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Bit-Wise Unequal Error Protection for
Variable-Length Block Codes With Feedback

Baris Nakiboglu, Siva K. Gorantla, Lizhong Zheng, and Todd P. Coleman, Senior Member, IEEE

Abstract—The bit-wise unequal error protection problem, for the
case when the number of groups of bits ¢ is fixed, is considered for
variable-length block codes with feedback. An encoding scheme
based on fixed-length block codes with erasures is used to estab-
lish inner bounds to the achievable performance for finite expected
decoding time. A new technique for bounding the performance of
variable-length block codes is used to establish outer bounds to the
performance for a given expected decoding time. The inner and the
outer bounds match one another asymptotically and characterize
the achievable region of rate-exponent vectors, completely. The
single-message message-wise unequal error protection problem for
variable-length block codes with feedback is also solved as a nec-
essary step on the way.

Index Terms—Block codes, Burnashev’s exponent, dis-
crete memoryless channels (DMCs), error exponents, errors-
and-erasures decoding variable-length block coding, feedback,
Kudryashov’s signaling, unequal error protection (UEP), vari-
able-length communication, Yamamoto—-Itoh scheme.

I. INTRODUCTION

N the conventional formulation of digital communication
problem, the primary concern is the correct transmission
of the message; hence, there is no distinction between different
error events. In other words, there is a tacit assumption that all
error events are equally undesirable; incorrectly decoding to a
message m when a message m is transmitted is as undesirable
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as incorrectly decoding to a message m when a message m is
transmitted, for any m other than f and m other than m. There-
fore, the performance criteria used in the conventional formu-
lation (minimum distance between codewords, maximum con-
ditional error probability among messages, average error prob-
ability, etc.) are oblivious to any precedence order that might
exist among the error events.

In many applications, however, there is a clear order of prece-
dence among the error events. For example in Internet commu-
nication, packet headers are more important than the actual pay-
load data. Hence, a code used for Internet communication can
enhance the protection against the erroneous transmission of the
packet headers at the expense of the protection against the erro-
neous transmission of payload data. In order to appreciate such a
coding scheme, one may analyze error probability of the packet
headers and error probability of payload data separately, instead
of analyzing the error probability of the overall message com-
posed of packet header and payload data. Such a formulation for
Internet communication is an unequal error protection (UEP)
problem, because of the separate calculation of the error proba-
bilities of the parts of the messages.

Problems capturing the disparity of undesirability among var-
ious classes of error events, by assigning and analyzing dis-
tinct performance criteria for different classes of error events,
are called UEP problems. UEP problems have already been
studied widely by researchers in communication theory, coding
theory, and computer networks from the perspectives of their
respective fields. In this paper, we enhance the information the-
oretic perspective on UEP problems [2], [5] for variable-length
block codes by generalizing the results of [2] to the rates below
capacity.

In information theoretic UEP, error events are grouped into
different classes and the probabilities associated with these dif-
ferent classes of error events are analyzed separately. In order
to prioritize protection against one or the other class of error
events, corresponding error exponent is increased at the expense
of the other error exponents. There are various ways to choose
the error event classes but two specific choices of error event
classes stand out because of their intuitive familiarity and prac-
tical relevance; they correspond to the message-wise UEP and
the bit-wise UEP. In the following, we first describe these two
types of UEP and then specify the UEP problems we are inter-
ested in this paper.

In the message-wise UEP, the message set M is assumed
to be the union of ¢ disjoint sets for some fixed 7, i.e.,
M = Ui_; M; where M; N M; = () forall i # j. For
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each set M, the maximum error probability! P.{j}, the rate
Ry;}, and the error exponent Ey;, are defined as the corre-
sponding quantities defined in the conventional problem, i.e.,
P{j} = maxpmenm, P[l\?lyé m’ M= m], Ry hl'ﬂ—M",
Eiiy = 71%1}“}, for all j in {1,2,...,¢} where n is
the length of the code. The ultimate aim is calculating the
achievable region of rate vector error exponent vector pairs,
(R{.}, E{.})’S where? R{.} = (R{l}, R{g}, ceey R{g}) and
By = (Bqy,Egy, ... Egy). The message-wise UEP
problem was the first information theoretic UEP problem to
be considered; it was considered by Csiszar in his work on
joint source channel coding [5]. Csiszar showed that for any
integer /, block length n, and £-dimensional rate vector Ry
such that 0 < Ryjy < C forj = 1,2,...,¢, there exists a
length n block code with message set M = Uﬁzl./\/l ; Where
M| = e™Biiy=#2) such that the conditional error probability
of each message in each M, is less then e ™(Er(Biiy)—en)
where E,.(+) is the random coding exponent and ¢,, converges
to zero as n diverges.3

The bit-wise UEP problem is the other canonical form
of the information theoretic UEP problems. In the bit-wise
UEP problem, the message set M is assumed to be the
Cartesian product of Mi, Mo, ..., M, for some fixed
£ ie, M = My x My x --- x My,. Thus, the trans-
mitted message M and the decoded message M are given by
M= (M;,Msz,...,My) and M = (|\7|1, |\7|2, ce I\A/Ig), recep-
tively. Furthermore, M;’s and M ;s are called the transmitted
and decoded submessages, respectively. The error events of
interest in the bit-wise UEP problem are the ones corresponding
to the erroneous transmission of the submessages. The error
probability Pe(7), rate R, and the error exponent E; of sub-

messages are given by P.(j) = P[I\A/Ij # l\/IJ} ,R; = w,
E; = AHTPEO) forall j in {1,2,..., £} where n is the block

length. As was the case in the message-wise UEP problem, the
ultimate aim in the bit-wise UEP problem is determining the
achievable region of the rate vector error exponent vector pairs*
(f{, ]:j) The formulation of Internet communication problem
we have considered above, with packet header and payload
data, is a bit-wise UEP problem with two submessages, i.c.,

with £ = 2.

IThis formulation is called the missed detection formylation of the mes-
sage-wise UEP problem in [2]. If P{M;ﬁ m’ M= m] is replaced with

P [M = m‘ M= m] , we get the false alarm formulation of the message-wise

UEP problem. In this paper, we restrict our discussion to the missed detection
problem and use message-wise UEP without any qualifications to refer to the
missed detection formulation of the message-wise UEP problem.

2Here, ¢ is assumed to be a fixed integer. All rate-exponent vectors, achiev-
able or not, are in the region of R?* in which Ry;3 > 0 and E¢;3 > 0 for
alll < j < . R?? is the 2¢-dimensional real vector space with the norm

X ‘ = sup, ||

3Csiszéar proved the aforementioned result not only for the case when £
is constant for all » but also for the case when £, is a sequence such that
lim,, . o 2 = 0. See [5, Th. 5].

4Similar to the message-wise UEP problem discussed previously, in the cur-
rent formulation of bit-wise UEP problem, we assume ¢ to be fixed. Thus, all

rate-exponent vectors, achievable or not, are in region of R?* in which R ; >0
and E; >0 forall1 < j < £, by definition.
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There is some resemblance in the definitions of message-wise
and bit-wise UEP problems, but they have very different be-
havior in many problems. For example, consider the message-
wise UEP problem and the bit-wise UEP problem with { = 2,
My = {1,2}, and My = {3,4,...,e™C =)} for some &,
that goes to zero as n diverges. It is shown in [2, Th. 1] that if
M = M; x My and P|:M2 # I\A/Ig} < g, for some &, that
goes to zero as n diverges, then> E; = 0. Thus, in the bit-wise
UEP problem, even a bit cannot have a positive error exponent.
As result of [5, Th. 5], on the other hand, if M = M; U Mo,
we know that AMM; can have an error exponent Ey;y as high as
E,.(0) > 0, while having a small error probability for Mo, i.e.,

max P [I\/I # m|M= m| < &, for some £, that goes to zero as
me Mo

n diverges. Thus, in the message-wise UEP problem, it is pos-
sible to give an error exponent as high as F,.(0) to M.

The message-wise and the bit-wise UEP problems cover a
wide range of problems of practical interest. Yet, as noted in
[2], there are many UEP problems of practical importance that
are neither message-wise nor bit-wise UEP problems. One of
our aims in studying the message-wise and the bit-wise UEP
problems is gaining insights and devising tools for the analysis
of those more complicated problems.

In the aforementioned discussion, the UEP problems are de-
scribed for fixed-length block codes for the sake of simplicity.
One can, however, easily define the corresponding problems for
various families of codes: with or without feedback, fixed or
variable length, by modifying the definitions of the error proba-
bility, the rate, and the error exponent appropriately. Further-
more, parameter ¢ representing the number of groups of bits
or messages is assumed to be fixed in the aforementioned dis-
cussion for simplicity. However, both the message-wise and
the bit-wise UEP problems can be defined for ¢’s that are in-
creasing with block length n in fixed-length block codes and
for £’s that are increasing with expected block length E[T] in
variable-length block codes. In fact, Csiszar’s result discussed
previously [5, Th. 5] is proved not only for constant £ but also
for any £,, sequence satisfying lim,, ., % =0.

In this paper, we consider two closely related UEP prob-
lems for variable-length block codes over a discrete memoryless
channels (DMCs) with noiseless feedback: the bit-wise UEP
problem and the single-message message-wise UEP problem.

1) In the bit-wise UEP problem, there are ¢ submessages each
with different priority and rate. For all fixed values of £, we
characterize the tradeoff between the rates and the error
exponents of these submessages by revealing the region of
achievable rate vector, exponent vector pairs. For fixed £,
this problem is simply the variable-length code version of
the previously described bit-wise UEP problem.

2) In the single-message message-wise UEP problem, we
characterize the tradeoff between the exponents of the
minimum and the average conditional error probability.
Thus, this problem is similar to the previously described
message-wise UEP problem for the case / = 2 and
My = {1}. But unlike that problem, we work with
variable-length codes and average conditional error prob-

5The channel is assumed to have no zero probability transition.
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ability rather than fixed-length codes and the maximum
error probability.
The bit-wise UEP problem for fixed number of groups of bits,
i.e., fixed ¢, and the single-message message-wise UEP problem
were first considered in [2], for the case when the rate is (very
close to) the channel capacity; we solve both of these problems
for all achievable rates.

In fact, in [2], single-message message-wise UEP problem
is solved not only at capacity, but also for all the rates below
capacity both for fixed-length block codes without feedback
and for variable-length block codes with feedback, but only for
case when overall error exponent is zero (see [2, Appendix D]).
Recently, Wang et al. [11] put forward a new proof based on
method of types for the same problem.® Nazer et al. [9], on
the other hand, investigated the problem for fixed-length block
codes on additive white Gaussian noise channels at zero error
exponent and derived the exact analytical expression in terms
of rate and power constraints.

Before starting our presentation, let us give a brief outline
of this paper. In Section II, we specify the channel model and
make a brief overview of stopping times and variable-length
block codes. In Section III, we first present the single-message
message-wise UEP problem and fixed ¢ version of the bit-wise
UEP problem for variable-length block codes; then, we state
the solutions of these two UEP problems. In Section IV, we
present inner bounds for both the single-message message-wise
UEP problem and the bit-wise UEP problem. In Section V, we
introduce a new technique, Lemma 5, for deriving outer bounds
for variable-length block codes and apply it to the two UEP
problems we are interested in. Finally, in Section VI, we discuss
the qualitative ramifications of our results in terms of the design
of communication systems with UEP and the limitations of our
analysis. The proofs of the propositions in Sections III-V are
deferred to the Appendices.

II. PRELIMINARIES

As it is customary, we use upper case letters, e.g., M, X, Y, T
for random variables and lower case letters, e.g., m, x, y, t for
their sample values.

We denote discrete sets by capital letters with calligraphic
fonts, e.g., M, X', Y and power sets of discrete sets by p(-), e.g.,
p(M), p(X), p(¥). In order to denote the set of all probability
distributions on a discrete set, we use P(-), e.g., P(M), P(X),
P(Y).

Definition 1 (Total Variation): For any discrete set Z and for
any p1, pt2 € P(Z), the total variation A(fq, p12) is defined as

Alpp) =5 (@) — wa(2)]: (1)

We denote the indicator function by 1y, i.e., Iyry = 1 when
event I' happens l;ry = 0 otherwise. We denote the binary
entropy function by h(-), i.e.,

h(s) 2 _slns— (1-s)In(1 —s) Vs € [0,1]. (2)

6In addition to their new proof in missed-detection problem [11, Th. 1], Wang
et al. present a completely new result on the false-alarm formulation of the
problem [11, Th. 5].
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A. Channel Model

We consider a DMC with input alphabet X', output alphabet
Y, and |X| — by — |)| transition probability matrix W. Each
row of W corresponds to a probability distribution on Y, i.e.,
Wy € P(Y) for all x € X. For the reasons that will become
clear shortly, in Section II-D, we assume that W (y) > 0 for all
x € X andy € Y and denote the smallest transitions probability
by A A
A= Hxliyn W.(y) > 0. ?3)
The input and output letters at time 7, up to time 7, and between
time 71 and 7o are denoted by X, Y, X7, Y7, X2, and Y2
respectively. DMCs are both memoryless and stationary; hence,
the conditional probability of Y, = y given (X7, Y7 ~1) is given
by

P[Y, = y| X7, Y771 = W4, (y).

Definition 2 (Empirical Distribution): For any 7» > 71 and
any sequence z}? such that z; € Z for all j € [r, 7], the
empirical distribution Q, =2y is given by

T1
1 T2

Q{Z:f}(Z) - To —T1 + 1 Z‘r:ﬂ JI{ZT:Z} VZ € Z. (4)
Note that we replace z2 by Z7> when the empirical distribution
Q Irach) (z) becomes a random variable for each z € Z.

B. Stopping Times

Stopping times are central in the formal treatment of variable-
length codes; it is not possible to define or comprehend variable-
length codes without a solid understanding of stopping times.
For those readers who are not already familiar with the concept
of the stopping times, we present a brief overview in this section.

In order to make our presentation more accessible, we use
the concept of power sets, rather than sigma fields in the defini-
tions. We can do that only because the random variables we use
to define stopping times are discrete random variables. In the
general case, when the underlying variables are not necessarily
discrete, one needs to use the concept of sigma fields instead of

power set.
Letus start with introducing the concept of Markov times. For
an infinite sequence of random variables Z;, Z5, . . ., a positive,

integer”®-valued? function T defined on Z°° is a Markov time,
if for all positive integers 7, it is possible to determine whether
T = 7 or not by considering Z" only, i.e., if I;7_.) isnot only a
function of Z*° but also a function of Z” for all positive integers
7. The formal definition is given in the following.

Definition 3 (Markov Time): Let Z$° be an infinite sequence
of Z-valued random variables Z, for7 € {1,2,...} and T be a
function of Z*° which takes values from the set {1,2,...,20}.
Then, the random variable T is a Markov time with respect to
77 if

(22 T =72 =77} € p(27) x {2°,}
vre{1,2,...} (5

TInteger” is the set of all integers together with two infinities, i.e.,
{—o0,...,=1,0,1.....00}.
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where p(Z27) x {Z25,} is the Cartesian product of the power
set of Z7 and the one element set {275 ; }.

We denote Z,.’s from 7 = 1 toT = T by Z' and their sample
values by z'. The set of all sample values of Z such that T = 7,
on the other hand, is denoted by Z{T =} We denote union of
all ZTT:T} ’s for finite 7°s by Z7* and the union of all Z{TT:T} ’s
by Z', ie.,

2 S T=7iZ7 =7} 7e{l,....00} (6a)
T« D T
zr= U 2
1< <o
(6b)
AN % oo
AR A P- (6¢)

For an arbitrary, positive, integer®-valued function T of Z°°,
however, one cannot talk about ZT, because the value of T can
in principle depend on Z57, . For a Markov time T, however,
the value of T does not depend on Z%°, ;. That is why we can
define 77, Z{TT:T} ,ZT* and ZT for any Markov time T.

Given an infinite sequence of z;’s, i.e., z°°, either z*° €
Zi’%:oo} or z*° has a unique subsequence z” that is in Z7*.

In most practical situations, one is interested in Markov times
that are guaranteed to have a finite value; those Markov times
are called stopping times.

Definition 4 (Stopping Time): A Markov time T with respect
to Z7 is a stopping time iff P[T < oo].

Note that if T is a stopping time, then P [ZT € ZT*] = 1.
Furthermore, unlike Z7, Z7* is a countable set for all stopping
times T because |Z| is finite.8

C. Variable-Length Block Codes

A variable-length block code on a DMC is given by a random
decoding time T, an encoding scheme ®, and a decoding rule ¥
satisfying P[T < o] = 1.

1) Decoding time T is a Markov time with respect to the re-
ceiver’s observation Y7, i.e., given Y7, receiver knows
whether T = 7 ornot. Hence, T is a random quantity rather
than a constant; thus, neither the decoder nor the receiver
knows the value of T a priori. But as time passes, both the
decoder and the encoder (because of feedback link) will be
able to decide whether T has been reached or not, just by
considering the current and past channel outputs.

2) Encoding scheme @ is a collection of mappings that de-
termines the input letter at time (7 + 1) for each message
in the finite message set M, for each y” € Y7 such that
T>r7

Sy M- X T > T
3) Decoding rule is a mapping from the set of output se-
quences y” such that T = 7 to the finite message set M
which determines the decoded message, M. With a slight

82T+ is a countable set even when | Z| is countably infinite.
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abuse of notation, we denote the set of all, possibly infi-
nite, output sequences y” such that {T = 7if Y™ = y"}
by? VT and write the decoding rule ¥ as

T(): YT — M.

4) Note that because of the condition P[T < x] = 1, de-
coding time is not only a Markov time, but also a stopping
time.10

At time zero, the message M chosen uniformly at random
from M is given to the transmitter; the transmitter uses the
codeword associated M, i.e., (M, ), to convey the message
M until the decoding time T. Then, the receiver chooses the de-
coded message M using its observation YT and the decoding
rule ¥, i.e., M = W(YT). The error probability, the rate, and the

error exponent of a variable-length block code are given by

P, = P[I\7I £ I\/I] (7a)
_ In|M|
~ E[T] (75)
—-InP,
E = B[] (7¢)

Indeed, one can interpret the variable-length block codes on
DMC:s as trees; for a more detailed discussion of this interpre-
tation, readers may go over[1, Sec. II].

D. Reliable Sequences for Variable-Length Block Codes

In order to suppress the secondary terms while discussing the
main results, we use the concept of reliable sequences. In a se-
quence of codes, we denote the error probability and the mes-
sage set of the rth code of the sequence by P,*) and M%),
respectively.

Definition 5 (Reliable Sequence): A sequence of variable-
length block codes @ is reliable if the error probabilities of
the codes vanish and the size of the message sets of the codes

diverge!l
P " 1 J—
( o) + m) =0

where P, *) and M (") are the error probability and the message
set for the xth code of the reliable sequence, respectively.

Note that in a sequence of codes, each code has an associ-
ated probability space. We denote the random variables in these
probability spaces together with a superscript corresponding to
the code. For example, the decoding time of the «th code in
the sequence is denoted by T(*). The expected value of random
variables in the probability space associated with the xth code
in the sequence is denoted!2 by E(*) [].

lim
R—0C

9See (6).

1'Having a finite decoding time with probability one, i.e., P[T < o0] =
1, does not imply having a finite expected value for the decoding time, i.e.,
E [T] < o0. Thus, a variable-length code can, in principle, have an infinite
expected decoding time.

lIRecall that the decoding time of a variable-length block code is finite with
probability one. Thus, Pt} [T(” < oc} = 1 for all  for a reliable sequence.

12Bvidently, it is possible to come up with a probability space that includes all
of the codes in a reliable sequence and invoke independence between random
quantities associated with different codes. We choose the current convention to
emphasize independence explicitly in the notation we use.
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Definition 6 (Rate of a Reliable Sequence): The rate of a re-
liable sequence @ is the limit infimum of the rates of the indi-
vidual codes

A In MO
Ro=lninl g oo

Definition 7 (Capacity): The capacity of a channel for vari-
able-length block codes is the supremum of the rates of the all
reliable sequences

o2 sup Rg.
Q

The capacity of a DMC for variable-length block codes is iden-
tical to the usual channel capacity [3]. Hence

Wely)
C = max x)We(y)In — 8
pEP(X) %y HOWA(Y) aly) ®)

where f(y) = 32, nO)Vi(Y).

Definition 8 (Error Exponent of a Reliable Sequence): The
error exponent of a reliable sequence @ is the limit infimum of
the error exponents of the individual codes

—1In Pe<'{)

N
Eg=liminf £ 1T [T(”)] .

R—0OC

Definition 9 (Reliability Function): The reliability function
of a channel for variable-length block codes atrate R. € [0, C] is
the supremum of the exponents of all reliable sequences whose
rate is R or higher

2

ER)= sup Eg.

Q:Rg>R

Burnashev [3] analyzed the performance of variable-length
block codes with feedback and established inner and outer
bounds to their performance. Results of [3] determine the
reliability function of variable-length block codes on DMCs
for all rates. According to [3], we have the following.

1) If all entries of W are positive, then!3

ER) = (1 - %) D VRe[0,C]

where D is maximum Kullback-Leibler divergence be-
tween the output distributions of any two input letters

D2 max D (W] W) . ©)
X, XEX

13Problem is formulated somewhat differently in [3]; as a result, the work in
[3] did not deal with the case 2 [T] = oc. The bounds in [3] does not guar-
antee that the error probability of a variable-length code with infinite expected
decoding time is greater than zero; however, this is the case if all the transition
probabilities are positive. To see that, consider a channel with positive minimum
transition probability A, i.e., A = miny,y W(y) > 0. In such a channel, any
variable-length code satisfies Ps > W%E {(L)T} ; then, P > 0 as

E T—x
A > 0and P[T < oc] = 1. Consequently, both the rate and the error expo-
nent are zero for variable-length block codes with infinite expected decoding
time. A more detailed discussion of this fact can be found in Section H1 in the
Appendix.
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2) If there are one or more zero entries!4 in W, i.e., if there
are two input letters x, x and an output letter y such that,
Wi(y) = 0 and Wi(y) > 0, then for all R < C, for large
enough E[T], there are rate R variable-length block codes
that are error free, i.e., P = 0.

When P, = 0, all error events can have zero probability at the
same time. Consequently, all the UEP problems are answered
trivially when there is a zero probability transition. This is why
we have assumed that W, (y) > 0 forallx € X andy € ).

We denote the input letters that get this maximum value of

Kullback—Leibler divergence by!5 a and r

D =D (Wa|| W) (10)

III. PROBLEM STATEMENT AND MAIN RESULTS

A. Problem Statement

For each m € M, the conditional error probability is defined
asl6

(11)

In the conventional setting, we are interested in either the av-
erage or the maximum of the conditional error probability of the
messages. The behavior of the minimum conditional error prob-
ability is scarcely investigated. Single-message UEP problem
attempts to answer that question by determining the tradeoff be-
tween exponential decay rates of P, and minme ot Fejm. The op-
erational definition of the problem in terms of reliable sequences
is as follows.

Pe‘méP[l\A/l ) I\/I‘ M = m} .

Definition 10 (Single-Message Message-Wise UEP
Problem): For any reliable sequence @, the missed detec-
tion exponent of the reliable sequence @ is defined as
—Inmin ¢ o400 Pe(rrz

Ex) [T(n)]

(12)

Ema,g = liminf

KR—0

where Pe(‘rrz is the conditional error probability of the message

m for the xth code of the reliable sequence Q.
For any rate R € [0, C] and error exponent!” E € [0, (1 —

%)D], the missed detection exponent E,,,4(R, E) is defined as
Ena(R,E)2  sup Fuag. (13)

Rg>R
B EQSE

In variable-length block codes with feedback, the single-mes-
sage message-wise UEP problem not only answers a curious

14Note that, in this situation, D = ~c.

15This particular naming of letters is reminiscent of the use of these letters
in Yamamoto—Itoh scheme [12]. Although they are named differently in [12],
a is used for accepting and r is used for rejecting the tentative decision in Ya-
mamoto—Itoh scheme.

16 ater, in the paper, we consider block codes with erasures. The conditional
error probabilities, I’sm for M € M, are defined slightly differently for them,
see (24).

17Burnashev’s expression for error exponent of variable-length block codes
is used explicitly in the definition because we know, as a result of [3], that the
error exponents of all reliable sequences are upper bounded by Burnashev’s
exponent. An alternative definition oblivious to Burnashev’s result can simply
define Ema(R. E) for all rate-exponent vectors that are achievable. That defi-
nition is equivalent to Definition 10, because of [3].
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Fig. 1. J(R) function is drawn for BSCs with crossover probabilities p € {0.005,0.01,0.02,0.04,0.08}.

question about the decay rate of the minimum conditional error
probability of a code, but also plays a key role in the bit-wise
UEP problem, which is our main focus in this paper.

Though they are central in the message-wise UEP problems,
the conditional error probabilities of the messages are not rele-
vant in the bit-wise UEP problems. In the bit-wise UEP prob-
lems, we analyze the error probabilities of groups of submes-
sages. In order to do that, consider a code with a message set

M of the form
M:M1XM2X---XM£‘.

Then, the transmitted message M and decoded message M of
the code are of the form

M = (M, Ms, ...,
M = (Mq, M, ...,

M)

M)

where M, '\7|j € M, forall j = 1,2,..., ¢ Furthermore, M;
and I\/;lj are called jth transmitted submessage and jth decoded
submessage, respectively.

The error probabilities we are interested in correspond to er-
roneous transmission of certain parts of the message. In order
to define them succinctly, let us define M7, M7, and M7 for all
7 between one and ¢ as follows:

MIZ My x My X - X M,

Then, Fe(j) is defined!® as the probability of the event that
M7 % M

fory=1,2,....4 (14)

18Similar to the conditional error probabilities, Pejm’s for M € M, error
probabilities of submessages, Pe(j)’s for j = 1,2,..., ¢, are defined slightly
differently for codes with erasures, see (30).

Po(j)EP [ # W]

Note that if M7 # M7, then M? # M¢ for all i greater than 7.
Thus

Po(1) € Pa(2) < Po(3) < -+ < Pa().

< (15)

Definition 11 (Bit-Wise UEP Problem for Fixed £): For any
positive integer ¢, let Q be a reliable sequence whose message
sets M (%) are of the form M) = MY”) X Méﬁ) XX ./\/ly).
Then, the entries of the rate vector ﬁ@ and the error exponent
vector EQ are defined as

I{ér'meW|V'l2 ’
@;= Il ey el J
[T —lnPe(j)(”‘) . :

A rate-exponent vector (I_{ E) is achievable if and only if there

exists a reliable sequence @ such that (K, E) = (ﬁ@, EQ)
This definition of the bit-wise UEP problem is slightly dif-

ferent than the one described in the introduction, because P ()

is defined as P [I\A/IJ # I\/IJ} rather than P [I\A/Ij # M]} . Note that
if I\A/Ij # M;, then M? # MJ; consequently, P {I\A/IJ # I\/Ij] >
P [I\A/I7 #M ji| for all j’s. In addition, if we assume without loss
of generality that P [I\A/I7 # I\/I‘,} >P [I\A/IZ # MZ} forall j >, the

union bound implies that P [I\?IJ # M]} <jP [I\A/IJ # I\/IJ} . Thus,
for the case when £ is fixed, both formulations of the problem
result in exactly the same achievable region of rate-exponent
vectors.

The achievable region of rate-exponent vectors could
have been defined as the closure of the points of the form
(Rg,Eg) for some reliable sequence @. Using the definition
of (Rg, Eg)’s, one can easily show that, in this case too both
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Fig. 2. E,a(R,E) is drawn at various values of the error exponent E as a function of rate R for a BSC with crossover probability p = 0.01. Note that when
p = 0.01, C = 0.6371 Nats per channel use and D = 4.503. As we increase the exponent of the average error probability, i.e., E, the value of Eq (R, E)

decreases, as one would expect.

definitions result in exactly the same achievable region of
rate-exponent vectors.

B. Main Results

For variable-length block codes with feedback, the results of
both the single-message message-wise UEP problem and the
bit-wise UEP problem are given in terms of the J(R) func-
tion defined in the following. The J(R) function is first intro-
duced by!? Kudryashov [7, eq. (2.6)], while describing the per-
formance of nonblock variable-length codes with feedback and
delay constraints. Later, the J(R) function is used in [2] for de-
scribing the performance of block codes in single-message mes-
sage-wise UEP problem. It is shown in [2, Appendix D] that
for both fixed-length block codes without feedback and vari-
able-length block codes with feedback on DMCs satisfy

Recently Nazer et al. obtained the closed-form expression for
Ema(R,0) for fixed-length block codes on the additive white
Gaussian noise channel, under certain average and peak power
constraints [9, Th. 1]. Curiously, equality given in (16) holds in
that case t00.20
Definition 12: For any R € [—o0, C], J(R) is defined as
JR)E  max oD (]l W) +(1-a)D (il Wi) (17)

. x17_><2 E_X
QuyXy X, ey H wi,pa€P(X)
al(p , WY+ (1-a)I(p2,W)>R

19Tn [7, eq. (2.6)], there is no optimization over the parameter c. Thus, strictly
speaking, what is introduced in [7, eq. (2.6)] is j(R) given in (64) rather than
J(R) given in (17).

20Unlike DMC for these channels, it is possible to obtain a closed-form ex-
pression in terms of the rate and the power constraints.

where i;(y) = >, Waly)pi(x) fori =1, 2.

We have plotted the .J(R) function for binary symmetric
channels?! (BSCs) with various crossover probabilities in
Fig. 1. Note that as the channel becomes noisier, i.e., as the
crossover probability becomes closer to 1/2, the value of .J(IR)
function decreases at all values of rate where it is positive.
Furthermore, the highest value of rate where it is positive, i.e.,
the channel capacity, decreases.

Lemma 1: The function J(R) defined in (17) is a concave,
decreasing function such that J(R) = D for R < 0.

Proof of Lemma 1 is given in Section A in the Appendix.

Now, let us consider the singe-message message-wise UEP
problem given in Definition 10.

Theorem 1: For any rate 0 < R < €' and error exponent £ <
(1 — B)D, the missed detection exponent E,,q(R, E) defined
in (13) is equal to?2

Euwa(R.E) =B+ (1- £) 7( 5

(18)

where C, D, and J(-) are given in (8), (9), and (17), respec-
tively. Furthermore E,,4(R, E) is jointly concave in (R, E)
pairs.

We have plotted E,,,4(R, E) as a function of rate, for various
values of E in Fig. 2. When rate is zero, the exponent of the
average error probability can be made as high as D. Thus, all

2IRecall that in a BSC with crossover probability p, ¥ = {0,1}, Y =
{01}, and We(y) = (1 — p)Lpcey) + Ploceys -

2For the case when R = 0 and E = D, the (1 — £) J( B4 ) term

D — 4
1 -7

should be interpreted as 0, i.e., (1 — E) .]( B >
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Recall that when p = 0.01, C' = 0.6371 Nats per channel use and D = 4.503.

the curves meet at (0, D) point. But for all positive rates, the
exponent of the average error probability makes a difference; as
E increases, Epq(R, E) decreases. Furthermore, for any given
rate R, the exponent of the average error probability can only
be as high as (1 — %)D. This is why the curves corresponding
to higher values of EE have smaller support on rate axis.

Proof of Theorem 1 is presented in Section I in the Appendix.

Similar to the single-message message-wise UEP problem,
the solution of the bit-wise UEP problem is given in terms of
the J(R) function.

—

Theorem 2: A rate-exponent vector (R, E) is achievable if
and only if there exists a 77 such that23

Zm VDt Z - () Viel{l,2....,£}(19)

J=t+1
R, < Cn,,; Vie{L.2....,0}(19b)
0> 0 Vie{1,2,....4}(19¢)

(19d)

£
o<1
=1

where C', D, and .J(-) are given in (8), (9), and (17), respec-
tively. Furthermore, the set of all achievable rate-exponent vec-
tors is convex.
Proof of Theorem 2 is presented in Section J in the Appendix.
For the special case when there are only two submessages,
the condition given in Theorem 2 for the achievability of a rate

2For the case when R; = 0 and 5; = 0, the y; ]( P~ ) term should be

J

=0.

R;=0
n,—O

interpreted as 0, i.e., 7; ](T‘J )
)}

vector error exponent vector pair can be turned into an analyt-
ical expression for the optimal E; in terms of Ry, Ro, and Es.
In order to see why, note that revealing the region of achiev-
able (R1, Ra, E1, E2) vectors is equivalent to revealing the re-
gion of achievable (R, R, E2)’s and the value of the max-
imum achievable E; for all the (Ry, Rz, E2)’s in the achievable
region.

Corollary 1: For any rate pair (Rq, Ra) such that Ry + Ry <
C' and error exponent E5 such that E5 < (1 — 1+R 23D, the
optimal value of E1 is given by24
) J ( 1— Iz_l;z_ Ly

. ) (20)

where C, D, and J(-) are given in (8), (9), and (17), respec-
tively. Furthermore £ (R1, Ro, E2) is concave in (R1, Ro, Es).

Note that for the FEj(R;,Ro,E2) given in (20),
Ei1(R1,Re,Es) > Es for all (R1,Ro, Es) triples such that
Ri+ Ry < Cand E; < (1 - BR2)D. Furthermore,
inequality is strict as long as R > 0. We have drawn
E1(R1,Ro,Es) for various (R, Ro) pairs as a function of
E, in Fig. 3.

El(R,l,R,Q,Eg) = E2 + (1 — % —

ols

IV. ACHIEVABILITY

In both the single-message message-wise UEP problem and
the bit-wise UEP problem, the codes that achieve the optimal
performance employ a number of different ideas at the same
time. In order to avoid introducing all of those ideas at once,

2For the case when Ry = 0 and Ex = (1 — “2)D, the second
term on the right-hand side of (20) should be 1nterpreted as zero, i.e.,

(- =) (e =0

R
B/ IRy=0, By=(1— )P
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we first describe two families of codes and analyze the proba-
bilities of various error events in those two families of codes.
Later, we use those two families of codes as the building blocks
for the codes that achieve the optimal performance in the UEP
problems we are interested in. Before going into a more detailed
description and analysis of those codes, let us first give a birds
eye plan for this section.

1) A Single-Message Message-wise UEP Scheme without
Feedback: First, in Section IV-A, we consider a family of
fixed-length codes without feedback. We prove that these
codes can achieve any rate R less than channel capacity,
with vanishing2?5 error probability P, while having a
minimum conditional error probability, miny, Py, as low
as ¢~ /(&) The main drawback of this family of codes is
that the decay rate of the average error probability P, has
to be subexponential in this family of codes.

2) Control Phase and Error-Erasure Decoding: In
Section IV-B, in order to obtain nonzero exponential
decay for the average error probability, we use a method
introduced by Yamamoto and Itoh in [12]. We append
the fixed-length codes described in Section IV-A with
a control phase and use an error-erasure decoder. This
new family of codes with control phase and error-erasure
decoding is shown, in Section IV-B, to achieve any rate
R less than the channel capacity C' with exponentially
decaying average error probability Pe, exponentially de-
caying minimum conditional error probability mingy, Pe|m,
and vanishing erasure probability Px.

3) Single-Message Message-wise UEP for Variable-Length
Codes: In Section IV-C, we obtain variable-length codes
for single-message message-wise UEP problem using the
codes described in Section IV-B. In order to do that, we
use the fixed-length codes with feedback and erasures de-
scribed in Section I'V-B, repetitively until a nonerasure de-
coding happens. This idea too was employed by Yamamoto
and Itoh in [12].

4) Bit-wise UEP for Variable-Length Codes: In Section IV-D,
we first use the codes described in Section IV-A and the
control phase discussed in Section IV-B to obtain a family
of fixed-length codes with feedback and erasures which
has bit-wise UEP, i.e., which has different bounds on error
probabilities for different submessages. While using the
codes described in Section IV-A, we employ an implicit ac-
ceptance explicit rejection scheme first introduced in [7] by
Kudryashov. Once we obtain a fixed-length code with era-
sures and bit-wise UEP, we use a repeat at erasures scheme
like the one described in Section IV-C to obtain a vari-
able-length code with bit-wise UEP.

25Vanishing with increasing block length.
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The achievability results we derive in this section are revealed
to be the optimal ones, in terms of the decay rates of error prob-
abilities with expected decoding time E[T], as a result of the
outer bounds we derive in Section V.

A. Single-Message Message-Wise UEP Scheme Without
Feedback

In this section, we describe a family of fixed-length block
codes without feedback that achieves any rate R less than ca-
pacity with small error probability while having an exponen-
tially small miny, Pgy, for sufficiently large block length .
We describe these codes in terms of a time-sharing constant
a € [0,1], two input letters x;.x2 € X, and two probability
distributions on the input alphabet, 1, 112 € P(X).

In order to point out that certain sequence of input letters is a
codeword or part of a codeword for message m, we put (m) after
it. Hence, we denote the codeword for m by x™(m) in a given
code and by X™(m) in a code ensemble, as a random quantity.

Let us start with describing the encoding scheme. The code-
word of the first message, i.e., x”(1), is x; in first n, = |an]
time instances and xo in the rest, i.e., x,(1) = x; for 7 =
1,....n4 and x-(1) = xg for 7 = (ny + 1),...,n. The
codewords of the other messages are described via a random
coding argument. In the ensemble of codes, we are considering
all entries of all codewords other than the first codeword, i.e.,
X:{(m) Vr € [1,n],¥Ym # 1, are generated independently of
other codewords and other entries of the same codeword. In the
first n,, time instances, X (m) is generated using 1, in the rest
using po, i.e., P[X.(m) =x] = p1(x) forr = 1,...,n, and
P[X,(m) =x] = pa(x) for 7 = (ny + 1),...,n.

Let us begin the description of the decoding scheme, by spec-
ifying the decoding region of the first message G[1]: it is the set
of all output sequences y" whose empirical distribution is not
typical with («, fi1, fiz). More precisely, the decoding region of
the first message G[1] is given by (21) shown at the bottom of
the page where A is the total variation distance defined in (1),
Q{y;va} and Q{yrx& L }are the empirical distributions of y7* and
Y, 11 defined in (4), and fi; and ji are probability distributions
on Y, ie., ji1, fis € P(Y), such that fi;(y) = >, pi () Wi(y).

For other messages, m # 1, decoding regions G[m] are
the set of all output sequences for which Qxn(myy»} 1s typ-
ical with (o, u1 W, po W) and Q (v} is not typical with
(o, iy W, 112 W) for any m # m. To be precise, the decoding
region of the messages other than the first message are

Glm] = Bix"(m)] () (i B ()]
Yme{2.3,..., M|} 2

where for all x» € X™, B[x"] is the set of all y"’s for which
(x",y™) is typical with («, 11 W, 12W') shown at the bottom

gl = {y" : na(Qppeys ) + (0 = na)A(Qqyyofi2) > [XIVIV/nIn(T +n) }

@n
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of the page where A is the total variation distance defined
in (1), Q{X;a’ ray and Qe . v o) are the empirical distri-
butions of (x7'=,y}*) and (x” Xy 41 ynaH) defined in (4), and
W and [,LQW are probability distributions on X x Y, i.e.,
mW e P(X x Y) and usW € P(X x V).

In Section B in the Appendix, we have analyzed the condi-
tional error probabilities P, for the previously described code

and proved Lemma 2 given in the following.

Lemma 2: For any block length 7, time-sharing constant o €
[0, 1], input letters x1,x2 € A, and input distributions 11, o €
P(X), there exists a length » block code such that

|IM]| > e (al(pn W) +(1-e)I(p2 W) —e.,)

P < 6711,(0'D(ﬁ1 Wiy }+(1—a)D( iz || Wi, ) —52)

Pe|m S En

where fir(y) = 32, We(y)p (x), fi(y) =
_101X[]Y[(In f\)y/ln(l—&-n

n =
Given the cha;{;lel W, 1f we discard the error terms ¢,,, for
a given value of rate, 0 < R < C, we can optimize exponent
of Peu over the time-sharing constant «, the input letters x;,
xa2, and input distributions yt1, p4o. Evidently, the optimization
problem we get is the one given for the definition of J(R), in
(17). Thus, Lemma 2 implies that for any R, € [0, C'] and block
length n, there exists a length 7 code such that | M| > ¢ (B-=n)
Pejm < epform=2,3,.... [M|and Po; <e ~n(J(R)—en)

One curious question is whether or not the exponent of
Pg1 can be increased by including more than two phases.
Carathéodory’s theorem answers that question negatively, i.e.,
to obtain the largest value of J(R) one does not need to do time
sharing between more than two input-letter—input-distribution
pairs.

> Waly)pa(x) and

B. Control Phase and Error-Erasure Decoding

The family of codes described in Lemma 2 has a large expo-
nent for the conditional error probability of the first message,
i.e., Pe|1. But the conditional error probabilities of other mes-
sages, Pejm for m # 1, decay subexponentially. In order to
facilitate an exponential decay of Py, for m # 1 with block
length, we append the codes described in Lemma 2 with a con-
trol phase and allow erasures. The idea of using a control phase
and an error-erasure decoding, in establishing achievability re-
sults for variable-length code, was first employed by Yamamoto
and Itoh in [12].

In order to explain what we mean by the control phase, let us
describe our encoding scheme and decoding rule briefly. First,
a code from the family of codes described in Section IV-A is
used to transmit M and the receiver makes a tentative decision
+M using the decoder of the very same code. The transmitter

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 59, NO. 3, MARCH 2013

knows tI\A/I because of the feedback link. In the remaining time
instances, i.e., in the control phase, the transmitter sends the
input letter a if M= M, the input letter r if M # M. The input
letters a and r are described in (10). At the end of the control
phase, the receiver checks whether or not the output sequence
in the control phase is typical with W,, if it is then M = M
otherwise an erasure is declared.

Lemma 3 given in the following states the results of the per-
formance analysis of the previously described code. In order to
understand what is stated in Lemma 3 accurately, let us make
a brief digression and elaborate on the codes with erasure. We
have assumed in our models until now that M € M. However,
there are many interesting problems in which this might not
hold. In codes with erasures, for example, we replace M e M
withM € M where M = M U{x} and x is the erasure symbol.
Furthermore, in codes with erasures for eachm € M, the condi-
tional error probability Py, and conditional erasure probability
Py are defined as follows:

Py :P[I\7I ¢ {m,x}’ M= m] Ym € M (24a)

Py :P[I\7I - x‘ M = m} Vme M.  (24b)
Note that definitions of Py, and Py, given previously can be
seen as the generalizations of the corresponding definitions in
block codes without erasures. In erasure free codes, aforemen-
tioned definitions are equivalent to corresponding definitions

there.

Lemma 3: For any block length n, rate 0 < R < (', and error
exponent0 < B < (1-— %)D, there exists a length n block code
with erasures such that

M]3 R0
Py <o (BH0-B(Erm) =)
Pe\m <en min{l (77"L(E*57v)}

PX\mSEn,—Fe*"(( D”(m) 5) m=

101XV |(In £ In(1+mn)
where ¢, = [X[|Y](In £)+/In(

Proof of Lemma 3 1s\/g_1ven in Sectlon C in the Appendix.

Note that in Lemma 3, unlike Fe|r,’s which decrease expo-
nentially with n, Py, ’s decays as 1“7’1‘ Itis possible to tweak the
proof so as to have a nonzero exponent for Py n’s, see [8]. But
this can only be done at the expense of Py, ’s. Our aim, how-
ever, is to achieve the optimal performance in variable-length
block codes. As we will see in the following section, for that
what matters is exponents of error probabilities and having van-
ishing erasure probabilities. The rate at which erasure proba-
bility decays does not effect the performance of variable-length
block codes in terms of error exponents.

B[x"] =

{y™: ﬂaA(Q{x’fa Ve mW) +(n — 7l'@)A<Q{XZQ+UyZQ+l}7/J/QW) < | XYV ln(l +n)}

(23)
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C. Single-Message Message-Wise UEP Achievability

In this section, we construct variable-length block codes for
the single-message message-wise UEP problem using Lemma 3.
In first  time units, the variable-length encoding scheme uses
a fixed-length block code with erasures which has the perfor-
mance described in Lemma 3. If the decoded message of the
fixed-length code is in the message set, i.e., if M € M, then de-
coded message of the fixed-length code becomes the decoded
message of the variable-length code. If the decoded message of
the fixed-length code is the erasure symbol, i.e., if M = x, then
the encoder uses the fixed-length code again in the second n
time units. By repeating this scheme until the decoded message
of the fixed-length code is in M, i.e., M € M, we obtain a vari-
able-length code.

Let L be the number of times the fixed-length code is used
until a M € M is observed. Then, given the message M, L is a
geometrically distributed random variable with success proba-
bility (1 — Pyjm) where Py is the conditional erasure prob-
ability of the fixed-length code given the message M. Then,
the conditional probability distribution and the conditional ex-
pected value of L given M are

PL=1IM]=(1 - Pqm)(Pqm)" ' 1=1,2,... (252)
ELL|M] = (1~ Pqu) " (25b)

Furthermore, the conditional expected value of decoding time
and the conditional error probability given the message M are

E[T|M] = nE[L| M]
P M’ M| = P E[L M]

(26a)
(26b)

where n is the block length of the fixed-length code and Fe)m
is the conditional error probability given the message M for the
fixed-length code.

Thus, as result of (25b) and (26) and Lemma 3, we know that
for any rate R € [0, C], error exponent E € [0, (1— %) D], there
exists a reliable sequence @ such that Rg = R, Eg = E, and

Buag =B+ (1 - 517 (85) - @7)
We show in Section V-C that for any reliable sequence @ with
rate Rg = IR and error exponent Eg = E, Eq ¢ is upper
bounded by the expression on the right-hand side of (27).

D. Bit-Wise UEP Achievability

In this section, we first use the family of codes described
in Section IV-A and the control phase idea described in
Section IV-B to construct fixed-length block codes with era-
sures which have bit-wise UEP. Then, we use them with a
repeat until nonerasure decoding scheme, similar to the one
described in Section IV-C, to obtain variable-length block
codes with bit-wise UEP.

Let us start with describing the encoding scheme for the fixed-
length block code with bit-wise UEP. If there are £ submessages,
ie, if M = (M; x My x -+ x M,), then the encoding
scheme has ¢ + 1 phases with lengths n1,n2,..., 7,41 such
that ny + no + - - + N1 = n.

1485

1) Inthe first phase, a length 7 code from the family of codes
described in Section I'V-A is used. The message set of the
code M is M7 U{| M|+ 1} and the message My of the
code is determined by the first submessage ;M1 = My + 1.
At the end of first phase, receiver uses the decoder of the
length n; code to get a tentative decision {M; which is
known by the transmitter at the beginning of the second
phase because of the feedback link.

2) In the second phase, a length no code from the family
of codes described in Section IV-A, with the message set
Mz = Mo U {|Maz]| + 1}, is used. If ;M is decoded cor-
rectly at the end of the first phase, then the message M,
of the code used in the second phase is determined by the
second submessage as ;Mo = Ms + 1, else M2 = 1. At
the end of the second phase, the receiver uses the decoder
of the second phase code to get the tentative decision ;M3
which is known by the transmitter at the beginning of the
third phase because of the feedback link.

3) In phases 3 to ¢, the previously described scheme is used.
In phase 4, a length n; code, with the message set M, =
M, U{|M;| + 1}, from the family of codes described in
Section IV-A is used. The message of the length n; code
M;is M; +1if M; 1 = M; 1, 1 otherwise for ¢ =
3,4,...,4

4) The last phase is a 741 long control phase, i.e., a ngy1
long code with the message set Mgy = {1,2} is used
in the last phase. The codewords for the first and second
messages are 7441 long sequences of input letters r and
a, respectively, where r and a are described in (10). The
tentative decision in the last phase (M, 1 is equal to the
first message if the output sequence in the last phase is
not typical with W, the second message otherwise. The
message of the ngy1 long code M1 is equal to 2 if M, =
Mg, 1 otherwise. R

Note that if we define Mo, Mg and M4 all to be 1, i.e.,
Mo = My = Mgy = 1, we can write the following rule
for determining the ;M;’s for: = 1to / + 1

tMi:1+ll{ M, i=1,2,...,((+1).  (28)

t/Mm—l:tMi—l}
It is important however to keep in mind that the last phase is
a control phase and the codes in the first £ phases are from the
family of codes described in Section IV-A.

Note that during the phases ¢ = 2 to £, erroneous transmission
of tM; _; is conveyed using :M; = 1; hence, the transmission of
M; through :M;, i.e., M; = 1 4+ M;, is a tacit approval of the
tentative decision {M;_;. Because of this, the aforementioned
encoding scheme is said to have an implicit acceptance explicit
rejection property. The idea of implicit acceptance explicit re-
jection was first introduced by Kudryashov in [7] in the con-
text of nonblock variable-length codes with feedback and delay
constraints.

After finishing the description of the encoding scheme, we are
ready to describe the decoding scheme. The receiver determines
the decoded message using the tentative decisions, M; fori = 1
to £ + 1. If one or more of the tentative decisions are equal to
1, then an erasure is declared. If all ¢ + 1 tentative decision are
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different from 1, then I\A/I1 = tI\A/Ii —1foralli = 1,2,...,4
Hence, the decoding rule is

(My, M, ... M,) =

(My =1, My — 1, My — 1) ifTTE (M — 1) >0

{x T M, — 1) = 0.
(29)

For bit-wise UEP codes with erasure, the definition of P (%)
is slightly different from the original one given in (14)

Po(i) = P[{M’ £ m'.f # x}] . (30)
With this alternative definition in mind, let us define Pen, ()
as the conditional probability of the erroneous transmission of

any one of the first ¢ submessage when M = m

Pon(i) = P[{M7 £ m' B # x}{ M =m]. (D)
The error analysis of the previously described fixed-length
codes, presented in Section D in the Appendix, leads to Lemma

4 given in the following.

Lemma 4: For block length n, any integer ¢ < T 1 +ﬂ), rate
vector R, and time-sharing vector 7 such that
R, <Cn V’iE{l,Q:...,E} (32a)
n; >0 Vie {1,2,...,¢} (32b)
¢
Y. m<l (32¢)

there exists a length n block code such that
|M;| > enBiene) Vie {1,2,...4}
M > "R e g

Pepm(1) < en l(’—n(—vn’ﬁzjiﬂ 'l/](%))
Vme M, i€ {1,2,...4}

Px|m < En, b Ym e M
where
10 X In In(14n
N1 =1 ZWHRIH—U Ene V]V \(F)\/ (I )\/ﬁ
i=1

Recall the repeat at erasures scheme described in
Section IV-C. If we use that scheme to obtain a variable-length
code from the fixed-length bit-wise UEP code described in
Lemma 4, we obtain a variable-length code with UEP such that

E[T[M] = =5 (33a)
P[I\Aﬂi#Mi M] _% i=1,2,....0 (33b)
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As a result of (33) and Lemma 4, we know that for any rate
vector R, error exponent vector E, and time-sharing vector 7
such that

,0}(34a)

E, <(1 Zr/,)D+Zr/7( )VLE{IQ

7=1 j=1+1
R; <Cw Vie{1,2,...,£}(34b)
n; >0 Vie{l,2,...,¢}(34c)
¢
Z n; <1 (34d)
j=1
there exists a reliable sequence @ such that (ﬁ@, EQ) = (R, E)

Thus, the existence of the time-sharing vector 7 satisfying the
constraints given in (34) is a sufﬁc1ent cond1t10n for the
achievability of a rate-exponent vector (R E) We show in
Section V-D that the existence of a time-sharing vector 7} satis-
fying the constraints given in (34) is also a necessary condition
for the achievability of a rate-exponent vector (R, E).

V. CONVERSE

Berlin et al. [1] used the error probability of a random binary
query posed at a stopping time for bounding the error proba-
bility of a variable-length block code. Later, similar techniques
have been applied in [2] for establishing outer bounds in UEP
problems. Our approach is similar to that of [1] and [2]; we,
too, use error probabilities of random queries posed at stopping
times for establishing outer bounds. Our approach, nevertheless,
is novel because of the error events we choose to analyze and
the bounding techniques we use. Furthermore, the relation we
establish in Lemma 5 between the error probabilities and the
decay rate of the conditional entropy of the messages with time
is a brand new tool for UEP problems.

For rigorously and unambiguously generalizing the technique
used in [1] and [2], we introduce the concept of anticipative
list decoders (ALDs) in Section V-A. Then, in Section V-B, we
bound the probabilities of certain error events associated with
ALDs from the following. This bound, i.e., Lemma 5, is used in
Sections V-C and V-D to derive tight outer bounds for the per-
formance of variable-length block codes in the single-message
message-wise UEP problem and in the bit-wise UEP problem,
respectively.

A. Anticipative List Decoders (ALDs)

In this section, we first introduce the concepts of ALDs and
nontrivial ALDs. After that, we show that for a given vari-
able-length code, any nontrivial ALD (T, .A) can be used to de-
fine a probability distribution, Py, on M x YT Finally, we
use P4 to define the probability measure Py 4 [-] for the events
in (M x YT). Both the nontrivial ALDs (T, .4) and the prob-
ability measures Py [-] associated with them play key roles in
Lemma 5 of Section V-B.

An ALD for a variable-length code is a list decoder A that de-
codes at a stopping time T that is always less than or equal to the
decoding time of the code T. The ALDs are used to formulate



NAKIBOGLU et al.: BIT-WISE UNEQUAL ERROR PROTECTION FOR VARIABLE-LENGTH BLOCK CODES WITH FEEDBACK

questions about the transmitted message or the decoded mes-
sage, in terms of a subset of the message set M that is chosen at
a stopping time T. For example, let A be the set of all m € M
whose posterior probability at time one is larger than 1/|M].
Evidently, for all values of Y7, A is a subset of M, but it is not
necessarily the same subset for all values of Y;. Indeed, A is a
function from Y, to the power set of M and (T,.A) is an ALD,
for which T = 1. Formal definition, for ALDs, is given in the
following. In order to avoid separate treatment in certain special
cases, we include the case when T = 0 and A is fixed subset of
M, in the definition.

Definition 13 (ALD): For a variable-length code with de-
coding time T, a pair (T, .A) is called an ALD if

1) either T is the constant random variable 0 and .4 is a fixed

subset of M, i.e.,

T=0
A€ p(M)

2) or Tisa stopping time, which is smaller than T with prob-
ability one, and A is a (M )-valued function defined on

Ve, P ['NI' . T] _

AV S (M),

Definition of ALD does not require .4 to be of some fixed size,
nor it requires A to include more likely or less likely messages.
Thus, for certain values of YT, A might not include any m &
M with positive posterior probability. In other words, for some
values of YT, we might have
P[M e A(YT)‘ Y =y =0,

The ALD’s in which such yf’s have zero probability are called
nontrivial ALD’s.

Definition 14 (Nontrivial ALD): An ALD ('T' A) is
called a nontrivial anticipative list decoder (NALD) i
P[M € A(YT)‘ } > ( with probability one, i.e.,

P[P [M € A(YT)‘ YT} > o} ~1. (35)

In the following, for any variable-length code and an associ-
ated NALD (T, A), we define a probability distribution P14 on
M x YT and a probability measure Py [] for the events in
©(M x YT). For doing that, first note that the probability mea-
sure generated by the code, i.e., P[], can be used to define a
probability distribution P on M x YT* as follows:

P(my)ZP[M=m,Y =y!] VmeM,y' €™ (36)
where J)T* is a countable set for any stopping time, given in
(6b).

As T is a stopping time, the probability of any event I" in
(M x YT) under P[], i.e., P[I], is equal to

>

(myHYelrN(MxYT+)

P[] = P(m.y'). (37)
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Evidently, we can extend the definition of P and assume that P
is zero whenever y' is in yﬁ:m}, ie.,

P(m,y)20 Vme M,y' € Vi_..,. (38)

This extension is neither necessary nor relevant for calculating
the probabilities of the events in p(M x YT), because T is a
stopping time, i.e., P[T < oo] = 1.

Definition 15: Given a variable-length code with decoding
time T, for any NALD (T, .A) let P4 be26
i P(m|yf) ]l{meA(yf)}
PO ) s panil
Ymerm P(MIY) {meayh}
Ym e M,yt e YT

>

P(Ytiqly' m)

Py (m,y)

(39)

Note that Definition 15 is a parametric definition in the sense

that it assigns a P4 forallNALDs (T, A). While proving outer

bounds, we will employ not one but multiple NALD’s and use

them in conjunction with our new result, i.e., Lemma 5. But

before introducing Lemma 5, let us elaborate on the relations

between marginal and conditional distributions of P4 and P.
For P4 defined in (39), we have

by

meM, yteyT+

P{A}(m, yt) =1.

Hence, P4 is a probability distribution on M x YT e,
P{A} € P(M X yT*)
Note that the marginal distributions of P4 and P are the same

on yT* Furthermore, for all y € }T* and m € M, the con-
ditional distributions of Py 4 and P are the same on }T* The
probability distributions Pyq and P differ only in their condi-
tional distributions on M given y*. More specifically

Py (y) =P(y") vyte YT
t
Py (mly) = Zp(myN)HN{meA(yt)}
v PG oy

Wyt e YT vm e M
(40b)

Wyt e YT ¥Vm e M.
(40c)

(40a)

Py (y%+1|yt: m) = P(y%+1|yt7 m)

Using the parametric definition of probability distribution
Piy on M x YT*, we define a probability measure Py [] for
the events in p(M x YT) as follows:

D

(myHeTN(MxYT)

AN
P{A} [F] = P{A}(m,yt) vI' go(./\/l X J/ﬂ—).

(41)

26There is a slight abuse of notation in (39); if T is not a stopping time but
rather a constant random variable T = 0, P my(m, yt) should be interpreted as

Al{mEA}

4]

P (m,y5)= P(Y'Im) ¥me M. yte YT
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Evidently, we can extend the definition of P4 to M x AR
defining it to be zero on M x yg.cr‘:m}, ie.,

A oC
Prg(m,y)=0 Vme M.y' e Vr_y. (42)

As in the case of P, this extension is neither necessary nor rele-
vant for calculating the probabilities Py4 [I'] given in (41).

B. Error Probability and Decay Rate of Entropy

In this section, we lower bound the probability of the event
that the decoded message M is inNA under the probability mea-
sure Ppy -], ie., Py [m ¢ A(YT)} . The bounds we derive de-
pend on the decay rate of the conditional entropy of the mes-
sages in the interval between T and T.

Before even stating our bound, we need to specify what
we mean by the conditional entropy of the messages. While
defining the conditional entropy, many authors do take an
average over the sample values of the conditioned random vari-
able and obtain a constant. We, however, do not take an average
over the conditioned random variable and define conditional
entropy as a random variable itself, which is a function of the
random variable that is conditioned on2?

§: PM

meM

H(M|YT)= =m|Y"]ln (43)

1
FV=mIY7]"

Using the probability distribution P defined in (36), we see that
the conditional entropy defined in (43) is equal to

H(NHYT)::E[h1MMhH YT} (44)
Lemma 5: For any variable-length block code
with finite expected decoding time, E[T] < oo, let

(T1,41), (T2, Az), ..., (Ts, Ar) be K NALDs28 such that

PHO<T <To<  <Tu<TH=1 @45

27Recall the standard notation in probability theory about the conditional ex-
pectations and conditional probabilities. Let H be a real-valued random vari-
able and G be a random quantity that takes values from a finite set G, such that

P[G = g] > 0forallg € G. Then, unlike E[H], which is constant, E | H‘ G]
is a random variable. Thus, an equation of the form Z = E [H ‘ G] implies not
the equality of two constants but the equality of two random variables, i.e., it
means that Z = E[H‘ G= g] for all g € G. Similarly, let H; be a set of
sample values of the random variable H then, unlike P [H cH 1] which is
a constant, [H € H, | G is a random varlable Equations (43) and (44) are
such equations. Explaining conditional expectations and conditional probabili-
ties are beyond the scope of this paper; readers who are not sufficiently fluent
with these concepts are encouraged to read [10, Ch. I, Sec. VIII], which deal
the case where random variables can take finitely many values. Appropriately
generalized formal treatment of the subject in terms of sigma fields is presented
in [10, Ch. I, Sec. VII].

28Recall ALD’s and NALD’s are defined in Definitions 13 and 14,
respectively.
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Then, for all ¢ in {1, .k} such  that
(P[M e A (YT9)] + Pe) < 1/2 we have (46)
shown at the bottom of the page where Tg = 0, Tgy; = T,
and forall j in {1,2,...,(k 4+ 1)}, r;’s are given by

lfP[ ]—T7 1]—1}

fP[ § = T7 1] <1
(47)
Proof of Lemma 5 is presented in Section E in the Appendix.
Before presenting the application of Lemma 5 in UEP prob-
lems, let us elaborate on its hypothesis and ramifications. We
assumed that (T, A;) are all NALDs. Thus, for each (T, .A4;),
the set of all y%* € Y'T: such that the transmitted message is
guaranteed to be outside .A;(y™ ) has zero probability and there
is an associated probability measure Pg4,[-] given in (41). Fur-

thermore, P4, [I\7I ¢ Ai(YTi)} is the probability of the event

0
r; = { E[HM|YT5-1) —H{M|Y"3)]
HT; -T;_1]

that decoded message M is not in A; under the probability mea-
sure P{.Ai} []

Condition given in (45) ensures that the decoding times
of the £ NALD’s we are considering, T1,To,..., Ty, are
reached in their indexing order and before the decoding time
of the variable-length code T. Any T1, Ta,..., T satisfying
(45) divides the time interval between 0 and T into & +1
disjoint intervals. The duration of these intervals as well as the
decrease of the conditional entropy during them is random. For
the jth interval, the expected values of the duration and the
decrease in the conditional entropy are given by E[T,; — T, _1]
and E[H(M|YT5-1) — H(M|YT7)], respectively. Hence, r;’s
defined in (47) are rate of decrease of the conditional entropy
of the messages per unit time in different intervals.

Lemma 5 bounds the probability of M being outside .4; under
P4, (-] from below in terms of r;’s and E[T; — T;_4]’s for

J > i. The bound on Py, [M ¢ A (YT )} also depends on

P[M € A;(YT)] and P.. But the particular choice of .A;’s for
4 # 1 has no effect on the bound. This feature of the bound is its
main merit over bounds resulting from the previously suggested
techniques.

C. Single-Message Message-Wise UEP Converse

In this section, we bound the conditional error probabilities
of the messages, i.e., Pq|n’s, from below uniformly over the
message set M in a variable-length block code with average
error probability P, using Lemma 5. Resulting outer bound
reveals that the inner bound we obtained in Section IV-C for
the single-message message-wise UEP problem is tight.

Consider a variable-length block code with finite expected
decoding time, i.e., E[T] < oo. In order to bound Py, defined

“h(Po +P[M € A,(YT)])

k+1
- Zjii,—}—lE[Tj -

Pl [M ¢ A(Y™)] > exp (

(46)

Tj—1L703)>

1— P, — PM € A(YT)]
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in (11), from the following, we apply Lemma 5 for & = 2 with
(T1, A1), (Ta, A2) given in the following.
1) Let Ty be zero and A; be {m}, i.e.,

T, =0
={m}.

2) Let Ty be the first time instance before T such that one
message, not necessarily the one chosen for Ay, i.e., m,
has a posterior probability 1 — é or higher

(43)
(49)

Tgé min{7 : maxPM =m|Y"] > (1 —

m

§)ort =T} (50)

Let A5 be the set of all messages whose posterior proba-
bility at time Ty is less then (1 — 4)
A (Y e M:PM=m|Y"] < (1-8)}
We apply Lemma 5 for (Ty,.4;) and (T2, Az) given in
(48)—(51). Then, using the fact that J(-) < D, we get

(D

T
h(Pe-f-,/\/t—l)E{Tz]J(%M) —ET-T.]D

[AM]=T

hlpe‘m 2

1—PFPe—
(52a)
—h{ Pe+PMEAL(Y'2)]) ~E[T-To] D
1—Pe—P[MEA (YT2)]

In Py [l\?l ¢ AZ(YTQ)} >
(52b)

If § < 1/2, one can show Py, [|\7| ¢ AQ(YT2)] is roughly
equal to P. /6. Thus, inequality in (52b) becomes a lower bound
on E[T — Ts] in terms of F,. It can be shown that the lower
bound (52a) takes its smallest value for the smallest value of
E[T — T5]. Then, using Fano’s inequality for E[H(M[YT2)],
we obtain Lemma 6 given in the following.

A complete proof of Lemma 6 for variable-length block codes
with finite expected decoding time is presented in Section F in
the Appendix. For variable-length block codes with infinite ex-
pected decoding time, Lemma 6 follows from the lower bounds
on Fe and Py, derived in Sections H1 and H2 in the Appendix.

Lemma 6: For any variable-length block code and positive ¢
such that Pe 4+ § + £= + M|~ < 1/2

In Pgm

— T <EA+( EJSE)J(f;E;) VYme M (53)
D
where R = ‘E{VT[]‘,E ’I;FTI]D ‘= Ellfj‘g;?,gl =Pot+6+ et

M| Fand & = M8

Lemma 6 is a generalization of [2, Th. 8] and [2, Lemma 1].
While deriving bounds given in [2, Th. 8] and [2, Lemma 1], no
attention is paid to the fact that the rate of decrease of the condi-
tional entropy of the messages can be different in different time
intervals. As a result, both [2, Th. 8] and [2, Lemma 1] are tight
only when the error exponent is very close to zero. While de-
riving the bound given in Lemma 6, on the other hand, the vari-
ation in the rate the conditional entropy decreases in different
intervals is taken into account. Hence, the outer bound given in
Lemma 6 matches the inner bound given in Section IV-C for all
achievable values of error exponent, 0 < E < (1 — —)D
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Consider a reliable sequence of codes @ with rate Rg
and error exponent Eg. Then, if we apply Lemma 6 with

— 1
b = m,we get

Emag <Eg+ (1 - (54)

)7 (=2im)-
D 1-Eq/D
Note that the upper bound on F.,,q g’s given in (54) is achiev-
able by at least one @ described in Section IV-C.

D. Bit-Wise UEP Converse

In this section, we apply Lemma 5 to a variable-length
block code with a message set M of the form M =
My x Ms x -+ X My, in order to obtain lower bounds
on Pu(i)’s fori = 1,2,....¢ in terms of the sizes of the
submessage sets |M1 , [,...,|M¢| and the expected
decoding time E[T]. When applied to reliable code sequences,
these bounds on P,(7)’s in terms of |M;|’s and E[T] give a
necessary condition for the achievability of a rate vector and
error exponent vector pair (F_{ ]:j) that matches the sufficient
condition for the achievability derived in Section IV-D.

In order to bound P, (7)’s, we use Lemma 5 with £ NALD’s,
(T1,A1)s...,(T¢, Ap). Let us start with defining T,’s and
Ai(YTe)s

1) Forany i in {1,2,...,£}, let T; be the first time instance

that a member of M? gains a posterior probability larger
than or equal to (1 — §) if it happens before T, T otherwise

A . : .
T;=min{7 : maxP [M* = m’
e

| >1-6orr =T} (55

2) For any i in {1,2,..., ¢}, let A;(YT?) be the set of all
messages of the form m= (m Mig1,.- my) for which
posterior probability of m? is less than (1 — 6) atT;

A(YTH2

{(m*, miy1.....m) eMP M =m*| Y] <1-6}. (56)
If we apply Lemma 5 for (T, A;), ..., (T¢, A¢) defined in (55)
and (56), we obtain lower bounds on Py [I\/I ¢ Ai(YTi )} sin
terms of P[M € A;(YT)]’s and r;’s and E[T; — T;41]’s for
j > 4. In order to turn these bounds into bounds on P,(i)’s,
we bound Py, [M ¢ A;(YT )} 'sand P [M € A;(YT#)]’s from
above.
1) The posterior probability of a message at time 7 + 1
cannot be smaller than A times its value at time T because

minge v yey Waly) = A. Thus, if § < 1/2, one can bound
Py [I\A/I ¢ Ai(YTi)} ’s from above

P, [|\7| ¢ A[-(YTL')] < LP.(i) Vie{l,2,....0}. (57)

2) Note that if at T, there is a m* with posterior proba-
bility (1 — &), then P[M € A;(YT)|YT] < 5. Ifat T,
there is no m* with posterior probability (1 — &), then

P [Mi # M YTl] > 6. Using these facts, one can bound

P[M e A4;(YT)] from above

PMe A(Y")] <fe 6 Vie{l,2,....¢0}. (58)
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More detailed derivations of the inequalities given in (57) and
(58) can be found in Section G in the Appendix.

Using (57) and (58) together with Lemma 5, we can conclude
that

. £+1
~H(Pat6+Pe/8) =) T HT; =T, 11J(x;)
1-P.-6-P./&

Vie{l,2,...,0}

In P.(z) > In(A8) +
(59)

provided that P, 4+ 6§ + Ps/6 < 1/2, where r;’s are defined in
(47).

Note that the lower bound on P.(¢)’s given in (59) takes
different values depending on the rate of decrease of the
conditional entropy of the messages in different intervals,
i.e., r;’s, and the expected duration of different intervals, i.e.,
E[T; — T;_1]’s. Making a worst case assumption on the rate
of decrease of entropy and the durations of the intervals, one
can obtain Lemma 7 given in the following.

A complete proof of Lemma 7 for variable-length block
codes with finite expected decoding time is presented in Sec-
tion G in the Appendix. For variable-length block codes with
infinite expected decoding time, Lemma 7 follows from the
lower bounds on P, and P(i)’s derived in Sections H1 and
H3 in the Appendix.

Lemma 7: For any variable-length block code with feedback
with a message set M of the form?9M = M x My x -+ M,
and for any positive § such that P, + & + % < %, we have

(1—é)E; —é <(1— Z/ )
+ Zg z+l

¥
i) D

i (U

1= 1,2 ..... I (60a)
(1 - gd)Rz - 6411{1':1} S C'r}i t = 1, 2, . l (60b)
for some time-sharing vector 77 such that
>0 ¢=1,2,...,¢ (61a)
£
> omi<il (61b)
Jj=1"
where R; = “I]f:{%t”, E;, = —lni%(i), €3 = Po + 0+ %,
c, = ME) ooqe  ME) Inas
U © ET

For any reliable sequence @ whose message sets M%) are of

the form M) = ./\/l('(”) X /\/l('(”) - X ./\/l(”) if we set ¢ to
b= ln 7> Lemma 7 implies that there exists a 7] such that30
k f Rq.j
Eg: <(1- Zy’:l ni)D + ZFM 77;;"7( ni )
Vie{1,2,...,¢} (62a)
Rg: <Cn; Vie {1,2,‘.‘,Z} (62b)
7 >0 Vie{l,2,...,¢} (62¢)
‘
> msL (62d)
j=

29We tacitly assume, without loss of generality, that |AM1] > 2.

30This fact is far from trivial; yet, it is intuitive to all who has worked with
sequences of vectors in a bounded subset of R* where R” is the {-dimensional
real vector space with the norm H X H = sup, |z;| For details, see Section J in
the Appendix.
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Recall that a rate-exponent vector (ﬁ ]:j) is achievable only if
there exists a reliable code sequence Q such that (RQ EQ)

(R E) Thus, a rate-exponent vector (R E) is achievable only
if there exists a time-sharing vector 7] satisfying (34). In other
words, the sufficient condition for the achievability of (ﬁ ]:j)
we have derived in Section IV-D is also a necessary condition.

VI. CONCLUSION

We have considered the single-message message-wise and the
fixed ¢ bit-wise UEP problems and characterized the achievable
rate error exponent regions completely for both of the problems.

In the bit-wise UEP problem, we have observed that encoding
schemes decoupling the communication and bulk of the error
correction both at the transmitter and at the receiver can achieve
optimal performance. This result is extending the similar ob-
servations made for conventional variable-length block coding
schemes without UEP. However, for doing that one needs to go
beyond the idea of communication phase and control phase in-
troduced in [12], and harness the implicit confirmation explicit
rejection schemes, introduced by Kudryashov in [7].

For the converses results, we have introduced a new tech-
nique for establishing outer bounds to the performance of the
variable-length block codes, which can be used in both mes-
sage-wise and bit-wise UEP problems.3!

We were only interested in bit-wise UEP problem in this
paper. We have analyzed single-message message-wise UEP
problem, because it is closely related to bit-wise UEP problem
and its analysis allowed us to introduce the ideas we use for
bit-wise UEP, gradually. However, it seems using the technique
employed in [2, Th. 9] on the achievability side and Lemma
5 on the converse side, one might be able to determine the
achievable region of rate-exponent vectors for variable-length
block codes in message-wise UEP problem. Such a work would
allow us to determine the gains of feedback and variable-length
decoding, because Csiszar [5] had already solved the problem
for fixed-length block codes.

Arguably, the most important shortcoming of our bit-wise
UEP result is that it only addresses the case when the number
of groups of bits £ is a fixed integer. However, this has more to
do with the formal definition of the problem we have chosen in
Section III than our analysis and nonasymptotic results given in
Sections IV and V, i.e., Lemmas 4 and 7.

Using the rate-exponent vectors for representing the perfor-
mance of a reliable sequence with bit-wise UEP is apt only when
the number of groups of bits are fixed or bounded. When the
number of groups of bits £ in a reliable sequence diverge with
increasing k, i.e., when lim,_,o, £, = oo, the rate-exponent
vector formulation becomes fundamentally inapt. Consider, for
example, a reliable sequence in which |M§ﬁ)| = feE[TM] %]
The rate of this reliable sequence is IR; yet, the rate of all of the
submessages are zero. Thus, when /,; diverges, the rate vector
does not have the same operational relevance or meaning it has
when £,; is fixed or bounded. In order to characterize the change
of error performance among submessages in the case when ¢,

31We have not employed the bound in any hybrid problem but it seems that the
result is abstract enough to be employed even in those problems with judicious
choice of NALD’s.
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diverges, one needs to come up with an alternative formulation
of the problem, in terms of cumulative rate of submessages.

Our nonasymptotic results are useful to some extend even

when £,; diverges. Although infinite dimensional rate-exponent
vectors fall short of representing all achievable performances,
one can still use Lemma 4 of Section IV and Lemma 7 of
Section V to characterize the set of achievable rate vector error
exponent vector pairs.

1) As a result of Lemma 7, the necessary condition given in
(19) is still a necessary condition for the achievability of
rate-exponent vector.

2) Using Lemma 4, we see that the sufficient condition
given in (19) is still a sufficient condition as long as the
number of submessages in the reliable sequence satisfy

: ¢y
lim sup,, _, w7inm = 0.

Thus, for the case when / ~ 0(%), ie.,

: b _ i,

11}1{13;21) B [T]) BT[] = 0, the condition

given in (19) is still a necessary and sufficient condition for the
achievability of a rate-exponent vector.

APPENDIX

A. Proof of Lemma 1

Proof: Note that J(R) defined in (17) is also equal to
J(R) = max b (i |[Wi, )+ (1 —a)D (2| W, )
X1 ,%2 €X
pi,p2 €P(X)
X1 X2, 1,02, R, Rat Ry, R2 €[0,C]

T(1,W) >R,
Iz W)>Ra
OLR1+(1701)R2:R

= Jnax, @j(R1) + (1 - )j(R2)
a,Rq1,Re: Ry, Ru€[0,C]

aR1+(1—a)R2=R

(63)

where j(R) is given by

i®) = VR € C.
X s wEDP(X)
I(#,W)>R

D (al| Wy) (64)

max
x€X

Note that j(R) is a bounded real-valued function of a real vari-
able. Therefore, Carathéodory’s Theorem implies that consid-
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ering two point convex combinations suffices in order make
J(R) a concave function. In other words, for any %, we have

; iR 1—
Jmax, aj(Re) + (1 — a)j(Re)
&,Rl,RQ:Rl.RQE[O,C]
aR1+(1704)R2:R
k
- 0<gl%w Zi:l ij(Ri). (65)
al’ ,ak,. 0<R;<C Vi
..... Z a;=1
Zla R.,=R

Then, the concavity of J(R) follows from (63)—(65).

Evidently, if the constraint set in a maximization is curtailed,
then resulting maximum value cannot increase. Hence, J(R)
function defined in (17) is a decreasing function of R..

As a result of the definition of D given in (9) and the con-
vexity of Kullback—Leibler divergence, we have D > J(0). On
the other hand, D (f|| W,) = D and I (4, W) > O forx = r
and /i(-) = 1j.—} where a and r are described in (10). There-
fore, we have j(0) > D. Using the fact that J(R) > j(R), we
conclude that J(0) = j(0) = D. |

B. Proof of Lemma 2

Proof: We prove the lemma for a slightly more general
setting and establish a result that will be easier to make use of in
the proofs of other achievability results. Let G.,[1], G, [m], and
B.,[x"] be (66a)—(66c) shown at the bottom of the page. Note
that G[1], G[m], and B[x"] given, (21)—(23) are simply the G- [1],
G-[m], and B, [x"] for v = |X||Y]/nIn(1 + n).

For all y» ¢ G,[1], we have
neD (Q{y?a} 7X1) + (n — nO,)D (Q{VZ,(,
= naD (Q{y;n} ‘ﬂl) +
+ 70 Y Qprey(y)In
v
B2 (y)

+ (n— ng) Z Q{Ylu+1}(y) In W6

Y

)
(n —ny)D (Q{Vn )

2i(y)
W, (v)

)

)
2 S a2

(n — N, ZQ{Yn +1} 111 W ((y;)

®
> na D (|| Wiy ) + (0 — 1n0)D (]| Wy, ) + 27 1n A

{y” in

A<Q{VT“}”_‘1) +n- ”'a)A(Q{y::m}v ﬂz) > v}
G- m] = Bofx" ()] () (B <" (0]
By [x"] ={y" : n&A(Q{X’;a 7yTﬂ},/L1W) +(n— na)A(Q{xZ“

(66a)
Vm € {2,3,..., M|} (66b)
ﬂ:y::m}vusz) <7} (66¢)
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Inequality (a) follows from the nonnegativity of the Kull-
back-Leibler divergence. In order to see why (b) holds, first
recall that min, , Wi(y) = A. Hence, |In #Y| < In } and

W, ()
[ In &2 y))| < In 1. Then, the inequality () follows from the

deﬁmtlons of total variation A and G- [1], given in (1) and (66a)
and the fact that y™ ¢ G, [1].

Note that the conditional error probability of the first message
is given by

PeH:P[M;u‘M:q
= > PN"=y"M=1].

¥ EG~[1]

Recall that the codeword of the message M = 1 is the
concatenation of 1, x1’s and (n — ny) X2’s where ng, = |no].
Hence, the probability of all y™’s whose empirical distribution
in first n, times instances is Q{yiza} and whose empirical
distribution in [(n, + 1), 7] is Qgyn .,y is upper bounded by

—naD (Q . ‘ W, ) —(n—nas)D (Q " ‘ Wi )
ey v 2
e e . Furthermore,

there are less than (n,, + 1)1 distinct empirical distributions
in the first phase and there are less than (n — n, + 1)V
distinct empirical distributions in the second phase. Thus, we
have the equation shown at the bottom of the page where
Eo(vm) = —2~1n )\+D+2D)| ln(n+1)

The codewords and the decodlng regions of the remaining
messages are specified using a random coding argument to-
gether with an empirical typicality decoder. Consider an en-
semble of codes in which first n,, entries of all the codewords
are independent and identically distributed (i.i.d.) with input dis-
tribution t; and the rest of the entries are i.i.d. with the input
distribution ys5.

For any message m other than the first one, i.e., m # 1, the
decoding region is G~[m] given in (66b). In other words, for
any message m, other than the first one, the decoding region
is the set of output sequences for which (x™(m),y™) is typical
with (v, i W, ua W), ie., y™ € By[x"(m)], and (x*{m),y") is
not typical with («, p1 W, uoW), ie., y™ € B, [x"(m)], for any
m # m.

Since the decoding regions of different messages are
disjoint, the previously described code does not decode to
more than one message. Disjointness of decoding regions
of messages 2,3,...,|M| follows from the definitions of
G,12],6~[3],...,G5[|M]], given in (66b). In order to see
why G [1] N (Unz1Gy[m]) = @ holds, note that for any pair
probability of distributions, the total variation between them is
lower bounded by the total variation between their marginals.
In particular

A (Q{xf’“ (m),yy > }s H1 W) > A (Q{yi”” s /7/1)
A(Q{xgwl(m),yﬁﬁl}vNzW) 2 A(Q{ygdﬂ}vﬂz) :

(\+1}
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Then, as results of definitions of G.,[1], B+[x"], and G[m] for
m # 1 given in (66a), (66¢), and (66b), we have

G,1ING,[m =0 m=23...|M|

Then, for m € {2,3....,|M]|}, the average of the condi-
tional error probability of mth message over the ensemble is
upper bounded as

E[Pejn] <P[Y" ¢ B,[X"(m)]|M = m]
+ PN e B X (@) M = m]. (67)
’rﬁ;ém

Let us start with bounding P[Y" ¢ B, [X"(m)]|M = m]. Let
S1(x.y) and Sx(x.y) be

Si(x.y)2 e | Qe (my yray (X ¥) — pa () Waly)| (68a)
Sa(x,y)2 (n — n0)| Qo amyyn 306 Y) = p20OWA(Y)]-
(68b)

As a result of the definition of total variation distance given in
(1) and aforementioned definitions, we have

'fLQ,A(Q{XYa Y71 ;1,1W)+ n— TLCV)A@{XW NURGS
=321

"(m)] given in (66¢) implies that

1}=M2W)
(x,y) + S20x,y)].

Thus, the definition of B [x
PIY ¢ B, [X"(m)]|[M = m]

=P |SS1(x,v) + Saxy)] = 29
xy

If forall x € X,y € Y, and j € {1,2}, S;(x,y) <
v|X| Y|, then 2oy[S1(%,y) + Sa2(x,y)] < 2v. Thus,
if Y ¢ B,[X"(m)], then for at least one (x,y,j) triple
S;(x,y) = v|&X|~'|Y|~!. Using the union bound, we get

P[Y, [5106y) +Salx,y)]
<> L E [Sj (x

ForboundmgP[S (x,y) > HHJ’
Chebyshev’s inequality; however, in order to get better error

terms, we use a standard concentration result about the sums
of bounded random variables, [4, Th. 5.3].

M=m|. (69

EZV‘M:m}

y)Zﬁ‘M:m}. (70)

] ‘ M= m} we can simply use

Lemma 8: LetZy,Zs,...,Z; beindependent random vari-
ables satisfying |Z; — E[Z;]| < ¢; forall 1 < ¢ < k. Then

P HZf_l(Zi - E[Zz‘])‘ > ’Y} < QP—ﬁ

Pej1 <(na + 1)‘3)'(» — g + l)m

—ne D{ 1| Wi, )+ (n—nu)D(E2l| Wiy ) —2v1n A

< ,—n(aD(ulHWXl)-‘r(l a)D( ||WX)) e2(y,m))
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Forall 4y € P(X),x € X,andy € ), we have ¢; = 1 for all
1 =1,2,...,n4; thus
2

‘ M = m} < 2¢ AR,

P |:SI(X7 y) Z ‘Xﬁy‘

2

. S
< 2e 2[X[2|YV]%n

(71)
Similarly
o *?—22
P[Sg(x,y) > o ’ M = m} < 9¢ TAPDTR . (72)
Using (69)—(72), we get
9
PY ¢ By[X"(m)][M = m] < 4|X|Y]e 2XEYE(73)

Now, we focus on P[Y" € B,[X™(m)]| M = m] terms. Note
that all y™ in B.,[x™(m)] satlsfy

L PWAN (Q{X;a (a),yf“ 1 H1 W)
+(” - ”1) (Q{XnQJrl(m) i b NZVV> <7 (74)

On the other hand, when M = m, X"(m) and Y™ are indepen-
dent and their distribution is given by (75) shown at the bottom
of the page. Furthermore, the number of (x7°(m),y7*) se-
quences with an empirical distribution Q e e} is upper

n,,]H(Q ney . )
bounded as ¢ o myier) addition, there are at most
(ng +1)I*III different empirical distributions. Using these two
bounds and their counterparts for (x; . ;(m),y; ;) together
with (74) and (75) we get (76) shown at the bottom of the page.
Hence, if (see the third equation at the bottom of the page) then
= PY" € B,[X"(M)]|M =m] < 4|X|Y|e QMWM‘”.
(77)

1493

Thus, the average P, over the ensemble can be bounded using
(67), (70), and (77) as

E[P] < 8| X|[Y]e AX7DTn

But if the ensemble average of the error probability is upper
bounded like this, there is at least one code that has this low error
probability. Furthermore, half of its messages have conditional
error probabilities less than twice this average. Thus, for any
block length 7, time-sharing constant v € [0, 1], input letters
X1,X2 € X, input distributions i1, g2 € P(X), there exists a
length 7 code such that

|M \ {IH Z 6n((x1(111,"V)ﬁ'(l*ﬂ)l(/l.g,VV)fsl('y,n)) (783)
Pe|1 S 67"(0(]3([” (an )+(1*04)D(ﬁ2 [[Wy )762 (7))
(78b)
Pe\m <eg(vm) m :2,3, cey ./\/l|
(78c)
where
Loy = LYY +2XY In(rk 1) =270 )
+ 2‘(1)‘;/‘/3;'2”2 (793.)
Ea(ym) = D+2)Y|In(n+1)—2~v1n A (79b)
2
L
£3(v,n) = 16]|X||V]e 2XFFn, (79¢)
Lemma 2 follows from (78) and the fact that
i, < OXIYIA 10 iy
Ly l/n ln(1+n) v
i=1,2,3 (80)
for £1(v.n), €2(vy.n), and 3 (v.n) given in (79) |

P{(X" (i), Y") = (< (). y") M=m] = [] G m(y) []

—ngD (Q
=e

[

e (m) e}

(nna)D(Q o

i) Ey)

7 — TN C
Hl#l)e (»2 (e o im. Vl“})
112112) —(n—ny)H (Q ~ )
& (m}.yn }
e e+ 1 re 1 (75)

+1<m),y;;a+1}

PlY" € B,[X"(m)][M = m] < (n,

| /\

DIV g 4 )XY e DG Wl ) = (=) Dl Wil )~ 27 T X
('I’L + 1)\ x||y|(n — g+ 1)\ X H)/\ —noI{p1, W) =(n—n,)I(ge,W)-2v1n X
771(041(;1,1,"0 Y+ (1—a)I(p2 , W ))()C+2\ XY In(n+1)—2~1In A

(76)

2

~

IM\ {1}] = 4]X] |y‘€fWen((ﬂ(mJ’V)+(1*ﬂ)1(uz:W))E*C*?\X\Df\ In(n+1)+2y n A
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C. Proof of Lemma 3

Proof: Letny beny = [(1 — £)n]. Recall that we have
assumed E < (1 — —)D then, we have & c<1- £ . Conse-
quently, & R < "+ and ;=R < C. Onthe other hand, as a result
of (78) and the deﬁnmon of J(-) given in (17), for any positive
integer n1, positive real number 7y, rate R < C, there exists a
length n; code such that

M| = 1 > gmRsiGrm)] (81a)
Pe‘l S e—nl[J(R) —zo(v1,n1)] (81b)
Pojm < €30nm1) m=23,...,IM| @8lc)

where €1(v1,m1), €2(71,m1), and €3(v1,n1) are given in (79).
We use such a code in the first phase with R = -1 and call

its decoded message tl\7|, the tentative decision. Then, as a result
of (81) and the fact that 1 J (2R ) > n(1 - B)J (£ 5 ),
we get

‘M| -1 > enR.—nlal(wl,nl)
[tM ” m‘ M = 1]
|:1:M # m’ M = m] <ezlmm) m=23,

(82a)

—n(l— )J(%)*”l@(“flv”l) (82b)

., |M|. (82¢)

The transmitter knows what the tentative decision is and de-
termines the channel inputs in the last (n — n1) time instances
depending on its correctness. If M = M, the channel inputs in
the last (n —n1) time instances are all a; if M # M, the channel
inputs in the last (n — 71 ) time instances are all r.

After observing Y™, receiver checks whether the empirical
distribution of the channel output in the last (n— 17,1) time units
is typical with W, if it is then M = ;M otherwise M = x. Hence,
the decoding region for erasures is given by

G lx] = {y" : (n = n)A (Qqy, L,y Wa) 2 2.

Let us start with bounding P [I\7I =X

tI\A/I =mM = m}, 1e.,
the probability of erasure for correct tentative decision. First
note that

(n— 'rLl)A(Q{y:lH}, Wa) =1 Zy S(y)

where S(y) = (n— n1)|Q{y:1+l}(y) — Wa(y)|. Then, following
an analysis similar to that one presented between (69) and (73),
we get

2
-~

M=mM=m| <2yl ZIFCmI

~

P[I\/I:x

¥Ym e M.
(83)

=€3(va,mn—n1)

32Recall that
function.

> (1 — E/D)n and J(-) is a nonincreasing and positive
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In order to bound the probability of nonerasure decoding when
tentative decision is incorrect, note that

T T KA _
[ ni+1 — yn1+1|tM 7& m, M - m]

H Welyj)

j=ni+1

—(n—m1)D n
(n—my) (Q{ynﬁrl}

ﬁg) ei(nim)H (Q{yﬁﬁl}) .

Then, following an analysis similar to the one between (75) and
(76), we get

P[I\A/I;tﬁx

< min{(n —ny + 1)0’\67
—nE+|Y|Ilu(n—n;)+D—2vs In X 1}

=€

M Zm,M = m}
(n—n1)D—2~ ln)\« 1}

< min{e
< min{e™ nE+(n—n1)ez(v2.n—n1) .1} ¥me M. (84)

Furthermore, the conditional error and era-
sure probabilities can be bounded in terms of
[tM;ém‘M—m} [M;ﬁxtl\/lyém,l\/lzm}, and
P[M =x tl\/l =m,M = m} as follows:
Pan :P[N ;ém‘l\ll :m]P[m £ x| M £ m,M :m}
Ym e M (85a)
Py gP[N ;ém‘l\/l :m] +P[l\7| — x| M = m,M :m}
Ym € M. (85b)
Using (82)—(85), we get
M| =1 > erfmmealnm) (86a)

Py <
771,(17—)(](1 F/D)+"1€>(’)1 n1)

—nE+naea(y2,n2) 1 }
(86b)
(86¢)

e min{e

_ _ R e~ .1
Px\l S & n(1 D)J(l—h‘/l))_‘_nl”z('}hnl) ‘|‘53<’Yz,'n2)
Pe|m S £3(v,m1) min{eanHy\ In{n+1)+naes ("/2,”2)7 1}
m# 1

< e3{v1,m1) + €3(72,m2) M 7£ 1

(86d)

Pjm (86¢)

where 1o = n — nq.

We sety; = |X||V]\/5n; In(1 + n) for j = 1, 2 and obtain
—vSnln(l+n)ln i)

nje1(v.ng) < 21X Y|(In(n + 1)

+(5/2)In(1 + ) (87a)

njea(yng) < 21XV (In(n+ 1) — /5nln(1 4+ n)In \)
+D (87b)
eam) S161|V1/(1+ )2, (87)

Lemma 3 follows from the identities |X'| > 2, |V| > 2, D <
In(}), n>1 and (86) and (87). [ |
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D. Proof of Lemma 4

Proof: Note that given the encoding scheme summarized
in (28) and the decoding rule given in (29), if M = x, then there
isaz < £+ 1 such that:M; =M, for all j < i and M; # M;.
Thus, the conditional erasure probab111ty Py |m s upper bounded
as shown in (88) at the bottom of the page. Slmllarly, if M # X
and M’ # M?, then for all j > 1, tl\/l = 1 and tl\/IA # 1;
furthermore, there is a k& < ¢ such that tl\/l‘ =¢Mj forallj < k
and tl\7| k # +Ms. Hence, one can bound Pejn(%) as shown in
(89) at the bottom of the page.

In the first £ phases, we use n; = [1;n] long codes with rate
% with the performance given in (81). Thus, for 1 <4 < /4, we
have

M| > 1 4 enTi—Cmmisa(yin) (902)
R;
o~ —nn,;J +D—n;ea(vi.n;)
P[tM,-;éltM,-:l}g '(") e
(90b)
P[tmi #M;|M; =1+ mi} < e3(vimi)
mi= 12,3, (M| - 1) (90¢)
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Following an analysis similar to the one leading to (83) and (84),
we get

P[tl\7|£+1 #1

tMH»l — 1:| < 8"Lé+1D+'”é+152(7£+17'”£+1)
(91a)

P[t|\7|g+1 £9 (91b)

Using (88)—(91), we obtain, see obtain (92a)—(92d) shown at
the bottom of the page. If we sety, = |X||V|/4n:1n(1l + n)
fori = 1,2,..., (E + 1) for &1 (vi,ni), €2(vini), and €3(vi,ni)
given in (79), we have

Meyr = 2} <eslverimeqn)-

€1 (vms) < 2In(1 + n) + 2|X|| Y] In(n; + 1)

|||y (1 ) o A
ni€a(vins) < D+ 2|X)|Y|1In(n; + 1)
= 2|X| Y|/ 4Ans n(1 + n) ln A
e3(vimn) < 16|X|[V|/(1 4 n).

Using the concavity of 1/z function, we can conclude that
41

>

i=1
< 2|1X]|Y] ((“—1) In(1+n) (£+1)2 (1 +n)ln /\)

n;eq1{vyi,n:)+C

n

where €1 (vi,n,), €2(vini), €3(vi,n:) are given in (79). 2441 In(14n) | (¢41)
. . o + , + C (93a)
In order to derive bounds corresponding to the ones given in n n
(90) for the last phase, let us give the decoding regions for 1 and s nies (vini)+D
2 for the length 7441 code employed between (n + 1 — np.1) Z: n
and n =t
< 21X||Y| <(f+1) In(14n) (K:LLNQ /77 In(1+n)ln /\)
. + 572D (93b)
g’)[” = {y77:+17n/+1 : ”E+1A(Q{y7’f+l_w+l}7 Wa) z 7£+1} 41
e3(vim) < 8| X ||V EEL. 93¢
[ } {yn-i-l _— 77g+1A(Q{yn+l ”H—l} Wa) < "Y@.H}_ ; 3(vi.mi) | || ‘1+n (93¢)
AR RN N
P € 30 PN # (1 m)[M=m = My g = M,
£41
=3 P A M M= 14 m] (88)
) i . 241 N
Pom(i) < Zj:l P [th £ MM =14 mj} Hj:.,-,+1 P[th £1|M; = 1} (89)
|M;| > enBimmisi(in) ¢ Vi=1,2,...,4 (92a)
M| > " 21 B o 25 (51 (05m)+0) Vi=1,2,....¢ (92b)
£+1 R 41
—n Z 771](1]—11> n Z njea(v; n;)+D
Pom(2 253(~,- n;)min § 1,e  9=1 e J=it1 Vi = Ll Ym e M (92¢)
e+1
xlm < 283(" nj ¥m e M (92d)
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Then, Lemma 4 follows from (92) and (93) for any £ < - ( +1)
]
E. Proof of Lemma 5

Proof: For P defined in (36) as a result of (37), we have

PN e A(Y"™)] = 3 P(y)  (%4a)
y‘E{yt:K/l\EAl(YTi)}ﬁyT‘
PV g A7) = 3 Py). (94b)

yte{ytiméAi(Yle)}m_yT«

For P4 defined in (39) as a result of (41), we have

>

yte{yt:/I\XEAl(YTi)}m}’T*

yte{yt:’MgA,; (YTz‘)}ﬁyT*
Using (94) and (95) together with the data processing inequality
for Kullback—Leibler divergence, we get

> Ry)n ;2

Praa(¥h)
yreyT

P{Ai} ['\7| S Ai(YT"‘)] = P{A}(yt) (95a)

Py [W ¢ 4(Y™)] = Py (y"). (95b)

P[MeA,,; orm )]
P4 }WeA»(YT' )]
M¢A _PlNgA(T]
P [lea ]

> P[|\7| € A,-(YTf)] In
+P[M¢A YT }
Since 0 <P{A}[I\/IE.A( )} < 1, we have
> Pt > ~h(P[M e A(YT)])
yreY T
+(1-

Note that if M € A;(YT) and M ¢ A;(YT:), then M £ M.
Consequently

[MEA (96)

) I e Tea ol P{A} I\/I(;E.A (YT:) ] )

P[I\7I € Ai(YTl)} :P[{I\7I e A;(YT),M ¢ Ai(YTz)H
P[{I\7I e A(YT),Me Ai(YTﬂ)H
<P +P[Me A(YT]. (97)
Since the binary entropy function A(-) is increasing on the in-
terval [0,1/2] if Po + P[M € A;(YT)] < 1/2, (96) and (97)
imply

Z P(y") In

ytE}’T’:‘

P(yY)
Prag(yh) Z

—h(Pet+P[MeA;(YT)])

+(1-P,—-PMeAN™)])In — =L (98
( [ ( )]) n P{.A,‘,} I:M¢A: (YTz )] ( )
Let B, B*, and B be
A P(YT
B= In 52 ymy (992)
AN p(v )
B.2 In ) Vre{l.2,...}  (99¢)
T W DI

where T A 7 is the minimum of T and 7.
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Note that as 7 goes to infinity, B, — B and B, — B* with
probability one. Since [B,| < Tln 1 and E[T] < oo, we can
apply the dominated convergence theorem [10, Th. 3, p. 187] to
obtain

E[B] = E[B*] = lim E[B,]. (100)
Finally for B and B* defined in (99), we have
_ P(Y")
E[B] _E[ln W‘T} (101a)
*] P(y)
EB* = > P(y) ROk (101b)
yreyT
Thus, as a result of (100) and (101), we have
L POYD ] t Py
B[ 20| = 3 poHm 2. (102)

yteyT=

Furthermore, using the definition of Py4,; given in (39), we get

|:h1 (Y;’\)/T)i| -E |:hl P(Y{;Jrl [YTi)y :|

P{A-} (Y:Irri+1‘YT7,)

Z i (103)
where forallz > 1 and 7 > ¢
0 ifP[Tjp =T =1
AN Tit1 T;
Eij: (YT +1|Y ) .
' Elln———— PT,.1=T; 1
nP{AL}(YT7“\YT Zf [ Jj+1 ]] <
(104)
Assume for the moment that
i SE[Tj41 = T;]J(rj41) (105)

where Ty41 = T and r; is defined in (47).

Then, Lemma (5) follows from (98), (102), (103), and (105).

Above, we have proved Lemma 5 by assuming that the in-
equality given in (105) holds for all 4 in {1,2,...,%} and j in
{(i+1),...,(k+ 1)}, in the following, we prove that fact.

Firstnote that if P[T ;41 = T;] = 1, then as result of (47) and
(103), (105) is equivalent to 0 < 0.J(0) which holds trivially.
Thus, we assume hence forth that P[T,;; = T,] < 1, which
implies E[T,;11 — T,;] > 0.

Let us consider the stochastic sequence

P(OYT, 1Y)

ko1
W+ Z JAM YY) Doy

k=T;+1
(106)

where | (M Y |Yk 1) is the conditional mutual information
between M and Y, given Y*~!, defined as

P(Y: M, YR 1)

(M5 Y5 Y4 1) S In 200000

YE- 1}.

Note that as it was the case for conditional entropy, while
defining the conditional mutual information, we do not take
the average over the conditioned random variable. Thus,
| (l\/l; Y4 |Yl‘"’1 ) is itself a random variable.



NAKIBOGLU et al.: BIT-WISE UNEQUAL ERROR PROTECTION FOR VARIABLE-LENGTH BLOCK CODES WITH FEEDBACK

For U, defined in (106), we have

UT+1 - U‘r =
P(Y, 1Y) . ) |
(— gm0 (M Y Y ))) Lir>1,y- (107)

Conditioned on Y™ random variables M — X ;1 — Y, 1
form a Markov chain: thus, as a result of the data pro-
cessing inequality for the mutual information, we have
(XYt [YT) > (M Y41 |Y7). Since J(-) is a de-
creasing function, this implies that

T M Yoyt [Y7)) > J((Xeg1; Yora [Y)). (108)
Furthermore, because of the definitions of J(-), P, and P4
given in (17), (36), and (39), the convexity of Kullback—Leibler
divergence and Jensen’s inequality, we have

w] |

P(Y o1|Y™
JO(Xei1;Y-41[YT)) > Elln e V)
(109)

Piag(YrgalY7)
Using (107)—(109), we get

EU,1]Y7] > U, (110)
Recall that min, , W,(y) = A and |J{-) | < D. Thus, as a result
of (107), we have
E(Ur41 — U ||Y]<Ini+D. (111)
As aresult of (110) and (111) and the fact that Uy = 0, U, isa
submartingale.
Recall that we have assumed that P[T;1; < T] = 1 and
E[T] < oc; consequently
E[Tj+1] < 00. (112)
Because of (111) and (112), we can apply a version of Doob’s
optional stopping theorem [10, Th. 2, p. 487] to the submartin-
gale U, and the stopping time T,4; to obtain E[Ur, | >
E[Up] = 0. Consequently

E|ln

T 1 T.
p(YTjLw i) ]

T
Tir1 .
: E{Zr_Tjﬂ T (M: Y- Y 1))} - (113)

Note that as a result of the concavity of .J(-) and Jensen’s in-
equality, we have

B[S0 v )

1 JO(MY, [y
= E[Tj—i-l - TJ] E |:Z {Tj4127>T;} ( ( ; | )):|

r>1 HT;41-T;]
B[Y ., Aoy ()
< BTy - T, - .};{TjJrl;Tj]

(114)
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In order to calculate the argument of .J(+) in (114), consider the
stochastic sequence

T T . §—1
Ve =HMYT) + 30 H(M; Y, Y (115)
Clearly, EV, 41| YT =V, and E[|V,|] < In|M| 4+ C7 < .
Hence, V. is a martingale.
Furthermore
E[Vip1 = VA IY ] <In|M|+C. (116)

Recall that we have assumed that P[T; < T;4; < T] = 1 and
E[T] < oc; consequently
E[T;] <E[T;41] <oc. (117)

As a result of (116) and (117), we can apply Doob’s optimal
stopping theorem, [10, Th. 2, p. 487] to V, both at stopping

time T; and at stopping time T;41, i.e., E[Vr,_ | = E[V(]
and E[V7,| = E[V,]. Consequently
E Z LIS st (M3YT |YT—1)
7>1
=E[HM|YT) — HM|YTs+1)] . (118)

Using (113), (114), and (118)

E

In

T; T.
P(YT-J’::lY i) ]

T.; .
Prap (YL IYT

T;+1
EHM[YT ) —H(M|YTi+1)
<E[Tj41 —Ty] J( [ BT, 1-T)] ]> . (119)

Hence, inequality given in (105) is not only when
P[T,41 =T,;] = 1butalsowhen P[T;1; =T,] < 1. |

FE. Proof of Lemma 6 for the Case E[T] < o0

Proof: In order to bound F, from below, we apply
Lemma 5 for (Ty,.A;) and (To,.A2) given in (48)—~(51) and
use the fact that J(-) < D to get

E[H(M) ZH(MYT2 )]
ETo]

T P M1

— B Po+| M| ™" )~ H[T2]J —ET-T:]D

In Pojm >

(120a)
W P+ P[MeA; (Y2)])—ET—T2|D
1—Pe—P[I\/IeA2(YT2)]

In Py [V ¢ Ax(Y™)] 2
(120b)

provided that [M| 1+P, < 1/2andP[M € Ay(Y™2)]+ P, <
1/2.
We start with bounding P,y [I\7I ¢ A (YTz)} from above
and P[M ¢ A,(YT2)] from below.
1) Since minye v yey Wi(y) = A, the posterior probability of
a message at time T + 1 cannot be smaller than A times the
posterior probability of the same message at time 7. Hence,
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for the stopping time T» defined in (50), random33 set A5
defined in (51), and § < %, we have

PMe A (Y)Y =y2] > A6 W2 eY™r  (121)
As a result of the definition of P43 (m,y") given in (39),
we have

1 t
P{AQ}(m7yt) < P(”L)’WW Vm € M;yt € yT*‘

A (122)
If the decoded message M(y") is not in Ay (y") and mes-

sage m is in Ap(y™), then m(yt) # m

Ui gstn} Himeas 0y < Uiy o

Yme M, yte YT, (123)
Using (122) and (123), we get
¢ R ﬂ{ﬁwwm}
P{Az}(may )1{M\(yt)¢A2(yt2)} < P(m:y )T
Ym e Myt € YT (124)

If we sum over all (m,y')’s in M x JT* and use (37) and
(41), we get

T ) P[Mi#M
Py (M ¢ Ax(YT)] < % _ P

P (125)

2

~

The probability of an event I'; is lower bounded by the
probability of its intersection with any event I's, i.e.,
P[Fl] Z P[{Fl,rg}]

:P[I\A/I £ I\/I]
> P[{0# M, A4 (Y™) = m}]
:P[M £ I\/I‘ As(YT2) = M] P[A:(Y™?) = M] . (126)

Note that if Ay (y™) = M, then T is reached before any of
the messages reach a posterior probability of 1 — §. Thus

P[I\A/I ” M‘ As(YT2) = M} > 6. (127)
Thus, as a result of (126) and (127), we have
P[Ax(Y™) = M] < L= (128)

On the other hand, if A5 (y*) # M, then the most likely
message with a probability at least (1 —4) is excluded from
As(y™). Thus

P[M € Ay (YT2)| A (YT?) £ M] <6 (129)

3The set A, is random in the sense that it depends on previous channel
outputs.
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Using (128) and (129) together with total probability for-
mula, we get

P[M € Ax(Y™)]
=P[M € A (YT2)| Ax(YT) = M] P [Ay(YT2) = M]
+P[M e Ay (YT2)| A (YT2) £ M] P[AQ(Y“) # M}

<P[A(Y™) =M+ PM e Ay (YT2)| AL (YTH) # M]
< fe 44 (130)

We plug the bounds on Py [I\A/I ¢ As (YT )]
P[M ¢ A5(YT2)] given in (125) and (130) in (120) to get

and

_ T2
}I(El)E{Tz]J( E[HW)E{:(;;‘Y ) ) —HT-T:]D
In Py > 1—g;
(131a)
In £2 > W (131b)

provided that é; < 1/2 where é; = Po + 6 + % + M|t
Now, we bound E[H(M|YT2)] from below. Note that
1 {MeAs(vT2)} is a discrete random variable that is either zero

or one; its conditional entropy given Y2 is given by
H(]I{MGAZ(YTQ)}|YT2) =h(P[M e Ay (YT)|Y™]) . (132)

Furthermore, since 1 {MeAs(vT2)} is a function of YT2 and M,
chain rule entropy implies that

H(M|YT2) = H(H{MeAz(YTz)}|YT2)

—|—E[H(I\/I|YT2,H{MeAZ(YTz)})‘YB] . (133)

Since A3 (YT2) has at most | M| elements and its complement,
M\ A3(YT2), has at most one element, we can bound the con-
ditional entropy of the messages as follows:

H(M|YT2’ ]I{MEAZ(YTZ)}) < ]l{l\/IEAg(YTQ)} 111|./\/l| (134)
Thus, using (132)—(134), we get

HMYT2) <h(P[M e Ay (YT2)| YT2])
+P[Me A (Y)Y ] In M. (135)

Then, using concavity of the binary entropy function A(-) to-
gether with (130) and (135), we get

EHMY™)] < h(6+ L2) + (6 + L2)In M| (136)
provided that § + £= < 1/2.

If we plug in (136) and the identity H(M) = In | M| in (131),
we get

> I Py G ) 1—&1)R—h(&1)/HT
(1—¢1) E[T]l > ]fS{Tl}) _ ’IJ((I)UA)
—(L=n)D (137a)
_(1 _ gl)E 2 7h(e£)){_|—i-]h1)\6 . (1 . 77)D (137b)
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provided that &, < 1/2 where ) = %{TT"’]], 66=PFP,+6+ % +

M|, R = EJ{M}‘ and E = —ule
Note that the inequality given in (137b) bounds the value of
1) from above

-~ (17E11))E732 (138)

hE ) —1nAé
H1
Furthermore, for any 77 < 70 <
of J{-), we have

where €5 =

o> as a result of concavity

71 I(N) +(1—m)D :771.7(%) + (n2 — m)J(0)
+(1 —N772)D
<t (B) +(1-m)D. (139

Using (138) and (139) we see that the bound in (137a) is lower

bounded by its value at = 1 — % ifE > 121 and
by its value at 7 = 1 otherwise, i.e.,

E & R- %
InPem _E_(l_T)J | E—¢

BT = Z 1 N
i T ?'7((1 - El)R' - 62)
where ¢ = %
€

Then, for the case E > 1i—221’ Lemma 6 follows from the
fact that J(+) is a nonnegative decreasing function. For the case
E < 1%, Lemma 6 follows from the fact that ./(-) is a concave
nonnegatlve decreasing function. |

G. Proof of Lemma 7 for the Case E[T] < oo

Proof: We start with proving the bounds given in (57) and
(58).

1) Let us start with the bound on Py4 [I\A/I ¢ Ai(Y
in (57). Since minee x yey Wily) = A, the posterior prob-
ability of am® € M" at time 7 4+ 1 cannot be smaller than
A times its value at time 7. Hence, for § < 1/2, as a result
of definitions of T; and A;(Y "#) given in (55) and (56), we
have

Ti )} given

P[Me A4;(YT)| YT =y4] > As

Wl e YT i e {1,2,... .4},

Then, as a result of the definition of Py43(m,y") given in
(39), we have

1 it

Prag(m,yt) < P(m,yt)—(eirool

Vme Myt e Y™ i€ {1,2,...,4}. (140)
*) given in (56), if the decoded message |\7|(yt) is

For A;(y* T
) but m is in A; (y"), then M*(y*) # m’

not in A;(y

1{m(yt)¢Az(yti)}]l{mGAl(yz 1 < ]I{M . }

Vme Myte YT ie{1,2,...,¢}. (14])
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Using (140) and (141), we get

i)

Prag(m,yH)l (R} < P(m,y")——5

Yme Myte Y™ ie{1,2,....0}.
If we sum over all (m,y*)’s in M x YT* and use (37) and
(41), we get

. _ P[MizMm

P [M ¢ Ai(YT”)} < %

=P wieq12,...,0.042)
2) Let us now prove the bound on P [M € A;(YT?)] given in
(58).

a) If A; (YTZ) # M, then at T, there is a m* with pos-
terior probability (1 — &) and all the messages m of
the form m = (m*, m; 1, ..., my) are excluded from
A;. Consequently, we have

P[M e A (YT)

(YT #EM] <6 (143)

b) If A(YT) = M, then at T;, there is no m* with
posterior probability (1 —6) and T; = T. Since Mi £

M? implies that M # M, we have
P[l\7| ) M‘ Ai(YT) = M} > . (144)

As a result of total probability formula for
P [M # I\/I} , we have
P. =P [|\7| ” M‘ A(YTH) = M] PlA(YT) = M]

0y £ M} PAYT) # M]
(145)

+ PN £ M‘A(YT
> 6P [A(YT) = M].

If use the total probability formula for P[M € A;(YT)] to-
gether with (143) and (145), we get

PIM e A(Y™)] =P[{M e A(Y™), 4(YT) # M}]
+P[{Me A (YT ), A(YT) = M}]
<P[Me A (YT A(YT) # M|
+P[A(YT) = M]
<s+ L

We apply Lemma 5 for (T, A1),...,(Tg, Ag) defined
in (55) and (56); use the bounds on Pp4; [I\/I ¢ A (YT )}
and P[I\/I € Ai(YTi)] given in (57) and (58). Then, we can
conclude that if P, + § + Po/6 < 1/2, then

£+1
Q-&)E <é&+ Y vty) i=1,2,...¢
j=it+l

(146)
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where R;, E;, €3, and ¢5 are defined in Lemma 7, r;’s are defined
in (47) of Lemma 5, and v;’s are defined as follows34:

—E[T; 4]

: E[T] Vie{l,2,...,4+1}.

(147)

Depending on the values of v; and r;, the bound in (146) takes
different values. However, v/; and r; are not changing freely. As
aresult of (118) and the fact that | (M; Y;,1 [Y*) < C, we have

r; <C je{l,2,...,({ + 1)} (148)
In addition, 7/;’s and r; ’s are constrained by the definitions of T ;
and A;(YT+) givenin (55) and (56). At T; with high probability,
one element of A7 has a posterior probability (1 — §). In the
following, we use this fact to bound E[H(M|YT+)] from above.
Then, we turn this bound into a constraint on the values of v;’s
and r;’s and use that constraint together with (146) and (148) to
bound E;’s from above.

Forall jin{1,2,....,¢}, ]l{MeAJ(YT”} is a discrete random
variable that is either zero or one; its conditional entropy is given

by

H( e, vy} Y72) = R(P[M € A;(YT)|YT]) . (149)
Furthermore, since 1 {MeA,(vT)} is a function of YT and M,
the chain rule entropy implies that

HIMIYT) = H( e g, ovrpy YT
E[HMIY™ Tpe g, ovmy)|

Note that .4;(YT:) has at most |[M]| elements and its
complement, M \ A;(YT?), has at most % elements.
We can bound the conditional entropy of the messages

HM[YT:, II{ME‘AT_,(YT,-)}) as follows:

YTi} . (150)

H('\/||YT””7 H{MEAL'(YT’/)}) S ]l{MEAI(YTi)} h] |M|

|M|
+ ]l{MQAi(YT")} In W

M i
=In 2+ Linea vy} I M.

(151)
Thus, using (149)—(151), we get
HMIYT™) < h(P[M € A;(Y™)| YT7]) +1n Ly
+P[Me A (YT)| YT ] In M. (152)

If we take the expectation of both sides of the inequality (152)
and use the concavity of the binary entropy function, we get

E[HM[YT)] <h(P[M e A;(YT)])
+ P[M € AL(YT’)] ]n|_/\/[‘|

34We use the convention To = Oand T,y = T.
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Using the inequality given (58) and the fact that binary entropy
function is an increasing function on the interval [0,1/2], we
see that

E[HMYT)] <h(Pe+6+ %) +In {5
+ (P + 6+ B)In|M| (153)

provided that P, + & + = < 1/2.
Note that as a result of Fano’s inequality for E[H(M[YT)],
we have
E[HM|YT)] < h(Ps) + PoIn|M|. (154)

If we divide both sides of the inequalities (153) and (154) to
E[T], we see that following bounds holds:

EH M‘YT)]< G4+ R— ZR —|—€3ZR

1,:1,2,...,@ (155a)
E[HM|YT)] <h(Pe) + P.R. (155b)
Note that
.
[”(M‘Y =R - Zujrj i=1.2,....((+1). (156)

Using (155) and (156), we get

§ viTj 2

(1— &) ZR —& i=1,2,....,0 (157a)

=1
er
Y viry 2 (1= PR — 4 (157b)
j=1

where r;’s and v;’s are given in (47) and (147) respectively.
Thus, using (47), (146)—(148), and (157), we reach the fol-

lowing conclusion. For any variable-length block code satis-

fying the hypothesis of Lemma 7 and for any positive § such

that Po + 6+ £= < 1

(1 - €3)Et — & < Z V{I‘J(I‘J‘) i=1,2,....¢ (158a)

i

(1-&)> Rj—é < v, i=1,2,...,£ (158b)

=1 =1

41
(1- PR = <> oy, (158¢)

=1

for some (X *1rt*1) such that
€[0,C] i=12....((+1) (159)
v; >0 i=1,2,...,(+1) (159b)
41

Y. vi=1 (159¢)
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We show in the following if the constraints given in (158) is
satisfied for some (1/{Jrl +1) satisfying (159), and constraints
given in (60) is satisfied for some (%) satisfying (61).

One can confirm numerically that
(1—&)In2> h(e;) Ves € [0, 1].

Recall that we have assumed that P, + & + % < %,
Thus

i.e., €3 < %

(1—é3)Ry — & > 0. (160)

Let 71, r1, U2, and 2 be
1—&3)R;—¢
f}1 — ( 331 1 4
I =11
Vy =vy+uv —m
iy = rzvetla—m)n
Note that (11, 7o, 4T, 11, T2, 15T) satisfies (158b), (158c),
and (159) by construction. Furthermore, as a result of concavity
of J{-), we have

1 J(r1) + v d(r2) < mJ(r1) + vaJ(13).

Thus, (11, Vs, V§+1 I, 12,13 ) also satisfies (158a)
For j > 2, we use v; and r; to define n);, ;41 and ;41 as

follows: (1_)R,

n; = fj (161a)
it = v+ 7 — (161b)
T = fj+1Vj+1~+(;j*’lj)f~j. (161c)

vit1
1 AL

Using the fact that (] ', 7;,v{f1, 577, ri%]) satisfies (158)
and (159) and the concavity of J(- ), we can show that
(] D41, Vit CEARS fié) also satisfies (158) and (159). We
repeat the iteration given in (161) until we reach ;41 and Ty41
and we let 741 = Vey1.

Then, we conclude that for any variable-length block code
satisfying the hypothesis of the Lemma 7 and for any positive ¢

such that P + 6 + £2 < :
{+1
(1-&)Ei—& < Y nJ(5) i=1,2,....¢
j=it+1
(162a)
1—(;_3 R,L‘—g_/l]l i=1 :ﬁnl 12172,...,£
{i=1}
(162b)
(€5 — Po)R 4 MO P <5y (162¢)

for some (11, ..., 741, 1, .., Te41) such that3s
5 el0,C] i=1,2,....(£+1) (163a)
7 >0 i=1,2,...,(04+1) (163b)
+1
> omi=1 (163c)
i=1
Lemma 7 follows from the fact that J(-) < D. ]
330ne can replace the inequality in (162c) by equality because J(-) is a de-

creasing function.
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H. Codes with Infinite Expected Decoding Time on Channels
with Positive Transition Probabilities

In this section, we consider variable-length block codes
on DMCs with positive transition probabilities, i.e.,
minye v yey Wily) > 0, and derive lower bounds to the
probabilities of various error events. These bounds, i.e., (166),
(172), and (175), enable us to argue that Lemmas 6 and 7 hold
for variable-length block codes with infinite expected decoding
time, i.e., E[T] = oc.

1) P, > 0: On DMC such that min,c v yey Wi(y) = A, the
posterior probability of any message m € M at time 7 is lower
bounded as

P[M = m|Y7"] > (ﬁ) ok
Then, conditioned on the event {T = 7}, the probability of er-
roneous decoding is lower bounded as

P[M2M|T=r] > ot (20)

Note that since P[T < oo] = 1, the error probability of any
variable-length code satisfies

(164)

P = ZP[M ” I\A/I‘T:T} P[T=1]. (165
7=1
Using (164) and (165), we get
.
P> "*fle{(ﬁ) ] (166)

Note that (166) implies that for a variable-length code with in-
finite expected decoding time, not only the rate R but also the
error exponent E is zero.

2) If Pe + ﬁ < 1, then ming, Pg)m > 0. Note that since
P[T < o] =1 and M| < o

PT<oo/M=m]=1 ¥me M.

For any variable-length block code such that P, + ﬁ <1, let

7" be
P }
(167)
Since P[T < oo|M = m] =1 for all m in M and M is finite,

7* 1is finite.
Note that for any 7, m, and m we have

7" :min{T: max P[T > 7|M=m] < [M B I ‘
meM

PY" =y [M=m] > (25)"PY" =y"|M =]. (168)

Then, using (168), we get

Pe‘mzZP[{l\A/l:“ §T*}‘M:m}
m#m
:(ﬁ)T*ZP[{MzngT*HM:&}
ma£m
2(1AA)T*~Z(P[M:%‘M: | -PIr> M=)
m#£m
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Note that as a result of (167), we have

P[T > | M = ] < ('mjl - Pe) Ve M. (170)
Furthermore
3 P[I\7I - rﬁ‘ M = rﬁ} > |MI1-P)—1. (171
ayﬁm
Thus, using (169)—(171), we get
min Py > (25)7 (1 -t Pp> (172)
mea S T A=A IM] ?

where 7* is a finite integer defined in (167).
3) Foralli € {1,2,...,¢}, Po(#) > 0: Foravariable-length
block code with message set M of the form M = M7 X Mo x
- X My, on a DMC such that minee v yey W(y) = A, the
posterior probability of any element of AM; at time 7 is lower

bounded as
12 () i

[l\/l’—m
Ym' € M, Vi{l,2,...,¢}.

Then, conditioned on the event {T = 7}, the probability of de-
coding any one of the first 2 sub-messages erroneously is lower
bounded as

elivwlT—o]> B (). o
Since P[T < o] = 1, P(4) satisfies
Pe:iP[M’?7é|\7|‘i T:T}P[T:T]. (174)
=1

Using (173) and (174), we get

Po(i) > |

; T
MM‘llE[(ﬁ)] Vi{l,2,....0}. (175)

Equation (175) implies that for a variable-length code with infi-
nite expected decoding time, not only the rates but also the error
exponents of submessages are zero.

I Proof of Theorem 1

Proof: In Section IV-C, it is shown that for any rate R €
[0, C], error exponent E € [0, (1 — B) D], there exists a reliable

sequence Q suchthat Rg = R, Eqg = E,Epa g = E+ (1 -
%) ]( /D . Thus, as a result of the definition of Ep,q (R, E)
given in (13), we have

Ena(RE) > B+ (1- 5)J (7). (176)

In Section V-C, we have shown that any reliable sequence of
codes Q@ with rate Rgy and error exponent Eg satisfies

Emd,Q S EQ + (1 - %Q)J<%§/_D) .

Thus, using the fact that .J(-) is a decreasing concave function,
we can conclude that
max Egqg<E+(1- g)](%).

Rg>R
@ EQSE
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Consequently, as a result of the definition of E,q(R, E) given
in (13), we have

Euna(R,E) <E+ (1 - B) 7 (25 ). (177)
Thus, using (176) and (177), we can conclude that

In order to prove the concavity of Eq(R, E) in (R, E) pair, let
(Rq, E,) and (Ry, Ep) be two pairs such that

R, €[0,C] E,<(1-%)D (179)
Ry, €[0,C] E,<(1-2)D. (179b)
Then, for any « € [0, 1], let R,, and E,, be
Ro =aRe + (1 — a)Ry (180a)
E. =0E, + (1 - a)E,. (180b)
From (179) and (180), we have
Ra €1[0,C] Eq < (1- B2, (181)
Furthermore, using the concavity of J(-), we get
aEna(Re, Eo) + (1 — @)Epna (R, Ep)
(-5 (k)
+1-a0) (Bt (1- %) I (=)
=Bt a(l-5%)7(Bp)
H-0) (- B) I ()
< Eo+ (1- B) s(Reppt)
= Emd(Ra; Eq). (182)

Thus, E,,q (R, E) is jointly concave in rate exponent pairs. W
J. Proof of Theorem 2

Proof: In Section IV-D, it is shown that for any positive
integer ¢, a rate-exponent vector (R, E) is achievable if there
exists a time-sharing vector 7 such that

- Z n;)D

J=1
£
+ 3 vr;jJ(f;—;f) Vie{1,2,....¢} (183a)
j=i+1
R; <Cw V’i€{172,...,£}
(183b)
i >0 Vie {1,2,....0)
(183c¢)
b4
RS (183d)
J=1

Thus, the existence of a time-sharing vector 7f satisfying (183)
is a sufficient condition for the achievability of a rate-exponent
vector (R, E).
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For any reliable code sequence @ whose message sets are of
the form M@ = M{™ % ME %o x M| Lemma 7 with

6= ﬁ implies that there exists a sequence 77, such that

£

£
(1* gS,n)Ei,m *€5,r\: S (1* Z"Ij,m)-D"_ Z ,]7.‘\‘](%)

j=1 j=i+1
1=1,2,.... 4 (184a)
(1_€3,K.)R7',,H,_g4,h"-]1{i:1} < CT]IH 1= 1a 27 14 (184b)
I\ 1=1,2,....4 (184c¢)
¢
> ne <l (184d)
j=1
D N L S Y RO
where R; . = W, LA = W:
: _ Pl p W pe) c _ WEs k)
3.8 = T P > Cdin — E<~J[T<~>]’
and &< . — ez W )—In A
b —

E(=) [Tw]

Note that as a result of (184), all members of the sequence 7j;;
are from a compact metric space.3¢ Thus, there exists a conver-
gent subsequence, converging to a 7. Using (184), with defini-
tions of Rg ; and Eg ; given in Definition 11, we can conclude
that 77 satisfies

¢ 14
Bg: <= n) D+ Y 'r/jJ<R,;‘j’f)
j=1 j=itl

Vie{1,2,....0} (185a)

Vie{1,2,...,4} (185b)
Vie{1,2,...,4} (185¢)

Rg.: <Oy
7 >0

£
> <1
=1

According to Definition 11 describing the bit-wise UEP
problem, a rate-exponent vector (R,E) is achievable
only if there exists a reliable code sequence @ such that
(Rg.Eqg) = (R,E). Consequently, the existence of a
time-sharing vector satisfying (183) is also a necessary
condition for the achievability of a rate-exponent vector (f{ E)

Thus, we can conclude that a rate-exponent vector (ﬁ, E) is
achievable if and only if there exists a 77 satisfying (183).

In order to prove the convexity of region of achievable rate-
exponent vectors, let (I_{a, ]:ju) and (I_{’,;,7 ]:jb) be two achievable
rate-exponent vectors. Then, there exist triples (ﬁ,,,, Ea, 7, ) and
(Ry, B, ) satisfying (183).

For any o € [0, 1], let ﬁa, Ea, and 7}, be

(185d)

al, + (1-— oz)f{;,

o OLEG + (1 — a)Ey
To = ify + (1 — ).

Ra
E

30 et the metric be ||if — F|| = max; |n; — v;].
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As J(-) is concave and the triples (R,. Eq, 7,) and (Rs, Es, 7 )
satisfy the constraints given in (183), the triple (f{a, E., o)
also satisfies the constraints given in (183). Consequently, the
rate-exponent vector (f{),m ELY) is achievable and the region of
achievable rate-exponent vectors is convex. |
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