lgéo EQT(OZ = lyﬂvM)
1
Ty

Now, for any () € BSCy, with crossover probability e

, Q) _ In2
< < .
0<,min COV)< {5 <191

(122)

Choose some v € (0,1). Since § > 0 is arbitrary, by

setting
1-2L (1
B=B0)= o (; - 1)
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from (120)—(122) we conclude that there exists S’ such
that, for every () € BSCy, with crossover probability e

B(S,0Q) > D1 — <) <1 - %)
2 Ep(R(5,Q).Q) (123)
where

70(Q) < R(s',Q) < C(Q) . (124)

Similarly, if we now set

1 1

= = =1 125
=00 = e (f-1)  aw

we deduce from (120)—(122) that there exists S” such that,
for every () € BSC, with crossover probability €

E(s",Q) > D(e||l - ¢) (1 _ R%?)
£ Es(R(s",Q), Q) (126)
where
0 < R(s",Q) <~C(Q) . (127)

Since Burnashev’s exponent cannot be exceeded, in-
equalities (123) and (126) are indeed equalities.

Finally, for the case v = 0. From (118) and (119), by
fixing & > 1 and letting 5 = (M) — oo as M — oo,
on can easily check that there exists S’ such that, for any
QeBSCyr, E(s”,Q)=Egp(0,Q) and R(S"",Q)=0. O

Proof of Theorem 2: Let L € [0, 1) and assume that com-
munication is carried over some Z channel () with crossover
probability €. We first introduce the coding scheme used for the
first phase, then the two-message coding scheme for the second
phase of communication. The resulting two-phase coding
scheme has zero error, i.e., infinite error exponent, for rates in
the range [0, I(PQ)), for some fixed-input distribution P. As
a final step, we show that the concatenation of two two-phase
coding schemes also yields error-free communication, but now
for all rates in [0, C(Q)).

a. We consider the coding strategy for the first phase. Let P
be a probability distribution over {0, 1}. From Proposition
2 there exists a sequence of coding schemes

{C{w = (fzw‘, 3’I7T1(a7M) A n*(oz,P, M)}]\[Zl

that satisfies, for all W € Zp,

) ,
. InP !
Y T (@ (o, M) A e, Py Y El)

> [(PW) — IPW) (128)
(0%
and
i In M I(PW)
im - ’
M—oo Ew (T1(a, M) A n(e, P, M) @
(129)

b. The messages “Ack” and “Nack” of the second phase are
encoded by using the all-one sequence z(A) = 1,1,...
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and the all-zero sequence z(N) = 0,0, .... The length
of the second phase depends of length of the first phase.
More precisely, the length of the second phase is given by

Ty(k, M) £ [Ty (e, M) A (e, P, M)]

for some constant k that will be appropriately chosen later.
At the end of the second phase the decoding rule is given
by the following:
— if there exists ¢ € [1,T2(k, M)] such that y; = 1:
declare “Ack,”
— otherwise: declare “Nack.”
It follows that

P(Ajz(N)) = 0. (130)

Now, by definition, we have T)(a, M) > hnhll’gll-l
Therefore,

ke In M

Po(Njz(A)) < e ma, (131)

. Choose some v € (0,1),leta € (1,1/7), and let k =
1/(ay)—1.Let cM denotes the two-phase coding scheme
obtained from a and b, and let T'(«v, k, M) denote the de-
cision time of the two phase scheme. Since the average de-
coding time of the two-phase scheme is essentially equal
to the average length of one cycle of the two-phase scheme
(see Appendix A), we have

EQT(@,]{Z,M)
=1+ k)Eqo(Ti(a, M) Any(a, P,M))(1+ o(1)).
(132)

Letting S = {c¢™}y/>1 and using (129) we get, for all
Q€7

R(8,Q) = vI(PQ) . (133)
From (130), (131), and Lemma 6 we trivially have
E(S,Q) = . (134)

If v = 0 it suffices to have k = k(M) such that
k(M) M= o

In this case, R(S,Q) = 0 and E(S, Q) = oo.

We have shown that any rate in [0, v (PQ)) can be uni-
versally achieved over Z, at Burnashev’s error exponent
(here infinite). In the next subsection we show that the
concatenation of two two-phase coding schemes yields
the same result as above,now for all rates in [0, C(Q)].

. Lety € (0,1), let P; be the Bernoulli 1/2 distribution,
and consider a sequence of coding schemes {c*1}/, 51
such that
i R(c™, Q) = 7I(P1Q)
A1 —00
and
liminf B(cM, Q) = .

M, —oco

Pick a particular coding scheme ¢t with decoding time
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message (error-free) and the transmitter makes an esti-
mate ) of the underlying Z channel according to'3

A lan
I(PQ) = ST

then sets P, as being the capacity-achieving distribution
of Q, i.e.,

(135)

N R
P, = rlglggl(PQ) (136)

where V is the set of all binary distributions P such that
P(0) € [1/e,1/2].14 At a second stage, the transmitter
chooses a message out of a second message set of size Mo,
and sends it using a two-phase coding scheme according
to P». Clearly, the overall two two-phase coding scheme
is error free, since at the end of each of the two coding
periods no error occurs.

Let us set My = M1 _In the rest of the proof, we show
that the rate of the two two-phase scheme, that we denote
by R; 2, converges to vC'(Q) as M; tends to infinity. We
have

A hl(Ml . Mg)
Ry o = E,TM: M.
Q + |EQT 2
In M
_ InM, (1 + 1nMi)
- ET M- ETM :
(1 + IETM;>
Now, since the two-phase schemes we consider have their

second phase duration linear in the first phase length,
Lemma 4 extends to the decoding time 7M1 as

(137)

) In M- _ VIn My
P(TM > ———(1+f(M ><e 2y (e ()
(138)
and
In ]\/[1 _/In My 1 1
p (e Mooy )<e VI (140(1))
(139)

for some functions f(M;) = o(1) and g(M;) = o(1).
Let us define

lan lan
Né{—l-i- M), ————(1+g(M }
(140)

From the bounds (138) and (139) we get
P(TM ¢ N) < e~ a4

We now derive an upper and a lower bound on Eq (7).
On the one hand, we have

ETY> <P(T' € N) max E(T" |TM =)
€
+P(TM1 ¢ N) max E(TM|TM2 =t) . (142)
t

From (135), (136), and (138) we deduce that

- In M,
max E(TM: [TMr = ¢) < 2

ma VC(Q)(l +o0(1)) (143)

13By means of feedback, this operation is performed also at the receiver.

M : :
T, The transml.tter stgrts sendmg a message out the 4Majani and Rumsey [14] proved that, for any Z channel, the ca-
M, messages. At time T the receiver decodes the sent  pacity-achieving distribution is such that P(0) € (1/e,1/2).
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as M; — oo, and
max E(TM2|T7M1 = ¢)

tEN
< In M2 (
~ yminpey miny ez, I(PW)

14+0(1)) (144)

as My — oo, where minpey minyez, [(PW) > 0
since L. < 1.!5 From (141)—(144) we have

~v1In My
@)

On the other hand, since

ETM: < (14 0(1)) . (145)

ET: > P(TM € N) min E(TM|TM =t)  (146)
te

a similar computation as above yields

lnMg

M, _
ETM: > 7C(Q)(Ho(l)), as My — oo. (147)
From (145) and (147) we conclude that
, In M-
E(T™) = 2222 (1 4 0(1 148
(1) = T 0 +o)  (48)

as My — oo. Hence, from (137), (148), and the fact
that My = e, the two two-phase coding scheme with
M = M - M, messages has its rate 2y » that converges
to vyC'(Q) as M tends to infinity. O

We now consider an alternative way for proving Theorems 1
and 2. Theorem 1 is proved by considering two-phase coding
schemes. In particular, we used Proposition 2 that claims
the existence of coding schemes, which we used for the first
phase, that achieve an error exponent equal to C(Q) — R
with R = C(Q)/«, uniformly over the family BSCy,, for any
a > 1. However, as follows from the discussion that precedes
Lemma 6, the error exponent of the first phase coding scheme
is irrelevant: what is important is to achieve capacity. Hence,
let us keep the second phase of two-message communication
and replace the first phase by a training-based scheme, namely,
a coding scheme that first estimates the channel by means of
a test sequence, then conveys information with a fixed length
block codebook and a maximum-likelihood decoder tuned for
the estimated channel [8], [20]. It may be easily checked that
such a training-based scheme can achieve arate R = C(Q)/«
uniformly over BSCy, for any o > 1. Hence, the two-phase
scheme where the first phase is a training-based scheme,
achieves Burnashev’s exponent at a rate that is controlled as
stated in Theorem 1.

A similar argument as above holds for the family Z;. By
using a training-based scheme followed by a two-message
coding scheme, it is possible to achieve Burnashev’s exponent
at a rate that is controlled as stated in Theorem 2. Therefore, we
found a two-phase strategy that yields the same performance as
the coding scheme that results from the concatenation of two
two-phase schemes (see proof of Theorem 2).

The reader may ask why we did not immediately use the
above arguments to prove Theorems 1 and 2, which clearly

15The set V has been defined in (136).
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renders these proofs simpler. The reason is the following. A
codebook for a channel with feedback is a set of sequences
of functions {{fn(m, Y™ 1)},>1}2_,. As mentioned above,
Proposition 2 proves the existence of coding schemes that
achieve an error exponent equal to C'(Q)) — R uniformly over
the family BSCy . A look at its proof reveals that such universal
codes can be written simply as {{z,,(m)},>1}}_, instead of
{fu(m, Y"1 },>1}M_, . In other words, the universal code-
book of Proposition 2 is composed by M infinite sequences of
digits, that are not functions of the received symbols, i.e., do
not make use of feedback. Stated otherwise, the encoder knows,
before communication starts, which symbol will be sent at any
time, unless the decoder makes a decision previously. If we use
training-based schemes instead, at the end of the test period,
the encoder needs to have a large set of available codebooks
for the different channel estimates, which is complex. For this
reason, we preferred to prove Theorems 1 and 2 with a method
that does not involve training-based schemes.

The proof of Theorem 3 is a straightforward extension of the
theorem in [19].

Proof of Theorem 3: Consider two channels ()1 and Q5.
Let S be any sequence of coding schemes yielding zero rate
on Q1 and @)5. From the proof of the Theorem in [19] (see, in
particular, the inequalities (44) and (45) therein) we deduce that
either

E(S,Q1) < =K(Q1,Q2)

or

N = DN =

E(S,Q2) < =K(Q2,Q1)

(or both), where

K(Qw QJ)
2 wma [D(Q: () QC 1)+ D@ (I Q5 ()] (149)

Since the error exponent is a nonincreasing function of the
rate, if K(Q1,Q2) < 2Ep(vC(Q1),Q1) and K(Q2,Q1) <
2EB(vC(Q2), Q2), then, for any 4/ € [0, ] and any sequence
of coding schemes S such that R(S,Q;) = ~'C(Q;) for
i € {1,2}, either

E(8,Q1) < Eg(7/C(Q1), Q1)

or
E(8,Q1) < Eg(v'C(Q2),Q2). O

C. Extending the Results for BSCr and Zj, to
More General Families

A difficulty in extending Theorems 1 and 2 to a more general
family of channels is due to the converse result provided by
Theorem 3.

Suppose for simplicity that we want a coding strategy that
achieves Burnashev’s exponent universally over some family
Q = {Q1, Q2} at arate strictly below capacity. In other words,
we seek for a coding strategy that is optimal from the error
exponent point of view, but that does not necessarily satisfy
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the constraint that controls the rate.'® From the alternative
proofs given for Theorems 1 and 2 (see discussion before
the proof of Theorem 3), the first phase may be carried out
by any universal capacity-achieving coding scheme, such as
training-based schemes. However, a major problem arises in
finding a sequence of two-message coding schemes such that,

for Q S {Qh QQ}

L Po(N|z(4) =0,
. Po(A|z(N)) < e"BeT2Er(0.Q)(A+o(1) a5 M — oo,

For BSCs and Z channels, there exist sequences of two-mes-
sage coding schemes that satisfy I and II. In addition, these
coding schemes have the property of having constant codewords
z(A)=1,1,...and z(N) = 0,0,.... To gain more insight on
the limitation of universal coding schemes, and in connection
with hypothesis testing, it might be interesting to consider the
following situation. Suppose that @ = {Q1,Q2} does not sat-
isfy the conditions (30) in Theorem 3, and that

arg (mL%D(Ql(-Iw)IIQl(-Iw’))
# arg max D(Qa(-|z1)]|Q2(-]x5)).  (150)

Is there a sequence of two-message coding schemes such that
conditions I and II are satisfied? Informally, the question can
be rephrased as: when are adaptive encoding procedures neces-
sary in order to achieve Burnashev’s error exponent universally
at zero rate? The motivation for studying two-message coding
schemes (see [19] for a related study) is that the maximum
achievable error exponent that can be obtained with two-mes-
sage coding schemes corresponds to the Burnashev exponent at
zero rate. This is in contrast with the situation without feedback
where, in general, there is a significant difference between the
maximum error exponents at zero rate and the one obtained with
only two messages [10].

V. CONCLUSION

The main concern of this paper has been to show how much
feedback may help when communication is carried out over a
stationary DMC that is unknown to both the transmitter and
the receiver. We have demonstrated that there are channels for
which the ignorance of both the transmitter and the receiver of
the channel in use is not a fundamental impediment to reliable
communication (Theorems 1 and 2). The communicating par-
ties can employ a universal coding strategy to asymptotically
perform as well as the best communication schemes tuned for
the channel over which communication is carried out. In these
cases we may notice that, in terms of error exponent, it is better
to have feedback while ignoring the channel rather than to know
the channel and not having feedback.

However, in general, for a given family of channels such op-
timal coding schemes do not exist: there are simple families,
namely, families with only two channels, for which universally
optimal coding schemes do not exist (Theorem 3).

In order to further understand in which situations the presence
of feedback helps in a communication setting, it might be in-
teresting to consider the following research directions. The op-

1%Formally, using the operator A’ defined in (22), we ask whether
A'(Q) = 0.
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timal blind schemes presented in this paper use full feedback,
as Burnashev’s optimal schemes [2]. Since in practice the feed-
back link may have a limited capacity, we are lead to the fol-
lowing questions: what error exponent can be achieved if we
restrict ourselves to a low-rate error-free feedback link or to
decision feedback? Is it necessary to have full feedback to at-
tain Burnashev’s exponent? To the best of our knowledge, Bur-
nashev’s exponent has been obtained only by using two-phase
coding schemes, the basic structure of which was first intro-
duced by Schalkwijk and Barron [16] for Gaussian channels. In
these schemes, full feedback is needed to inform the transmitter
about which message has been declared “most probable” by the
receiver at the end of the first phase (see Section III-B). Perhaps
this amount of feedback may be reduced, for example, by using
the fact that the sent and received symbols are correlated.

In the case where the channel is known, Forney [9] showed
that error in an exponent larger than C' — R can be achieved with
decision feedback. In the case where the channel is unknown,
we showed that, in some cases, C' — R can be achieved with
1-bit feedback (see Proposition 2).!7 For a study related to the
tradeoff between feedback rate and error exponent we refer to
[6]. There the authors consider two-phase schemes where the
feedback channel is used at a low rate, but in a “bursty” way.

An aspect that has not been addressed in this paper is com-
plexity. In this framework, we would like to mention Ooi’s Ph.D.
dissertation [15] in which practical low-complexity feedback
schemes have been derived for different categories of known/un-
known channels, such as discrete channels with and without
memory, and multiple-access channels. It might be interesting
to further study low-complexity coding schemes in the frame-
work of a more general question that seeks the tradeoff between
performance and complexity.

APPENDIX A
TwO-PHASE CODING SCHEME DECODING TIME

In this section, we show that the average decoding time of a
two-phase scheme is approximatively equal to the sum of the av-
erage decoding time of the first phase and the average decoding
time of the second phase, which justifies (116) and (133).18

Let T = T(«,, M) be the overall decoding time, T} be
the decoding time of the first phase (for brevity we write T for
Ti(a, M) A ny (e, P, M)), and T> be the decoding time of the
first phase. Let Tt & T, + T5, and S denote the number of
cycles performed by the two-phase scheme (i.e., the number of
“Nacks” before the final “Ack,” plus one). We have

ET =) E(I|S=s)P(S=s)
s>1

= 3[(s - DE(TYN) + E(THA)P(S = 5)
s>1

=E(T'|N)E(S — 1) + E(T"|A) (151)

where E(T|1) denotes the expected value of the first cycle given

that, at the end of the second phase, the decoder declares mes-
sage | € {Ack, Nack}.

"Note that the information carried by this single bit through the feedback
link is more than 1 bit since it is sent at a random time.

I8Note that the assertion becomes trivial if one considers fixed-length block
coding schemes for the first and second phase.
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We will show that

E(T'|N)E(S — 1) + E(T|A) = E(T*A)(1 + o(1)) (152)

and that E(T"*| A) is approximatively equal to the average length
of one cycle, i.e.,

E(TYA) = E(TY)(1 + o(1)).
We first prove (153). From the identity
ET' = E(T"|A)P(A) + E(T'|N)P(N)
and since P(A) = 1 + o(1), it suffices to show that
E(T'|N)P(N) = o(E(T*|A)).

(153)
(154)

(155)
We have
E(T|A) =E(T1]x(A))P(2(4)[4)
+ E(13|2(A), A)P(2(A)|A)
+E(Ta|x(N))P(z(N)]A)
T+ E(T3[a(N), AP(@(N)|4)  (156)
where P(z(m)|m’) is the probability that, at the beginning of
the second phase, z(m) (m € {Ack, Nack}) is sent conditioned
on the event that, at the end of the second phase, the decoder
declares message m’ (m’ € {Ack, Nack}). Similarly
E(T'[N)P(N) = E(Ti]z(A))P(x(A)|N)P(N)
+ E(T2|z(A), N)P(z(A)|N)P(N)
+ E(Ta|z(N))P(z(N)|N)P(N)
+ E(Ty|z(N), N)P(z(N)|N)P(N). (157)
‘We now show that the four terms on the right-hand side of (157)
are negligible compared to E(7T|A).
Since P(N) = o(1), we have
E(T1|z(A))P(z(A)[N)P(N) = o()E(T1|z(A)) -
Then, by symmetry of the two-message coding scheme we have
E(Ty|z(N),N) = E(Tz|z(A), A), and therefore,
E(To|z(N), N)P(z(N)|N)P(N) = E(Tz|2(A), A)o(1) .
(159)

Now for the term E (7} |z (N =Ty (a, M) as

(158)

)), let us define 7}

Ti(a, M) = inf{l <n < ni(a,P,M):Im e M\{1}

. In M
such that I( Py () yn) > —— } . (160)
Since Tl > 171, it follows that
E(T3|«(N)) <E(Ti]a(N )
—E(14]7y < 73)
<E(T). (161)
Using Lemma 1 and the union bound we have!®
E(Ty)= Y  nP(Ty=n)
1<n<n.,
< E: nM~@=D(p 4 1)1V
1<n<n,
< M_(a_l)(n* T 1)|X||y|+2 ) (162)

19We assume that message 1 is sent.
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Since n.(a, P, M) = ©(In M) (see paragraph after (94)) we

conclude that E(7;) = o(1), and therefore, (161) gives
E(T1]z(N)) = o(1). (163)
Finally, we show that
E(Tala(A), NP@@(A)|N)P(N) = o(1). (164

Let 15 be equal to 1 if at the end of the second phase a “Nack”
is declared, and be equal to zero otherwise. Since P(N|z(A)) =
P(A|z(N)), we have

E(Ty[2(A), N)P(2(A)|N)P(N) = E(ToLy|a(4))P(a(4))

(165)
Hence, since P(z(A)) = 1 + o(1), to prove (164) it suffices
to show that the term E(T21y|z(A)) = o(1). To that aim we
refer to [11, Ch. 7], where one can find the results that we use
here and that concern the expected stopping times for random
walks. Let g(r) 2 InE(e"?) where Z is the binary random
variable taking value in {+1, —1} and such that EZ = 2 — 1
(0 < e < L <1/2). Let rq be the strictly positive root of g(r)
and let ¢’(r) denote the derivative of g at r. Let 7 be any value
in (0,79) such that 0 < ¢'(7) < ¢'(ro) . From [11, p. 236]% one

deduces that
E(Tyly|a(4)) < e~ M 4 37 ena®
n>n

where 7 = [#1InM] /¢ (7). Since g(7) < 0, the right-hand
side of (166) vanishes as M tends to infinity, i.e.,
E(T21x|z(A)) = o(1)
and therefore (164) follows from (165).
Combining (157), (158), (159), (163), and (164) we have
E(I'|N)P(N) = o(E(I"|4)) (168)
and (154) gives
E(TYA) = E(T!

yielding (153).

Now notice that, in order to prove (168), the only property of
P(N) we used is that it tends to zero as M goes to infinity. In
other words, we made no assumption on the speed of decay of
P(N). Hence, since E(S — 1) = o(1),2! using (168) we also de-
duce that E(TY|N)E(S — 1) = o(E(T*|A)). From (151)—(153)
we have

(166)

(167)

)(1+o0(1)) (169)

E(T) =E(T")(1 +o(1))

= (ETy + ETy)(1 + o(1)).

From (171), and since ET> = O(ET}), we conclude that
ET —ET, = ET1(1+ o(1))

20n [11, p. 236] there is a typo in (28). The first term on the right-hand side
of (28) should be e=">+77(") jnstead of e~ m+7(7)

211 etting N; denote the event that a “Nack” is declared at the end of the ith
cycle, we have that S > ¢ if and only if there has been z — 1 times a “Nack”
that was declared at the end of the second phase. Hence,

ES =) P(S>i)

=1+ P(Niy)
i>2
_ 1
T 1-P(Ny)
where the last equality is justified after (100).

171)

(172)

(170)
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where we wrote 77 for T1 A n.(«, P, M), which proves the
desired result.

APPENDIX B
THE CLOSURE OF A SET OF ACHIEVABLE ERROR EXPONENTS

We prove that if (118) and (119) hold for any o > 1, then
(118) and (119) also hold for o = 1.

Let {an}n>1 be a nonincreasing sequence such that
lim,_,~ a, = 1. For convenience, let us define the six quan-
tities:

A In M
R(m,an,[)’) - m
A 1 m
E(m,a,,p0) = — mlnPQ(5|C )
R(Oén,ﬂ) == lgn R(maaan)
E(a,,8) = lirri)inf E(m,a,, 3)
A 1
R(B,e) = T(S)C(Q)
I+ 57

D(e|ll—¢). (173)

1

A

E(B,e)= (1~ 6]
1-2¢

Then we introduce the sequence {M (n)},>o where M (0) =1
and, for every n > 1, the quantity M (n) is obtained by recur-
sion as

M(n) = min {M >M(n-—1):
1
s — i < —
E(an,B) mnzlguE(m,an,ﬁ <~ and

)
|R(an, B) — R(m, o, B)| < %

, forall m > M}
(174)
From (174), we deduce that
1
E(M(n)’anwg) - E(,B,E) Z _H + E(O‘naﬁ) - E(ﬁ7€) -
(175)

Using (119), we have liminf,, . F(an,, ) > E(f,¢), there-
fore from (175) we get

liminf E(M(n),an,3) > E(B,¢) . (176)
Similarly, we obtain
lim R(M(n),a,, ) = R(fB,¢) . (177)

n—oo

Since the sequence {M (n)},>0 is nondecreasing, by defining

n(M)=max{n >1: M(n) < M} (178)
we conclude that
lim inf E(M, nar), ) = (B, ¢)
and nlggo R(n, anny, B) = R(B,€). (179)

Setting

T(/B,M) = T(an(]\/f)aﬁaM)
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we infer that there exists a sequence of coding schemes
{M=(fM ¢M T(B, M))}ar>1 such that, for all Q € BSC,

L. In M M
lll\/IIn—}&f_iEQT(ﬂ7M) InPy(€c™)
R(8,
> D(e||1 — &) (1 - %) (180)
where
. In M 1
BB = i e G T 1 eE Cle) . (181
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