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Abstract—We study the problem of universal decoding for
unknown discrete memoryless channels in the presence of era-
sure/list option at the decoder, in the random coding regime.
Specifically, we harness a universal version of Forney’s classical
erasure/list decoder developed in earlier studies, which is based
on the competitive minimax methodology, and guarantees uni-
versal achievability of a certain fraction of the optimum random
coding error exponents. In this paper, we derive an exact single-
letter expression for the maximum achievable fraction. Examples
are given in which the maximal achievable fraction is strictly less
than unity, which imply that, in general, there is no universal
erasure/list decoder which achieves the same random coding
error exponents as the optimal decoder for a known channel.
This is in contrast to the situation in ordinary decoding (without
the erasure/list option), where optimum exponents are universally
achievable, as is well known. It is also demonstrated that previous
lower bounds derived for the maximal achievable fraction are not
tight in general. We then analyze a generalized random coding
ensemble which incorporate a training sequence, in conjunction
with a suboptimal practical decoder (‘“plug-in” decoder), which
first estimates the channel using the known training sequence,
and then decodes the remaining symbols of the codeword using
the estimated channel. One of the implications of our results, is
setting the stage for a reasonable criterion of optimal training.
Finally, we compare the performance of the ‘“plug-in” decoder
and the universal decoder, in terms of the achievable error
exponents, and show that the latter is noticeably better than
the former.

Index Terms—Universal decoding, error exponents, erasure/list
decoding, maximum-likelihood decoding, random coding, gener-
alized likelihood ratio test, training sequence, plug-in decoder,
channel uncertainty, competitive minimax.

I. INTRODUCTION

N many practical situations encountered in coded com-

munication systems, the channel over which transmission
takes place is unknown to the receiver. Typically, the optimal
maximum likelihood (ML) decoder depends on the channel
statistics, and therefore its usage is precluded. In such cases,
universal decoders are sought which do not require knowledge
of the actual channel, but still preform well just as if the
channel was known to the decoder. The design of such univer-
sal decoders was extensively addressed for ordinary decoding
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(without the erasure/list option), see, e.g., [1-7], and refer-
ences therein. For example, for unknown discrete memoryless
channels (DMCs), the maximum mutual information (MMI)
decoder [1] is asymptotically optimal for ordinary decoding,
in the sense that it achieves the same random coding error
exponents as the ML decoder. However, for decoders with an
erasure/list option, only partial results exist.

In this paper, we focus on universal erasure/list decoders
proposed and analyzed by Forney for known channels [8].
Erasure/list decoding is especially attractive for unknown
channels, since communicating at any fixed rate, however
small, is inherently problematic, since this fixed rate might be
larger than the unknown capacity of the underlying channel.
It makes sense to try to adapt the coding rate to the channel
conditions, which can be learned on-line at the transmitter
whenever a feedback link from the receiver to the transmitter is
available. A possible approach to handle the problem described
above is the rateless coding methodology, see, for example [9-
14], in which at every time instant the decoder either makes
a decision on one of the transmitted messages or decides to
request an additional symbol via the feedback line. The latter
case can be considered as an “erasure” event for the decoder,
and so universal erasure decoders are required (see discussion
in [15]).

In [4, Chapter 10, Theorem 10.11], Csiszdr and Korner
proposed a family of universal erasure decoders, parametrized
by some real parameter, for DMCs, and analyzed the resulting
error exponents. While this family is in the spirit of the MMI
decoder, it does not achieve the same exponents as Forney’s
optimal erasure/list decoder. More recently, in [16], Moulin has
generalized this family of decoders and proposed a family of
decoders parametrized by a weighting function. An optimal
weighting function was sought which maximizes the total
error exponent of the worst channel in the family, under a
constraint on the worst channel undetected-error exponent (the
worst channel associated with the two exponents might be
different). The decoder was considered universal if the above
mentioned trade-off between the worst case exponents does
not change even if the choice of specific decoder in the family
of allowed decoders can depend on the channel (see [16, Eq.
(3.11)], and the discussion that follows). However, this is a
rather weak criterion, in the sense that the optimal decoder
only depends on the worst case exponents. So, if the family
of channels is rich enough (e.g. includes channels whose
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capacity is lower than the required rate), then the worst case
exponents are simply zero, and any decoder is universal. To
this end, a stronger criterion for universality was proposed,
which states that a decoder is universal if it achieves Forney’s
exponents (for a known channel) for all channels in the family.
In [16, Proposition 5.5], Moulin provided sufficient conditions
under which the decoder of Csiszdr and Korner is universal
in the strong sense. Loosely speaking, it is required that the
total error exponent is small enough for all channels in the
family. These conditions, however, strongly limit the families
of channels for which this decoder is universal.

In [15], Merhav and Feder studied the problem using a
different approach. Specifically, they considered the problem
of universal decoding with an erasure/list option for the
class of DMCs indexed by an unknown parameter 6. They
invoked the competitive minimax methodology proposed in
[17], in order to derive a universal version of Forney’s clas-
sical erasure/list decoder. Recall that for a given DMC with
parameter 6, a given coding rate R, and a given threshold
parameter 7' (all to be formally defined later), Forney’s era-
sure/list decoder optimally trades off between the exponent,
E1(R,T,0), of the probability of total error event, &1, and the
exponent, Fr(R,T,0) = E1(R,T,0) + T, of the probability
of undetected error event, &, for an erasure decoder (or,
average list size for list decoder), in the random coding
regime. The universal erasure/list decoder of [15] guarantees
achievability of an exponent, El(R,T, 6), which is at least
as large as & - Ey(R,T,0) for all §, for some constant
¢ € (0,1] that is independent of 6 (but does depend on R
and T'), and at the same time, an undetected error exponent
for erasure decoder (or, average list size for list decoder)
E>(R,T,0) > €- E1(R,T,0) + T for all 6. At the very least
this guarantees that whenever the probabilities of £ and &;
decay exponentially for a known channel, so they do even
when the channel is unknown, using the proposed universal
decoder. It should be remarked, that the benchmark exponents
in [15] were the classical lower bounds on F;(R,T,6) and
E5(R,T,0) derived by Forney [8].

Clearly, to maximize the guaranteed exponents obtained by
the universal decoder of [15], the maximal £ € [0, 1] such
that the above holds is of interest. This maximal fraction
is the central quantity of this paper and will be denoted
henceforth by £*(R,T). If, for example, £*(R,T) is strictly
less than unity, then it means that there is a major difference
between universal ordinary decoding and universal erasure/list
decoding: while for the former, it is well known that optimum
random coding error exponents are universally achievable (at
least for some classes of channels and certain random coding
distributions), in the latter, when the erasure/list options are
available, this may no longer be the case!. In [15], Merhav
and Feder invoked Gallager’s bounding techniques to analyze
the exponential behavior of upper bounds on the probabilities

'"We could have similarly required that the universal decoder would
achieve an undetected error exponent of EQ(R, T,0) > I E>(R,T,0) for
all 6 € ©, and some e (0,1]. While the numerical value of the maximal
achievable &, say £*(R, T, 0), will be different from £*(R, T, 0), the main
conclusions of the paper will not change. Specifically, £* (R, T, 0) < 1 if and
only if £*(R,T,0) < 1.

&1 and &. Accordingly, a single-letter expression for a lower
bound to £*(R,T) was obtained, which we denote henceforth
by £.(R,T). Since £, (R,T) was merely a lower bound, the
question of achievability of Forney’s erasure/list exponents
was not fully settled in [15]%.

As was previously mentioned, even for a known channel,
only lower bounds for the exponents were obtained by Forney
[8]. More recently, inspired by a statistical-mechanical point of
view on random code ensembles, Somekh-Baruch and Merhav
[18] have found exact expressions for the exponents of the
optimal erasure/list decoder, by assessing the moments of
certain type class enumerators. In this paper, we tackle again
the problem of erasure/list channel decoding using similar
methods, and derive an exact expression for £*(R,T) with
respect to the exact erasure/list exponents of a known channels
found in [18]. Unlike the lower bound of [15], the exact
expression leads to the following conclusions:

1) In general, £*(R,T) is strictly less than 1. Therefore, the
known channel exponents in erasure/list decoding cannot
be achieved universally. In this sense, channel knowl-
edge is crucial for asymptotically optimum erasure/list
decoding. This is in sharp contrast to the situation in or-
dinary decoding (without the erasure/list option), where,
as said, optimum exponents are universally achievable,
e.g., by the MMI decoder.

2) In general, £,(R,T) is strictly less than &*(R,T).
Therefore, the Gallager-style analysis technique in [15]
is not always powerful enough to obtain £*(R,T).

Although the above universal decoder achieves £*(R,T), it
may have a rather high implementation complexity. Usually,
in practical communication systems with channel uncertainty,
a portion of the blocklength is devoted to training which is a
common part of all codewords. A possible practical decoder is
the “plug-in” decoder, which first estimates the channel using
the known training sequence, and then decodes the remaining
symbols of the codeword using the estimated channel from the
first stage. This suboptimal decoder, on the one hand, has a
smaller complexity, and thus can be more easily incorporated
into practical systems, but on the other hand, achieves only
some £°(R,T) < &*(R,T). For this sub-optimal decoder,
we derive its error exponents and a closed-form formula for
&°(R,T), which now depend also on the relative training time
and the type of the sequence. One implication of our results, is
setting the stage for a reasonable criterion of optimal training.
Finally, we show numerically that there is a noticeable loss in
the error exponents incurred by the plug-in decoder compared
to the universal decoder.

The outline of the rest of the paper is as follows. In Section
II, we establish notation conventions, and in Section III we
detail necessary background on erasure/list decoding, both for
known and unknown channels. Then, in Section IV, we present
our main result of an exact expression for £*(R,T), and
discuss the special case of binary symmetric channel (BSC).

2Note that universality in the weak sense in [16] does not guarantee that
&*(R,T) is larger than zero because this weak criterion only considers the
worst case channels. A universal decoder in the stronger sense in [16] does
imply that £*(R,T') = 1, but, as previously mentioned, such universality was
proved only for a restricted families of channels.



We then shed light on the differences between £*(R,T) and
¢r(R,T), along with some numerical results, which illustrate
the main result of this paper. In Section V, we analyze gener-
alized random coding ensembles which incorporates a training
sequence, in conjunction with the suboptimal plug-in decoder
and the universal decoder, and compare its performance with
the universal decoder and the optimal decoder (for known
channel). Finally, in Section VI, we provide proofs for all our
results.

II. NOTATION CONVENTIONS

Throughout this paper, scalar random variables (RVs) will
be denoted by capital letters, their sample values will be
denoted by the respective lower case letters, and their alphabets
will be denoted by the respective calligraphic letters, e.g. X, z,
and X, respectively. A similar convention will apply to random
vectors of dimension n and their sample values, which will be
denoted with the same symbols in the boldface font. The set of
all n-vectors with components taking values in a certain finite
alphabet, will be denoted as the same alphabet superscripted
by n, e.g., X". Generic channels will be usually denoted
by the letters P, ), or W. We shall mainly consider joint
distributions of two RVs (X,Y") over the Cartesian product of
two finite alphabets & and ). For brevity, we will denote any
joint distribution, e.g. Q) xy, simply by @, the marginals will
be denoted by @ x and @)y, and the conditional distributions
will be denoted by Q x|y and Qy|x. The joint distribution
induced by Qx and Qy|x will be denoted by Qx x Qy|x,
and a similar notation will be used when the roles of X and
Y are switched.

The expectation operator will be denoted by IE {-}, and when
we wish to make the dependence on the underlying distribution
@ clear, we denote it by Eg {-}. The entropy of X and the
conditional entropy of X given Y, will be denoted Hx(Q),
Hx |y (Q), respectively, where (Q is the underlying probability
distribution. The mutual information of the joint distribution ¢
will be denoted by I(Q). The divergence (or, Kullback-Liebler
distance) between two probability measures () and P will be
denoted by D(Q||P). For two numbers 0 < ¢,p < 1, D(q||p)
will stand for the divergence between the binary measures
{¢,1—q} and {p,1 —p}.

For a given vector x, let (), denote the empirical distri-
bution, that is, the vector {Qz(z), 2 € X}, where Qg ()
is the relative frequency of the letter x in the vector x. Let
Tp denote the type class associated with P, that is, the set
of all sequences = for which Qm = P. Similarly, for a
pair of vectors (x,y), the empirical joint distribution will be
denoted by wa, or simply by Q, for short. All the previously
defined notations for regular distributions will also be used for
empirical distributions.

The cardinality of a finite set .4 will be denoted by |AJ,
its complement will be denoted by .A°. The probability of an
event £ will be denoted by Pr{£}. The indicator function
of an event £ will be denoted by Z {£}. For two sequences
of positive numbers, {a,} and {b,}, the notation a,, = b,
means that {a, } and {b,} are of the same exponential order,
i.e., n_llogan/bn — 0 as n — oo, where in this paper,

logarithms are defined with respect to (w.r.t.) the natural basis,
that is, log(-) = In(-). Finally, for a real number x, we let
2|t £ max {0, z}.

III. MODEL FORMULATION AND SHORT BACKGROUND
A. Known Channel

Consider a DMC with a finite input alphabet X, finite output
alphabet ), and a matrix of single-letter transition probabilities
{W (ylz), x € X, y € Y}. A rate-R codebook consists of
M = [e"F] length-n codewords ., € X", m =1,2,..., M,
representing the M messages. It will be assumed that all
messages are a-priori equiprobable. We assume the ensemble
of fixed composition random codes of blocklength n, where
each codeword is selected at random, uniformly within a type
class T(Px) for some given random coding distribution Py
over the alphabet X'.

In the following, we give a short description on the op-
eration of the erasure decoder and then the list decoder. A
decoder with an erasure option is a partition of the observation
space Y™ into (M + 1) regions, denoted by {Rm}nj\io. An
erasure decoder works as follows: If y € V" falls into the
mth region, R,,, for m = 1,2,..., M, then a decision is
made in favor of message number m. If y € Ry, then no
decision is made and an erasure is declared. Accordingly, we
shall refer to y € Ro as an erasure event. Given a code
C = {xy,...,xy} and a decoder R £ (Ro,...,Ru), we
define two error events. The event &£; is the event of deciding
on erroneous codeword or making an erasure, and the event
&5 which is the undetected error event, namely, the event of
deciding on erroneous codeword. It is evident that & is the
disjoint union of the erasure event and &£. The probabilities
of all the aforementioned events are given by:

M
Pr{&} = % SN Wylem), (1)

m=1yeRy,

M
Prigl =3 3 Y W), @

m=1YeER,, m'#m

and
Pr {RQ} =Pr {51} —Pr {52} . (3)

A list decoder is a mapping from the space of received
vectors V" into a collection of the subsets of {1,...,M}.
Alternatively, a list decoder is uniquely defined by a set of
M + 1 (not necessarily disjoint) decoding regions {R,,}M_,
such that R,, C Y™ and Ry = Y"\UY_, Rn. Given a
received vector y, the mth codeword belongs to the output
list if y € R,,, and if y does not belong to any of the
regions R, then y € Ry, and an erasure is declared. The
average error probability of a list decoder and a codebook C
is the probability that the actual transmitted codeword does
not belong to the output list, and it is defined similarly to (1).
The average list size is the expected (w.r.t. the output of the
channel) number of erroneous codewords in the output list,
and it is easily verified that it is defined exactly as in (2) (see
[8. Eq. (13))).



Since the error events for the erasure and list decoders are
defined in the same way, they can be treated on the same
footing. Nonetheless, for descriptive purposes, we will refer to
the erasure decoder, but we emphasize that all the following
analysis and results are true also for the list decoder. When
knowledge on the specific DMC is available at the decoder,
Forney has shown in [8], using the Neyman-Pearson method-
ology, that the optimal trade-off between Pr {&;} and Pr {&2}
is attained by the decision regions R* £ (R}, ..., R%,) given

by:
coa). W (ylzm) nT _
R, = {y Zm/;émw(y@m') >e }, m=12,...M,
(4)
and
M
Ry 2 () (RL)" §)
m=1

where T is a parameter, henceforth referred as the threshold,
which controls the balance between the probabilities of &;
and &. When T > 0 the decoder operates in the erasure
mode, and when it is in the list mode then T° < 0. No
other decision rule gives both a lower Pr{&;} and a lower
Pr{&;} than the above choice. Finally, we define the error
exponents E; (R,T), ¢« = 1,2, as the exponents of the
average probabilities of errors Pr{&;} (associated with the
optimal decoder R*), where the average is taken w.r.t. a given
ensemble of the randomly selected codes, that is,

1 _
E;(R,T) 2 —liminf —logPr{&}, i=1,2.  (6)
n—,oo N

An important observation is that Forney’s decision rule for
known DMCs can also be obtained by formulating the follow-
ing optimization problem: Find a decoder R that minimizes
I'(C,R) where

I'(C,R) 2 Pr{&) +e "I Pr{&} (7

—S 3 XY wlea)

m=1 | YeR»m m'#m

+ Z e " TW (y|e.m) 8)
YERS,

for a given codebook C and a given threshold 7'. Indeed, noting
that (8) can be rewritten as

M
PERI = 3 30 | Y Wiglen)T {y € Ra}

yeyn m=1 | m’'#m

+e " TW(ylzm)I{y € RS}, 9)

it is evident that for each m, the bracketed expression is
minimized by R, as defined above. By taking the ensemble
average, we have

E{I'(C,R")} 2Pr{&}+e " Pr{&}.  (10)

In [18], it was stated (without a proof) that, in the exponential
scale, there is a balance between the two terms at the right
hand side of (10), namely, the exponent of Pr {&>} equals to
the exponent of e "TPr{&;}, for the optimal decoder R*.
We rigorously assert this property in the following lemma, the
proof of which appears in Appendix A.

Lemma 1 For all R and T, the optimal decoder R* satisfies:
Ey (R, T)=T+ FE1 (R,T). (11)

The significance of Lemma 1 is attributed to the fact that
now we only need to assess the exponential behavior of either
Pr{&}, or, Pr{&}, but not both. As was mentioned in
the Introduction, in [18], Somekh-Baruch and Merhav have
obtained exact single-letter formulas for the error exponents
E1(R,T) and E>(R,T) associated with Pr {&;} and Pr {&},
respectively. Specifically, they show, that for the ensemble of

fixed composition codes [18, Theorem 1]34:
Ei(R,T) = min {E,(R.T), By(R.T)},  (12)
where
Eo(R,T)2 min [D(@QI[Px x W)+ I(Q) —R| (13)
(Q,Q)eQ
and
Ey(R,T) £ min D(Q||Px x W) (14)
QeL
where Q is a probability distribution on X x ), and
02{(Q.Q)eD: 1@ >R AQQ) <0}, ()
Dé{(Q,Q)i Qx = Qx = Px, QY:QY}a (16)

Q(Q,Q) 2 Eglog W (Y|X) —Eqlog W(Y|X) — T, (17)

and

LA {Q: EslogW(Y|X) < R+T

+ max

i []EglogW(YlX)—I(Q)]}- (18)
Q(Q.QED: I(Q<R

As a special case, we shall consider in the sequel the
problem of universal erasure/list decoding for the BSC, and
to this end, we will use the exact expression of Eq(R,T).
Accordingly, for the BSC with crossover probability 6, it was
shown that [18, Corollary 2]

Eigsc(R,T) = min {E, gsc(R,T), Epssc(R,T)}, (19)

where

E.psc(R,T) 21og2 — R

3In [18], each codeword in the codebook was drawn independently of
all other codewords, and its symbols were drawn from an independent and
identically (i.i.d.) distribution (identical for all the codewords). Nonetheless,
the modification to the ensemble of fixed composition codes is straightforward.

4We note that there is an error at the end of the proof of Theorem 1 in
[18], where it was claimed that min {E, (R, T), Ey(R,T)} = Eqo(R,T),
which may not be true in general. The correct expression is as in (12).



wip paio-n(i+3)] o

n
Gel8.6cv (R)—T/8) B

and

Eb,BSC(RaT) £ mjn D ((j”@), (21)

GE€Lpsc
where 3(0) = log[(1 —6)/6], and dgv(R) denote the nor-
malized Gilbert-Varshamov (GV) distance, i.e., the smaller
solution, 4, to the equation

h(5) =log2 — R, (22)

A

where h(d) = —dlogd—(1—9) log(1—4) is the binary entropy
function, and

ﬁBSCé{Qi—Q'ﬁ(e)SR"‘T

+ max
q: R>log 2—h(q)

=g~ B(6) + h(q) log 21} @)

B. Unknown Channel

We now move on to the case of an unknown channel.
Consider a family of DMCs

We £ {(Wy (y|z), z€ X,y Y, 00}, (24

with a finite input alphabet &, a finite output alphabet ), and
a matrix of single-letter transition probabilities {Wy (y|z)},
where 6 is a parameter, or the index of the channel in the
class, taking values in some set ©, which may be countable
or uncountable. For example, § may represent the set of all
|X] - (Y] — 1) single-letter transition probabilities that define
the DMC with the given input and output alphabets. In our
problem, the channel is unknown to the receiver designer, and
the designer only knows that the channel belongs to the family
of channels Weg, that is, 6 itself is unknown.

When the channel is unknown, the competitive minimax
methodology, proposed and developed in [15], proves useful.
Specifically, let Ty (C,R) in (7) designate the above defined
Lagrangian, where we now emphasize the dependence on the
index of the channel, §. Similarly, henceforth we shall denote
the error exponents in (6) by F1(R,T,6) and Ex(R,T,0).
Also, let Ty £ E {ming I'y (C,R)}, which is the ensemble
average of the minimum of the above Lagrangian (achieved by
Forney’s optimum decision rule) w.r.t. the channel Wy (y|x),
for a given 6. Note that by Lemma 1, the exponential order of
f; is e MEVRTOT) A competitive minimax decision rule
‘R is one that achieves

'y (C,R)

m%n Ieneaé( f‘(’; , 25)
which is asymptotically equivalent to
r
min max 0(C,R) (26)

R 0e0 e—nlE1(RT,0)+T]"

However, as discussed in [15], such a minimax criterion,
of competing with the optimum performance, may be too
ambitious, and the value of the minimization problem in (26)
may diverge to infinity for every R, as n — oco. A possible
remedy for this situation is to compete with only a fraction

£ €[0,1] of Ey (R, T,0), which we would like to choose as
large as possible. To wit, we are interested in the competitive
minimax criterion

K,(C) = m%n K,(C,R), (27)
in which

o FG(Cv R)
Kn(C,R) = e TR EE (R T, +T)

(28)
Accordingly, for a given rate R and threshold 7, we wish to
find £*(R,T), defined as:

& (R, T) £ sup {g €[0,1] : limsup 1 log K, < o} . (29)

n—oo N
that is, the largest value of § such that the ensemble average
K, 2E{K,(C)} would not grow exponentially fast.

In [15], the following universal decoding metric was defined

f@ny) 2 max { "R EBTOTIW, (yl2,) b (G0)

and a universal erasure/list decoder was proposed which has
the following decision regions

5 f(mmvy) T
R 24y >e™ sy, m=1,2,...M,
{ Zm’;ﬁm f(mm,7y)
(€29
and
A A4 A
Ro 2 [ Riy (32)
m=1

The property that makes R A& (7@0, Ri,... ,7@1\4) interesting
is that it was shown in [15], that it is asymptotically optimal,
i.e., for any given &, K,,(C, 7@) may only be sub-exponentially
larger than K,,(C). Thus, the largest ¢ such that K, is sub-
exponential is also attained by . Hence, in order to find the
largest achievable &, we would like to evaluate exactly the
exponential order of E[K,(C,R)], as a function of &.
We conclude this section with a few remarks:

1) Note that the results in this paper can be generalized
to other random coding ensembles which assign equal
probabilities within every type class (for more details see
[15, Section V]). For conceptual simplicity, we confine
attention to fixed-composition random coding.

2) We have assumed that the input distribution Px is
fixed, and so the dependence of £*(R,T) in Px was
omitted. While, in essence, the input distribution may
be optimized to maximize {*(R,T,Px) over some
set of input distributions (where, for the moment, we
make the dependence in Px explicit), the meaning of
the resulting maximal value should be examined very
carefully. Specifically, if we maximize over the entire
simplex, the resulting maxp, £*(R,T, Px) is simply
1, which is achieved, trivially and uninterestingly, by
any input assignment that puts all its mass on a single
codeword. Of course the resultant communication sys-
tem is completely useless. The point is that the minimax
criterion is relative (competitive minimax), i.e., it looks
at the difference between the ML exponent and the best
universally achievable exponent, allowing (among other



things) both exponents to be poor. It seems that any other
conceivable approach for universality will also suffer
from a difficulty to define a reasonable criterion for a
good choice of Px.

3) For T = 0 it can be shown that the exponent (12)
coincides with the ordinary random coding exponent.
Since the MMI is a universal decoder which achieves
the random coding exponent, then clearly any optimal
erasure/list universal decoder may only have better ex-
ponents, and therefore £*(R,0) = 1.

IV. RESULTS

In this section, our results are presented and discussed.
Proofs are relegated to Section VI.

A. Exact formula for the largest achievable fraction

We start with a few definitions. Let
A\ A
G(Ra T7 57 Q) - I;lea,(—))( {gEl (Ra T7 9) + T
+Eg log Wg(Y|X)} . (33)

Q(Ra T7 57 Qu Q) é G(Ra T7 57 Q) - G(Ra T7 57 Q) - Ta
(34)

where F4 (R, T,0) is given in (12). Finally, let
02{(@.QeD: 1(Q) > R QRT.£Q.Q) <0}
(35)

and

= {Q:G(R,T,g,@) <R+T

_max
Q:(Q,Q)ED, I(Q)<R

where D is defined in (16).

Theorem 1 Consider the ensemble of fixed composition codes
of type T(Px). Then, for any given T € R and R > 0,
&*(R,T), defined in (29), is equal to the largest number &
that simultaneously satisfies:

glea(—))( {gEl (Ra T7 9) -

min

Jun {D@IIPx x W) +1(Q) - R}} <0, (37

and

max {§E1 (R,T,0) — min D(Q||Px x W@)} <0. (393
4SS QecL

Notice that in order to find {*(R,T) one can perform a
simple line search over the interval [0, 1] using the condition
in Theorem 1. Alternatively, in the following corollary, we also
propose an analytical single-letter expression for £*(R,T)).

Corollary 1 Let G(Qy) 2 {Q: I(Q) < R, Qy = Qy}, and
define (39)-(42), shown at the top of the next page, where in
the optimizations @ x = Qx = Px. Then,
(R, T)=min{& (R, T),& (R, T)}. (43)
For the special case of the BSC, one can simplify the above
minimization problems over the joint distributions (Q,Q),
and obtain instead a one-dimensional minimization problem.
Indeed, consider the family of BSCs where the unknown

crossover probability 6 belongs to © = [0, 1]. Recall that (c.f.
end of Subsection III-A) 3(0) = log [(1 — 6)/6]. Define

a EEL(R,T,0) +log(1—0) +T

0
o) 30)
 maxg {SB) (R.T,0') +log(1 - ) - B(8') - @)
B(6)
(44)
and
= 912211;(2 0), (45)
* A :
R o
Finally, let
v o a |log2, ifgf >1/2, or, ¢35 <1/2,
9(ar,a3) = .
max {h (¢7),h(g3)}, otherwise
47)

and

Cosc 2 {d+ gua, [CFA(RT.0) ~ 7-6(6) +Iog] < R
+ T+ Bax [EEL(R,T,0) — max {0, dgv(R)} - B(0)

+log 6 + h(max {6, dgv(R)}) — log 2] } . (48)

We have the following result.

Corollary 2 Consider a family of BSCs, where the unknown
crossover probability 6 belongs to © = [0, 1], and with fixed
composition codes of type Px = (1/2,1/2). Then, {*(R,T)
is equal to the largest number ¢ that simultaneously satisfies:

max
0<6<1

{f - E18sc(R,T,0)
~nin [D(d16) + |- af.a5) +1og2 ~ 7] } <0, 49
and

max
0<6<1

{f . EI,BSC(R7 T, 9) — qmin D ((j”@)} S 0, (50)

€Lpsc

where Eq psc(R,T,0) is given in (19).



D(Q[Px x Wg) + 1(Q) —

R+ /\EQ~ [log Wy, (Y|X)] —

XEq [log Wa, (V]X)] = AT

(R, T,Q,Q,0,61,05,\) £
gl(Rv anQa s V1, 27)\) El(RTe) )\El(RT91)+)\E1(RT92) ) (39)
& (R,T) = Iglelél . Q)GDleDEQC(Qy)I}\lgé( 511126% 62161% {1(R T,Q,Q.0,61,62,)), (40)
Px x W, —I—)\E logWy, (Y|X)] — AEqg [logWy, (Y|X)| —A[R+T -1
E(R.T.Q.0.0.6:. 05, \) 2 D(Q||IPx x W) [log W, (Y[X)] Q [log We, (Y|X)] = A (Q)]7 a1
E, (R T.0) — AEy (R, T,0,) + \Ey (R, T, 0)

* A . .
& (R, T) = glélélmcénril;%( grllgg Qerél(lgy)g?é% §2(R T,Q,Q,0,01,0s, A), (42)
B. Discussion and Comparison with Previous Results For any given (6,0") € ©2, and  (s,p),
U(R,T,0,0',0",Q,Q,p,s,§) is convex in’ (Q,Q), and

While in this work we have derived the exact maximal
achievable £*(R, T for fixed composition coding of type Py,
in [15, Theorem 2], Merhav and Feder have obtained the
following lower bound [15, Theorem 2]:

E6,0",s,p) — pR — sT
(0,0me02 0<s5p<1 (1 — 8)E1(R, T,0) + sE1(R, T, 0")
(5D
where
E(e, é, S’ p) é
min [F(Qy,1—s,0) + pF(Qy,s/p,6") = HQy)] (52)
and
F(Qle_Sae) £
min 1(Q) — AEglog Wy (Y| X)]. (53)

Qxpy: (Qy XQX\Y)X:PX

Before we continue, we remark that in [15], Forney’s lower
bound on E;(R,T,0) was used instead of its exact value as
derived in [18], but for the sake of comparison any exponent
can be used, and specifically, the exact exponent. Now, note
that an alternative (equivalent) representation of £;,(R,T) in
(51) is that it is given by the largest £ such that for any pair
(0,0") € ©2

max  E(0,0",s,p) —

0<s<p<1

pR—sT —&[(1 - s)Ev(R,T,0)

+sEL(R,T,0")]) >0.  (54)

Straightforward algebraic manipulations show that the last
inequality can be rewritten as

max min U(R,T,6,0,0",Q,Q,p,s) >0

(35)
0<s<p<1 (@, Q)GD

where

\IJ(R7 T7979I79”7Q7Q7p7 875) £ D(QHPX X W@)
+p[I(Q) = Rl + s+ |Eglog Wo (Y|X) + £E1 (R, T, 0")

—EglogWyn (Y|X) — EEV(R,T,0") —T| — EE1(R, T, 0).

(56)

for a given (@, @), it is linear (and hence concave) in (s, p) .
Thus, the minimax theorem implies that (55) is equivalent to

"
>
o, 9,,)692 (Q%I)Iépogg;;l‘lf(R T.0,6,6%,Q,Q.p,5,8) 2 0.
(57)

On the other hand, the exact value of £*(R,T) in Theorem 1 is
determined by the two conditions (37)-(38). In what follows,
we shall concentrate on the first condition in (37), as this
condition can be compared to (57). Thus, let us focus on the
case in which the condition in (37) is more stringent than
the condition in (38). Then, according to (37), a fraction £ is
achievable if

min min D(Q||PXXW9)+I(Q)—

R_é.El(RvTa 9) > 0
9€9 (Q,Q)eD

~ (58)
where the minimum over (@, Q) is such that I(Q)) > R and
QR,T,¢,Q,Q) < 0. Now, the optimization problem in (58)
is equivalent to

min min maxmax
0co (Q,Q)ED p'>0 s>0

+(1- ) 1(Q) — Bl + sQR.T.6,Q,Q)| 20, (59)

[D(@IIPx x Wy) ~ €By(R, T, 6)

or by letting p = 1 — p’ we get

MR Join maxmex [D(Q”PX x W) +p[1(Q) — R]

+SQ(R7 TaéanQ) _gEl(Rv Ta 9):| > Oa (60)
which is equivalent to

min min maxmaxmax
0cO (Q,Q)GD p<1l s>0 6’€©

min W(R7 T7070/70N7Q7Q7p7 875) Z O

1
0"€© 1)

Moreover, for a given (6, Q,Q), we may write

¥(R,T,0,0",0"
e e e @.2.0:0)

/ 1
= gl e g, e W(R,T,6,68,6%,0,Q,5,5,0)
(62)

5The input distributions of both Q and (2 are assumed fixed to Px,
and we are essentially only optimizing over the conditional distributions

(Qyx,Qy|x)-



because under the constraint s > 0, the inner minimization
over #” € © does not depend on the value of (p,s,8): it
is simply the §” € © which maximizes Eg log Wy (Y| X) +
EE1(R,T,0") 6. Thus, the resulting condition is

min min max max
(0,0")€02 (Q,Q)eD 0<p<1 520

max W(R,T,0,0',0",Q, Q. p,5,6) > 0. (63)
e

By comparing the condition in (63) to the condition of the
lower bound of [15] in (57), the following differences are
observed:

1) In (57) an additional constraint s < p is imposed.

2) In (57) a sub-optimal choice of § = 6 is imposed.
Accordingly, these differences may cause the value of the
minimax in (57) to be lower than the value of the optimiza-
tion problem in (63), which results in a lower achievable
& compared to £*(R,T), as one should expect. Next, we
provide two examples, where in the first one these differences
are immaterial, and in the second one they do matter. The
former happens when the optimal solution in (63), denoted by
(0*,0"*,Q*,Q*, p*, s*), satisfies s* < p*, and the maximizer
of E5. logWo/ (Y|X) + {L(R,T) - Er(R,T,0') is given by
0*. Accordingly, in this case, the value of (63) equals to
(57). Since, in addition, in this example, the condition in
(37) is more stringent than the condition in (38), we obtain
& (R,T) = &.(R,T). The conclusion that stems from this
observation is that, in this case, the analysis in [15] is tight.

Example I In [15], a family of BSCs was considered where
0 € © designates the cross-over probability of the BSC, and
6 ={0,1/100,2/100,...,1}. The values of & (R,T) were
computed for various values of R and 7. It was assumed
that 7' > 0, which means that the decoder operates in the
erasure mode. Numerical calculations of the bound derived in
this work (and the exact formula), result in exactly the same
values as given in [15, Table 1], and so in all these cases,
the analysis of [15] was sufficient to provide tight results.
For example, for (R,T) = (0.05,0.15), and codebook type
Px =(1/2,1/2), we obtain £, (R, T) = 0.495. Also, the two
worst case channels (i.e., the solutions to (63)) are #* = 0.18
and 6"* = 0.22 while 8™ = 6* and p* = 0.36 > s* = 0.185.
So, since s* < p* and §”* = #*, the discussion above implies
that a tight result is obtained, that is, £*(R,T) = £.(R,T) =
0.495. Thus, in the worst case over all § € ©, the exponent
E1(R,T,0) is not less than 0.495 - Ey (R, T,6).

Since £*(R,T) < 1 for some R and T, we arrive at the
following conclusion: In general, in the random coding regime
of erasure/list decoding, there is no universal decoder which
achieves the same error exponent as Forney’s decoder for
every channel in the class. This fact is in contrast to ordinary
decoding, in which the MMI decoder achieves the exact same
error exponent as the ML decoder. In this sense, knowledge of

STf for a given real function f(u,v) the minimizer v* w.r.t. v does not
depend on wu, then maxy,ecy mingey f(u,v) = maxyey f(u,v*) >
min,cy maxyey f(u,v), and the minimax inequality  results
maxy ey Mingey f(u,v) = min,ecy maxyey f(u,v), assuming that
U and V are two independent sets (i.e., rectangular).

the channel is crucial when erasure/list options are allowed.
The possible difficulty of universalizing an erasure decoder
is apparent for the BSC: While for ordinary decoding, the
optimal detector depends only on whether § < 1/2o0r 6 > 1/2
(i.e., minimum distance versus maximum distance decoders,
respectively), and thus rather easy to universalize, the optimal
erasure decoder depends on the exact value of 6.

Nonetheless, in general, we might have that £, (R,T) is
strictly less than £*(R,T). Again, assume that the condition
in (37) dominates £*(R,T'). To provide intuition, notice that
in (63) triplets (0,0',0") € ©3 are optimized, in contrast to
(57), where only pairs of channels (0, 0") € ©? are optimized.
Thus, for a family of only two channels, namely, |©| = 2,
typically (but not necessarily) the second difference above,
of imposing the constraint #’ = 6, is immaterial. Then, the
only difference between the conditions in (57) and (63) is the
constraint s < p. Let us assume that this is indeed the case,
and let us notice that s can be thought as a Lagrange multiplier
for the constraint

]EQ 10g Wa/ (Y|X) + §E1 (R, T, 9/) - EQ 10g W‘g// (Y|X)
—€¢B (R, T,0")—T <0. (64)

Now, if the constraint, at the optimal solution, is slack, then
the optimal Lagrange multiplier is s* = 0. In this case, the
constraint s < p is immaterial and so (57) and (63) are
exactly the same. However, as we shall see in the sequel, it
is possible that s* > p* in (63), and then the values of the
objective in (57) and (63) are different. Observing (64), it is
apparent that as T' decreases, and especially in the list mode
of T' < 0, the optimal s* of (63) increases, perhaps beyond the
optimal p*. Thus, if both s* > p* and the condition in (37)
dominates £*(R,T), we get that (R, T) < £*(R,T). The
following example provides such a simple case. We remark,
that such a phenomenon was already observed in a Slepian-
Wolf erasure/list decoding scenario, for a known source [19].
There too, in the list regime of 7' < 0, there is a gap between
the Forney-style bound and the exact random binning error
exponents.

Example 2 Consider a family of two BSCs, where © =
{0.1,0.15}, and a type Px = (1/2,1/2) for the random fixed
composition codebook. We take (R,T) = (0.4, —0.25), and
since T < 0, the decoder operates in the list mode. We obtain
that £7,(R,T") = 0.716 which is strictly less than £*(R,T') =
0.727. In the optimization problem (57), the optimal values are
p* = s* = 0.231, while if the constraint s < p is relaxed, then
the optimal values are s = 0.231 > p = 0.217. The resulting
value of the optimization problem is exactly 0.727, just as
&*(R,T). Moreover, for this example, the largest achievable &
which satisfies condition (37) is the same for condition (38).
While the difference between &1, (R,T') and £*(R,T) is not
very large, it is nevertheless existent and in more intricate
scenarios, the differences might be more significant.

V. DECODING WITH TRAINING

Usually, in practical communication systems with channel
uncertainty, a portion of the blocklength is devoted to a



training sequence which is common to all codewords. This
sequence is aimed for learning the unknown channel. In this
section, we will first define random coding ensembles which
incorporate a training sequence. Then, we shall propose and
compare two decoders for this scenario: the (asymptotically
optimal) universal decoder in (31), and a “plug-in” decoder,
which first estimates the channel using the training sequence,
and then decodes the remaining symbols of the codeword using
the estimated channel.

A. Definition of training ensembles

For reasons that will be clear in the sequel, we consider two
variants of an ensemble which incorporate a training sequence.
In the first ensemble, we fix a portion” o € [0,1) of the
blocklength n. Then, a training sequence® & € X" is chosen’
within type Px, and M = e™® codewords &,, € X1~
m=1,2,..., M, are selected at random, uniformly within a
type class T (Px) for some given random coding distribution
Px over the alphabet X'. The transmitted codewords are then
the concatenations x,, = (&, &,,) for 1 < m < M. In the
second ensemble, the blocklength of M = e codewords
T, € X", m=1,2,..., M, remains n, but the codewords
are prefixed with a training sequence of length (Sn, where
B > 0. The later ensemble leads of course to a reduction of
the effective rate to Resr = R/(1 + (). Since the channel is a
DMC, it can be easily verified that only the type of the training
sequence Py will affect performance, but not the particular
sequence within the type class 7 (Px). Evidently, when o = 0
or = 0, we revert to the ordinary random coding ensemble.
Finally, it is important to emphasize that there is an inherent
trade-off in using training (i.e., taking « > 0 or S > O):
learning time comes at the expense of effective blocklength
and vice-versa.

B. Universal decoder

Whenever £*(R,T') < 1, one can hope to improve £*(R,T')
by using the training ensemble!® defined above with o > 0,
along with the asymptotically optimal decoder in (31). That
is, even though the first an symbols are the same for all
codewords, the decoder computes the metric f(x,,y) for
the entire codeword. With a slight abuse of notation, we
may denote the maximal fraction achieved by this decoder as
& (R,T,a, Px), for a € [0,1), and then o = 0 corresponds
to the ordinary fixed-composition ensemble, considered in
Subsection IV-A. The methods used to prove Theorem 1, can
be generalized to obtain ¢*(R,T,a, Px), and in Appendix

7As discussed in [7, Appendix I], achieving the random coding error
exponent when using a plug-in decoder with a training sequence of length
ann such that o, — 0 is not possible, even for ordinary decoding. In a
nutshell, the error exponent of the plug-in decoder is not degraded by the
estimation error of the channel only when the length of the training sequence
is a linear function of n. For this reason, we consider a training sequence of
length an, where « is a constant fraction.

8Henceforth, over-bar will indicate quantities which are related to the
training part.

9For brevity, integer constraints will be omitted.

107n this subsection, we will describe our results only for the first ensemble
(defined by «), but similar results can be readily derived for the second
ensemble (defined by ).

B, a closed-form formula for £*(R, T, «, Px), with a proof
outline, are provided. Nonetheless, we suspect that, in fact,
(R, T,a, Px) cannot be improved in this way, namely,
choosing o = 0 is optimal.

To gain intuition for the explanation of this phenomena,
we focus on two codewords only, ; and 2, of length
(I — a)n. In ordinary decoding for a known channel, the
decision on the decoded codeword is made only on the basis
of the order between the likelihoods of both codewords, i.e.,
Wo(g|Z1) S Wy(g|Z2). On the other hand, in erasure/list
decoding for a known channel, the actual likelihood values
are of importance due to the multiplication of the competing
likelihood by e(!=)"T" (recall that, for example, the first code-
word is selected only if Wy (§|Z1) > e =T . Wy(g|&E2)).
Now, if a common prefix (training sequence) is added to
both codewords (and transmitted over the channel), clearly
the likelihood of the first part Wy(y|Z) is the same for both
codewords. Let the combined codewords be &1 = (Z, &) and
2 = (&, &), and the combined channel outputbe y = (g, ).
Then, while the order between the combined likelihoods is
preserved Wy(y|z1) S Wy(y|x2), as the blocklength is now
n and not (1 — a)n, the ratio between the values of the two
likelihoods (or its inverse), now has to exceed e"”, rather
than the smaller value of e(1=®)"T" 5o that erasure will not be
decided.

This occurs also in the case of an unknown channel, namely,
for the universal decoder in (31), and in the extreme cases for
which « is close to 1, it may happen that only erasures are
decided, which leads to a zero total error exponent. For small
and moderate values of « the total error exponent may not be
zero, but is still nonetheless worse than the exponent achieved
with o = 0. For the family of BSCs in Example 1, we have
numerically verified that « = 0 for all rates and thresholds.
We conjecture that this holds for more general families of
channels.

C. Plug-in decoder

A possible practical decoder (termed “plug-in” decoder),
for the training ensembles defined, works in two stages: First,
the decoder estimates the channel using the known training
sequence, and then uses this estimated channel in place of
the true (unknown) channel in using Forney’s decoder (4)-(5),
for the remaining symbols of the codeword. This sub-optimal
decoder, and the competitive minimax decoder in (31), are two
extremes. Indeed, the decoder in (31) achieves £*(R,T') but
may have rather high implementation complexity. The plug-in
decoder, on the one hand, has smaller complexity, and thus can
be more easily incorporated into practical systems'!, but on
the other hand, achieves only some £¢(R,T) < £*(R,T) (to
be rigorously defined in the sequel). Therefore, if £¢(R,T) <
&*(R,T) then there is substantial motivation to use the more
complex decoder (31). If, however, £¢(R,T) ~ £*(R,T) then
the plug-in decoder is sufficient to almost achieves the optimal
performance, while still keeping a reasonable implementation

1Tt e g., the code has some structure and the decoder for a known channel
can be implemented for any 6 € ©, then the plug-in decoder for an unknown
channel only requires an additional estimation step.



complexity. In this subsection, we analyze the competitive
minimax performance of the plug-in decoder.

As mentioned above, the training part, &, shall be used by
the decoder to estimate the channel (this is the first stage). Let
us split the output vector y into two parts (y,y), where the
first part corresponds to the training. The channel estimator is
a function (Q) € ©, where Q = Q@g. Then, in the second
stage, optimal decoding (for a known channel) is employed
for the remaining symbols of the codeword, assuming that the
channel is Wé(Q). Let us denote this plug-in decoder by R°,
and its associated exponents by Ef(R,T,0, ), for i = 1,2
for the first ensemble, and Ef(R, T,6,3) for the second
ensemble. To analyze these exponents let E" (R, T, 0, 9) for
1 = 1,2, designate the error exponents associated with the op-
timal decoder for a known channel, when tuned to the channel
Wé o)’ but used over the channel Wy (i.e., mismatched de-
coder), for the ordinary fixed-composition ensemble (without
training). Then, a routine method of types argument reveals
that

Ef(R,T,0,0) = min _
Q: Qx=Px
+(1-a) EM(RT,0,0Q)}, (©65)
E{(R.T,0,8)= min {8-D(QIIPx x W)

Q: Qx=Px

{a-D (QI|Px x Wp)

+E(R,T,0,0@Q)},  (66)

for i = 1,2. Now, E{”(R,T,H,é) can be obtained by
simply replacing every instance of Eglog Wy(Y'|X), which
represent the log-likelihoods assuming the correct channel,
with the mismatched log-likelihoods Eqlog Wy, (Y]X) in
the exponent expressions of [18, Theorem 1 and Theorem
2]'2. Note, however, that since a mismatched decoder is,
in general, sub-optimal, Lemma 1 cannot be used, and the
equality EJ*(R,T,0,0) = E"(R,T,0,0) + T may not nec-
essarily hold. Thus, in the mismatched case, the expression
for ET"(R,T,0,0) (see, [18, Theorem 2]) must be used,
along with the above replacement (to obtain E3"(R,T, 6, é)).
It should be stressed, however, that the expression for
EP(R,T,0,0) in [18, Theorem 2] is valid only for the erasure
mode'?, ie., T > 0, which shall be assumed henceforth.
Finally, as can be seen from the above expressions, we need
to define/find the estimator é(@) If, e.g., © is the family of
all DMCs, with input alphabet X' and output alphabet ), then
the maximum likelihood estimator can be used, which in this
case, is just the parameter 6 which corresponds to Qy| x Where
Q= Q@g. A different example is the family of all BSCs, and

12As mentioned before, in [18] the i.i.d. ensemble was assumed. The
modification to the fixed-composition ensemble is straightforward, and only
requires removing the D(Q x || Px) terms.

13In general, the undetected error probability event (pertaining to the error
exponent E2), is more difficult to analyze than the total error event (pertaining
to the error exponent F7), and in [18], E2 was only analyzed for the erasure
regime. The difficulty stems from the fact that the analysis in [18] is possible
only for disjoint decoding regions, which is not the case in the list regime.
Unfortunately, a direct analysis (namely, without relying on the relation Fp =
FE1 + T, which might be wrong for the plug-in decoder) of the undetected
error exponent in the list regime is much more challenging.
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in this case the maximum likelihood (ML) estimator is simply
Qay(X #Y).

At this point, we can we can use the definition of the
competitive criterion K,(C,R¢) in (28), and define K¢ =
E{K, (C,R°)}, where the expectation is w.r.t. the first training
ensemble defined above. As before, for a given rate R and
threshold 7', we will be interested in the maximal achievable
& such that

_ . 1 _
(R, T, a, Px) = sup {§ € [0,1] : limsup - log K < O} .
n—oo
(67)

The above definition sets the stage for a reasonable criterion
of optimal training, which includes both the relative training
time and the optimal (type of the) training sequence. In other
words, the training fraction « and training type Px can be
optimized to obtain,

€(R,T) 2 max max(¢(R,T,a, Px). (68)
0<a<l py

Contrary to the universal decoder considered in the previous
subsections, here, we can easily extract SE(R,T,a,PX), as
it appears only in the denominator of (28). Indeed, letting
E¢(R,T,0), for i = 1,2, be the error exponents associated
with the plug-in decoder R®, and the training ensemble defined
above, using (28) and (67), it is easy to verify that (69)-(71),
shown at the top of the next page, hold. Similar results can be
obtained for the second training ensemble. Note that for the
second ensemble ¢ should be monotonically increasing with
0, because the more we train the plug-in decoder, the better
we compete with the informed decoder. Accordingly, when
B8 — oo the plug-in decoder actually knows the channel, so
the maximal ¢ should be trivially one, but R is zero. In
between these two extremes, we get the entire spectrum of
trade-offs between the maximal £ and Re.

D. Numerical examples

Consider the setting of Example 1, in which a family of
BSCs is studied where § € ©O designates the cross-over
probability of the BSC, and © = {0,1/100,2/100,...,1}.
Due to the symmetry of the channels, we take Py = Py =
(1/2,1/2). The plug-in decoder employs the ML estimator in
the initial estimation stage to estimate the unknown crossover
probability.

For a given rate R and threshold 7" we will plot the error
exponent achieved for any given § € © by the various
decoders. In light of the discussion in Subsection V-B, for both
the optimal decoder for a known channel and the universal
decoder (31), we will assume that there is no training, i.e.,
a = 0 (or, 8 = 0). From the proof of Theorem 1, it is evident
that the exponents achieved by the universal decoder (31) are
given by

EY(R,T,0) £ min { min D(Q||Px x Wp),
QeL

min

i {D@IIPx x W) +1(Q) - R}} . (2)
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Fig. 1. Comparison of the error exponents achieved by the optimal decoder
for known channel, universal decoder, and the plug-in decoder, as a function
of , for R=T = 0.1, £*(R,T) = 0.66, and using the first ensemble with
a = 0.25.

and E3¥(R,T,0) = E{(R,T,0) + T, due to Lemma 2 (see,
Appendix A). To evaluate (72), in every instance of ¢ (e.g.,
(33)), we substitute £*(R,T') which was already calculated in
Example 1. Finally, the exponents of the plug-in decoder are
given in (65) and (66), for the two ensembles, respectively.
In our simulations, we choose R = T = 0.1, for which
&*(R,T) = 0.66, and we use o = 0.25, which turns out to be
the (approximately) optimal length of the training sequence,
for all § € ©. Fig. 1 compares the error exponents achieved by
the various decoders (i.e., optimal decoder for known channel,
universal decoder, and plug-in decoder), as a function of 6,
using the first ensemble (defined via «) for the plug-in decoder.
It can be seen that there is a noticeable loss in using the plug-in
decoder compared to the universal decoder. Fig. 2 compares
the error exponents achieved by the various decoders, as a
function of 6, using the second ensemble (defined via 3) for
the plug-in decoder, using two values of 5. From this figure, it
can be seen that for 5 = 0.32 the performance of the plug-in
decoder are close to the universal decoder, and for g = 0.5
the performance are fairly close to the known channel decoder.
Recall, however, that the price in using § = 0.32 and 3 = 0.5
is an effective rate of Ref = 0.76 - R and Rer = (2/3) - R,
respectively.

Remark 1 Remarkably, in our numerical calculations we get
that ¢°(R,T) = 0 (defined in (68)), for all R > 0 and

0.06 0.0 ) 01

Fig. 2. Comparison of the error exponents achieved by the optimal decoder
for known channel, universal decoder, and the plug-in decoder, as a function
of 0, for R=T = 0.1, £*(R,T) = 0.66, and using the second ensemble
with 5 = 0.32,0.5.

T > 0. This result may be attributed to the fact that our
competitive criterion implicitly assumes that the difference
between the total error exponent and the undetected error
exponent is 1" (and rightfully, as this is true for both the
optimal decoder in the case of a known channel, and for
the asymptotically optimal decoder in the case of unknown
channel). However, this is not necessarily true for the plug-in
decoder, and FE5(R,T,0) maybe less than E§(R,T.,6) + T,
and so the undetected error exponent of the plug-in decoder
poorly competes with £ - E1 (R, T, 0) 4+ T (recall the definition
in (26)). For this example, no value of a has produced
ES(R,T,0) > T uniformly over § € © and this resulted
in the zero values £°(R,T) (recall (71)). So, even in this
relatively simple example, using a plug-in decoder will cause
a significant loss in error exponents. In light of this result, a
less pessimistic criterion, could be

. ' (C,R)
min max . m—
R 06 ,—n[EEi(R,T.0)+ET]

(73)

where now T is also multiplied by £. A fraction ¢ achieved
under this criterion implies that the plug-in decoder simulta-
neously achieves exponents of E§(R,T,0) > ¢- E1(R,T,0)
and E§(R,T,0) > & - Eo(R,T,0) = ¢ - (E1(R,T,0) +T)
for all § € ©. The analysis of the maximal achievable fraction

&(R,T) that pertains to (73) is the same as for {°(R,T) under
the original criterion. Of course, this alternative criterion will



lead to different numerical values for £¢(R,T) (specifically,
positive values for T" > 0).

VI. PROOFS

In the following, for simplicity of notations, we omit the
dependency of the various quantities on R, 7', and &, as they
remain constants along the proofs, e.g., Q(R,T,¢&, Q, Q) will
be replaced with Q(Q, Q).

Proof of Theorem 1: We analyze the total error term,
following the steps of [18, Section V]. As was mentioned
earlier, we want to assess the (exact) exponential behavior
of E {Kn((,’ ,7@)} In [15, Theorem 2], an upper bound was
derived on this quantity, so here we seek a tight lower bound.
Let ©,, denote the set of values of 6 that achieve the maximum
at the right-hand side of (30) for some x € X",y € V". Note
that the elements of ©,, depend on x and y only through their
joint type, and whence, we have that |0,,| < (n+ 1)|X"‘y|*1,
i.e. the size of ©,, is a polynomial function of n. Now,

Ty(C,R)

n(C, R)} E {Igleaé( e—n(EE1(0)+T)
E{ _Ty(C,R) }
]E{ _Ty(C,R) }

e n(fEl 0)+T)
06@71
®) E{ M Zm IZyeR > m'#m, Wo(y|X )
0€0,

e n(£E1 0)+T)
e—n(§E1(0)+T)
I ﬁ Zm:l yefzfn einTWG (y|Xm) }
1 M
FE T ¥ T e i,
m=1 m’'#m 0€O,,

e—n(EE1(0)+T)
ye
1 M
Z Z Z nfEl(e)We (Y| X )

m:l yERC 6co,

Y

n(§E1(0)+T) ,
max e" Wo(y| X m/)

(74)

where in (a) and (¢) we have used the fact that the size of
©,, is polynomial, and thus can be absorbed in the e"” factor
(see, [18, pp. 5, footnote 2]), and (b) follows from (8). As was
shown in [15, eq. after (A.1)], the lower bound in (74) is, in
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fact, also an upper bound on E {Kn (C, 7@)1‘ Therefore, in the

exponential scale, nothing was lost due to the above bounding,
and we essentially have that

LYY S s

m=1 yER m’'#m

1 M
MZ Z eian(Xmay)

m=lyeRe,

sfpeic.a] <

(75)

Contrary to the proof technique used in [15] to assess the expo-
nential behavior of (75), where Chernoff and Jensen bounds
were invoked, here, we will evaluate the exact exponential
scale of the two terms on the right hand side of (75). It can
be noticed that the first expression is related to undetected
errors (or average number of incorrect codewords on the list),
and the second one is related to the total error (erasures and
undetected errors). For brevity, we define

A 2R ZZf my) o, (76)
mlyGRC
and
an) 1w
£ ZZ o f(Xmy) g, (D)
m:l R, m F#Em
and so

E [Kn(c, 7%)} = A+ A (78)

As was mentioned before, we would like to analyze the
exponential rate of (75), or, equivalently, of (76) and (77).
Now, note that,

lim —1ogIE{ n(C,’fQ)]

n—00

= max { lim — log Ay, hm — 1og AQ} (79)
n—,oo N,

whenever all the limits exist. Then, a fraction & is achievable
if both n=!log A; and n~!log A3 converge to a non-positive
constant as n — oco. Let us begin with the evaluation of A;.
Continuing from (76), we get (80)-(84), shown at the top of the
next page, where (a) follows from the symmetry of the random
coding mechanism, and the probability in the last equation is
over the random choice of {X},,/4,,, which determines
Rom. Now, if @ is the joint empirical probability distribution
(defined on X x ) of x,,/ and y, then,

F(@y) = max {en(§E1(9)+T)W9 (y|wm,)} (85)
co
— max {en(£E1(0)+T)en]EQ log We(Y|X)} (86)
00

= exp [n . rgleaé( {(EE~1(0) + T) + Eq log Wy (Y|X)}} (87)

=exp[n-G(Q)], (88)
where
G(Q) 2 max {gEl (6) + T +Eglog Wg(Y|X)} . (89)



AlzenTE{ > F(Xumy) Ty € RS, }}
m=1 Yy

@ —"T]E{Zf mY) - T{y € RS}
— 7nTZE{
:e_"TZPX =T ZE{

L

— efnTZPX(
Lm

mYy) - I{y € RS }‘ mth message transmltted}

:wm Zf wm,y)-Pr{yE’fon
Y
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(80)

mth message transmltted} 81
(82)

mY) I{y € RE }‘ m = Tm, mth message transmltted} (83)
X m = Ty, mth message transmitted} (84)

Next, we shall focus on the latter probability in (84). For a
given x,,, and y, let Q = Pwy, and let Ny(Q) denote the
number of codewords (excluding x,,) whose joint empirical
probability distribution with a given y is ). Accordingly, we
have that

Pr{y ERSIXm =2 Y = y}

> X

/#m
ZNy

- pr {mgx Ny(@Q)expln - G(Q)] = exp [n- G(Q)] G"T}

=Pr m’ay >.f(mm7y) -

Jexp[n- G(Q)] > exp [0+ G(Q)] e~

= max Pr{N (Q) > exp {n 0(Q Q)” (90)
QES(Py)
where
NUQ, Q) £ G(R,T,£,Q) - G(R,T,£,Q) - 1)
and for a given Qy, S(Qy) 210Q: Qy = Qy} The

asymptotic analysis of the probability in (90) was carried out
in [18, Section V] for any given (2, and it is not different here.
The result relies on the exponential decay of the probability
that the joint type of a given y with a randomly chosen x,,,

is (), namely
P £ Pr{PXm/7y = Q} .

Under the assumed random coding ensemble, a simple appli-
cation of the method of types reveals that [4]

p=exp{-nI(Q)}. 93)
Next, standard large deviations arguments (cf. [18, Section
V]) reveal that for @ € S(Py), we have (94), shown at the

92)

top of the next page, where by a,, = 0 we mean that a,
decreases to 0 super-exponentially fast. Define U (Q) in (95).
Thus, substituting (94) in (90) and then in (84), we obtain,
using the method of types,

A =e Y P(X
Tm

= o nT mgx exp [nHy‘X(Q)} exp [nG(Q)} (Q)

Zf:cm,y U(@) (96)

97)
Note that the condition:
QQ,Q) <R-1(Q) (98)
in (95) is equivalent to
GQ) <GQ) - 1(Q) +R+T. (99)

Thus, we obtain that the exponent of A; is given by

Tim. % log A1 = —T — min {EG(R, T,¢), By(R, T, 5)} :
(100)
in which
ESRT,6) 2 min [-Hyx(Q) - G(@Q) +1(Q) - K]
(Q,Q)eQ
(101)
where
2{(Q.Q)eD: 1@ > R QRTQ,Q) <0
(102)
and
Ey(R,T,€) 2 min [~Hyx(Q) - G@)]  (103)

QeL
where

ﬁ{Q G(R,T,6,Q) < R+T

+  max [G(R,T.,¢,Q) - I(Q)]} . (104)
Q:(Q.Q)ED, Q<R

Now, we want to find the maximal ¢ for which

—T — E.(R, T,€) <0, (105)
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~ exp {-n|IQ - RI"} 2Q,Q) <0
Pr{Ny(Q) > "V} = 1y 0<QQ.Q) <R-1IQ) (94)
0 Q,Q) > R-1(Q)
exp[-n(I(Q) - R)] QQ,Q) <0, I(Q)>R
U@ = max 31 I(Q) <R, 2Q,Q) <R-1(Q) - 95)

otherwise

—T — Ey(R,T,€) <0. (106)

For E,(R,T,¢), substituting G(Q), given in (89), in (101),
we obtain (107)-(110), shown at the top of the page, which is
exactly the condition in (37). In a similar manner, one obtains

- Eb(R7 Tu 5) =T
= max {gEl (6) — min D(Q||Px x Wg)} , (111)
0 QeL

which is exactly the condition in (38). This concludes the
analysis of A;, and we next consider As. In essence, we can
derive the exponential behavior of As, using similar methods
to the derivation of Ey(R,T,6) in [18]. However, since the
resulting exponent lim,, o %1og Ag is continuous in 7', just
as lim,,— o %log Aj, we may invoke the following lemma,
which is analogue to Lemma 1, and is proved in Appendix A:

Lemma 2 For all R and T":
1 1
lim —logAs =T+ lim —log A;.

n—o00 N, n—o00 N,

(112)

Thus, it suffices to asses the exponent of either A; or As,
and then the other one is immediately obtained. While both
Ay and As can be analyzed, the analytical formula for the
exponent of A; is more compact, and thus we only presented
it. ]

Proof of Corollary 1: Define the set G(Qy) £ {Q :
I(Q) < R, Qy = Qy}. We start from the first condition in
Theorem 1, which is equivalent to requiring that for all § and

Q

¢E) (R, T,0) < D(Q|Px x Wy)

+ min max [I(Q) “ R+ M- QRT,EQ, Q)} .

QEGe(Qy) 220
(113)

Letting
Q01,92 (Ru T7 57 Q7 Q) £ §E1 (Ru T7 91) + EQ [1Og W@l (Y|X)]
— [EEL (R, T,62) + Eq [log Wy, (Y X)]] - T, (114)
we have by definition,

Q(RvTangaQ) :Hé?XH;;D QHl,Hz(RaTvgané)' (115)

Substituting (115) in (113), we get
¢E1 (R, T,0) < D(Q||Px x Wp)

+ min maxmaxmin [I(Q) -R
QegC(QY) A>0 6, 02

A Q0,0 (RT,6Q.Q)] . (116)

which is equivalent to demanding that for all Q € G (Qy)
there exist some A > 0 and 0; € O, such that for all 6, € ©
we have

¢E1 (R, T,0) < D(Q||Px x Wo) +1(Q) — R
+ A Qg 0,(R,T,,Q,Q).

Upon substitution of (114) in (117), after rearranging the
terms, we obtain £ < él(R,T,Q,Q,H,Hl,Hg,)\), where &;
is defined in (39). Thus, the largest achievable ¢ which
satisfies the first condition is (R, T). In the same way,
the second condition yields & (R, T), and thus, £*(R,T) =
min {& (R, T), & (R, T)}. n

Proof of Corollary 2: In the following, we analyze the
objective in (37) for any 6. Starting with the left term, F1 (),
note that this is just the expression that was considered in [18,
pp. 6450-6451, eqgs. (64)-(73)]. For completeness, we present
here the main steps in the simplification of this term to the
BSC. We start with the analysis of E,(R,T) given in (13).
First, note that

Eglog Wy (Y[X) — Eq log We(Y'|X)
—lex#y)-Qu #v)|8

where 5 = log[(1 — 6) /0]. Thus, recalling (12), FE;(0) takes
the form

(117)

(118)

min § D(Q||Px x Wy)
Q

N
+| min (Hxy(Q) +los2 = B)| g (19
where
Opsc(Q) £ {Q : Qy = Qy,
QX £Y) s@(x#ng}. (120)
Now, note that
Hxy(Q) = Hrixzvyy (Q) < Hrixxvy(Q),  (121)
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~EJ(RT.§) T = max [Hyx(@Q)+G(@Q) - 1(Q)+R|-T (107)
(QQ)eQ

— max [Hy|X(Q) + max {5}31 (0) + Eg log We(Y|X)} —I(Q) + R] (108)

(@Q)eQ 0
= max{ ¢Fy () + max {Hy|X(Q) —I(Q) + R+Eglog Wg(Y|X)} (109)

0 (@Q)eQ
—max{ €61 (9) — min {D(QIIPx x Wo) + 1(Q) ~ R} ¢ . (110)

0 (@Q)eQ

and thus . [1 _ T +
+|—h|{ming =, ¢+ — +log2 - R
2 5
min { D(Q||Px x W, . _
2 R —uin { D (il
+ . T
+| min  (~Hyxp(Q)+log2 - R) —h (mln{égv (R),q§+ E}) +10g2—R}
QEQpsc(Q) T
= min D (q||0) — h ~—|——>}—|—10 2—-R
. gelo.dcv (R)—~T/p] [ (@1 (q B &
> min ¢ D(Q|[Px x Wp) (126)
Q
n where the last step can be easily verified using monotonicity
. properties of the binary entropy and divergence [18, p. 6451
T Qegjjcl@) (—Hzpxvy(Q) +1og2 — R) (122)  fer eq. (72)]. Now, we analyze E,(R,T) given in (14). Note
that there is no conceptual difference between E,(R,T") and
=minq D (q||#) +| min (—h(q)+1log2— R) " Ey(R,T), and it can be verified that the latter can be written
q q<q+T/B as
(129 min D (q]/6) (127)
G€Lpsc

where the last step follows since the minimizing Q is such that
Qx = Px to obtain minimal D(Q||Px x Wp), and it is easy
to verify using convexity arguments that given Q(X £Y)=gq
the divergence D(Q||Px x Wj) is minimized for a symmetric
QY‘X, namely,

TFY

for which D(Q||Px x Wy) = D ({||#). Finally, it is evident
that we have equality in (122) if we choose

Gy x (ylz) = {q ) (124)
1—g¢

r=y
)

T Fy

and thus it is the minimizer. Next, we observe that —h (g) is

a decreasing function of ¢ for ¢ € [0, 1/2] and increasing for
q € [1/2,1]. Thus,

Qy|x (ylr) = {q (125)

1—¢

ngn{mane)

min
q<q+T/B

+ (—=h(q) +log2 — R)

}

where
ﬁBSCé{QZ—@'ﬁ§R+T

max

4 R>log2—h(q) [—q- B+ h(q) —log 2]} . (128)

Next, for any 6, consider the right term in objective of
(37). Note that the only difference between the left and the
right terms in (37) is just the inner minimization region.
Accordingly, the right term takes the form

min { D(Q||Px x W)
Q
JF

min
Q€ Qpsc(Q)

+ (—Hx|v(Q) +log2 — R) (129)

where

Opsc(Q) = {Q : Qy = Qy,
max {€B1(6') = BO)Q (X #Y) +log (1 - 0) |
— max {¢€E1(0') — B(O)Q (X #Y) +log (1 - 0')}

—T< o}. (130)



Let E, (0) 2 E; (A) + log(1 — 6) /€. Then, using exactly the
same steps as before, we get

min § D(Q||Px x Wy)
Q

+

—+ min B (—Hx|y (Q)+10g2—R)

QEQpsc(Q)

> min { D(Q||Px x Wp)
Q
+

+ (—Hzix2v1(Q) +log2 — R) (131)

min
QEQpsc(Q)

+

=min ¢ D (ql|f) +| min (=h(q)+log2— R)
q

q€Qpsc(q)

)

(132)

and equality can be achieved choosing ) to be symmetric, as
before, and

Opsc(q) £ {q  max {fEl (") — B - fj}
— max {£E1 (0') =B - q} -T< 0} . (133)

Next, we simp~lify the set QBSC((j). The constraint on ¢ in the
definition of Qpsc(§), is equivalent to demanding that there
exist some 6’ € © such that the following holds

B0 )a — € (8') < T — max {¢Ex(9") - B(0") - d
(134)

or equivalently

B(0")a < EEn(0) + T —max {¢E:(0") - B(0) - 7}
(135)

Now, note that 8(6") > 0 if and only if 8’ < 1/2. Accordingly,
this means that, in terms of ¢, QBSC(Q) is equivalent to ¢ <
gi or ¢ > g5, where ¢i and ¢35 are given in (45) and (46),
respectively. Consequently,

+

min{ D (G||6) +| min (—h(g) +log2 — R)
q

q€Qpsc(q)

= min { D (416) +|(~9 (q7.43) + log2 = B[ "} (136)

where ¢ (¢}, q5) is defined in (47). Finally, we consider the
right term in (38). Using the same steps as above we obtain
that

min D(Q||Px x W) = min D(qlle)  (137)
QEL G€Lpsc

where Lpsc is defined in (138)-(139), shown at the top of the
next page, where the last step in (139) follows from the fact
that the maximizer ¢ in the optimization problem in (138) is
given by max {6, dgv(R)}. |
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APPENDIX A
PROOF OF LEMMAS 1 AND 2

We begin with the proof of Lemma 1. For the sake of this
proof, we will explicitly designate the dependence on 7', and
denote the decoder in (4)-(5), with parameter T, by R*(T).
Similarly, we will denote the value of (7) as I'(C, R, T). As
we have mentioned, the decoder minimizing I'(C,R,T) can
be easily seen to be given by R*(T"). Now, assume conversely,
that the exponents associated with E[I'(C, R*(T"), T)] satisfy

E>(R,T) < T + E: (R, T). (A.1)

The opposite case, where the inequality in (A.1) is reversed,
can be handled analogously. Accordingly, this means that in
the exponential scale, we have

E[[(C,R*(T),T)] = e "F(B1), (A.2)

Now, it is evident that E'; (R, T') is a monotonically decreasing
function of T (allowing more erasures increases Pr{&;}),
and E2(R,T) is a monotonically increasing function of T
(allowing more erasures decreases Pr {&2}) [18]. Now, due to
the fact that £ (R, T) and E2(R,T) are continuous functions
of T [18, eqs. (23) and (31)], without loss of essential
generality, there exists € > 0 and 6; > 0,2 > 0 such that

Ei(R,T+¢€)=Ei(R,T)- 6 (A.3)

and
Ey(R, T+ €)= E2(R,T)+ 62 (A.4)

yet
Ex(R,T+¢) <T+ E1(R,T+e). (A.5)

Note that since it is not guaranteed that E4 (R, T') or E2(R,T)
are strictly monotonic, as it might be the case that o = 0 too,
i.e., regions of plateau. Accordingly, there are several cases
to consider. First, if just Eq (R, T) is within a plateau region,
then the above arguments remain the same since d; = 0 but
d2 > 0. Secondly, if just E5(R,T) is within a plateau region,
then we claim that this contradicts the optimality of Forney’s
decoder. Indeed, in this case, if we increase 7' by some small
e > 0 (such that F3(R,T + €) is within the plateau), we
obtain a decoder with exponents Eo(R,T +¢) = Eo(R,T)
and E1(R,T + ¢) < E1(R,T), and yet, due to continuity,
E3(R,T) < E1(R, T +¢). Thus, we obtained that the optimal
decoder R*(T" + ¢) has the same performance as R*(7'), in
terms of E[['(C, R*(T),T)], but with worse Pr{&;}, which
means not the best trade-off between Pr{&;} and Pr{&,},
and thus contradicting the optimality of Forney’s decoder at
T+ €. Finally, if both exponents are within a region of plateau,
we can simply vary 7" until we leave this region, and thus we
can assume that 6 > 0. To conclude, we obtained that

E[L(C,R(T + ¢),T)] = e~ "E2(BT+e) (A.6)
< e nE(RT) (A7)
= E[l'(C,R(T),T)] (A.8)

which contradicts the property that R*(7T') is the minimizer of
I'(C,R,T).



é{qimgx[gEl(G)—(j-ﬁ—i—logH]§R+T+
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Lo €10) 0+ 5+ 1080+ o)~ og 2}

- {q i [€E) (R, T.6) — - 3(6) + log6] < R+ T

max
q: R>log 2—h(q)

(138)

+ max [EE1 (R, T,0) — max {0, dgv(R)} - (0) + log 8 + h(max {0, dgv(R)}) — log 2]} (139)

The proof of Lemma 2 follows the same steps as above.
Indeed, the Lagrangian associated with the universal erasure
decoder (see, (75)), has a similar structure to the Lagrangian
associated with the optimal (known channel) decoder (see,
(8)). As was mentioned in the proof of Theorem 1, the
exponents of A; and A, are both continuous. So, just as the
difference between the exponents of Pr{&;} and Pr{&} is
T, the difference between the exponents of A; and A is also
T.

APPENDIX B
UNIVERSAL DECODER WITH TRAINING

To present the achieved fraction for the ensemble which
includes training, we need to slightly generalize the definitions
preceding Theorem 1. The definitions of G(R, T, €, Q) in (33)
and Q(R, T, ¢, Q, Q) in (34) remain exactly the same. Define,
Q- aQ>

l—«

J(Q,Q>ﬁ(1—a>-1< (B.1)

For a given joint type @), we replace the definition of Q in
(35) with

2@ 2 {(@.0eP@: JQ.Q =R
QR.T.€Q,Q) <0}, B2

and replace the definition of £ in (36) with

£@=2{Q:GRT.£Q) <R+T

+ max

~ < _ I:G(Rv Ta 57 Q) - J(Q7 Q)i } )
Q:(Q,Q)eD(Q), J(Q,Q<R

(B.3)
where D defined in (16) is replaced by

D(Q) £ {(QQ) : Qx = Qx = Px, Qy = Qy,
Q—0aQ

11—«

is a probability distribution} . (B4)

Finally, define
80(Q.Q) % a-D(QlIPx x Wa)
+(1—a)-D(%HPX xWa). (B.5)

Theorem 2 Consider the ensemble defined above with types
Px and Py, and a fixed « € [0,1). Then, {*(R,T, o, Px),

defined in (29), is equal to the largest number ¢ that simulta-
neously satisfies:

glea(z)( {gEl (Ra T7 9) -

min min

Jmin {Ae@,Q)H(Q,Q)—R}}
Q@ Qx=Px (Q,Q)€Q(Q)

and

[dSC]

max §E1 (Ra T7 9) - _
Q: Qx=Px QeL(Q)

min min  Ag(Q, Q)} <0.
(B.7)

Choosing a strictly positive « has the potential to increase
¢ (R,T,0, Px). However, the behavior of ¢*(R,T,«, Px)
as a function of «, is typically not monotonic. Indeed, as
was mentioned before, on the one hand, as « increases, the
decoder has better knowledge of the channel, even if it does
not estimate it explicit. On the other hand, the number of
available symbols (1 — «)n that are used to distinguish the
M = [e"®] codewords from one another decreases'®. Thus,
we expect that, in general, £*(R, T, o, Px) will be maximized
by some o* € (0, 1). In addition, the type of the training part
Py may also be optimized. Evidently, Theorem 2 sets the stage
for a reasonable criterion of optimal training, which includes
both the relative training time and the optimal (type of the)
training sequence. Similarly to Corollary 1, one can derive a
formula for £*(R, T, o, Px ), and then, a reasonable objective
would be to optimize £*(R, T, a, Px) over both a and Px.

Proof of Theorem 2: The proof follows the same lines of
the proof Theorem 1 so we mainly highlight the differences.
We will represent the joint type of the training sequence & and
the training part of y by Q. Also, for a given y we will denote
by y the first o - n symbols of y (i.e. the output symbols for
the training sequnece). We continue (84) as shown in (B.8)-
(B.12), presented at the top of the next page. Now, if the joint
type of the training sequence & and the training part of y is
@, and the type of the entire codeword x,, and y is @, then
the type of the last (1 — a)n symbols of x,, and y is %
So, the probability in Eq. (92) should now be replaced by

p=exp{-n-J(Q,Q)}. (B.13)

Consequently, for Q € S (Py), we have (B.14), and we define
(B.15), both shown at the top of the next page. Thus, using

14Note that the blocklength which is used to gauge the rate is still 7.
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1= T Z Px (X, =xn) Z f(@m,y) ~Pr{y IS 7A€fn X, =xm, transmitted} (B.8)
—e T Z Px( Xy = Z Z f(@m,y)-P {y € 7A€fn X =Tm transmitted} (B.9)
Em y: Pry=Q
e maxz Px(Xm =am) Z f@m,y)- Pr{y € RC Xn=zn, transmitted} (B.10)
Tm KK Ag’cy:Q
=e” ngxmngPX =xy) Z f(xm,y) -Pr{y € 7A€fn X, =xn, transmitted} (B.11)
Tm y: Ppy=Q, Pr,,y=0
=e” ngxmaxZPX =xy) Z f(@m,y) -Pr{y € 7A€fn Xm=xn transmitted} . (B.12)
? Tm Y: Adcy:Q ﬁmmy—@
exp{-n|1Q.Q -E["} 2Q.Q) <0
Pr{Ny(Q) > 2@} = {4 0<QQ,Q) < R-J(Q.Q) (B.14)
0 2(Q,Q) >R~ J(Q.Q)
exp [-n(J(Q,Q) - R)] 9(Q,Q) <0, J(Q,Q)>R
UQ.Q) = max {1 J(Q.Q) <R QQ.Q) <R-JQQ) (B.15)
QReS(Qy)

otherwise

the same derivation as in (90), but with (B.14) replacing (94),
we may continue (B.12) as follows:

Ay = e "7 maxmax exp [anHY|X(Q)]
QL Q

- exp {(1 — a)nHy|X (Q%O;Q

=) e [c@] vi@. @

(B.16)

Thus, we obtain that the exponent of A; is given by

Km = log A, = —T — min {EG(R, T,€), By(R, T, 5)} ,
e (B.17)
in which
(R T,¢) £ min  min [—any(Q)
Q (QQE@
~a -yt (4299 - 6@ + 0.0 -
(B.18)

where Q(Q) is defined in (B.2), and

Ey(R,T,€) £ min _min [~aHy|x(Q)

Q QeL(9)
—a .
~a-any (2222 ~6@) ®19)
where £(Q) is defined in (B.3). Now, we want to find the
maximal & for which

—T — E4(R, T,§) <0 (B.20)

—T — Ey(R,T,£) <0 (B.21)

The expressions for E,(R,T,¢) and Ey(R, T, ) can be sim-
plified just as in the proof of Theorem 1 (see Eqgs. (110) and
(111)). This results the conditions appearing in the theorem.

|
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