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Abstract

Noise is an inalienable property of all communication systems appearing in nature. Such
noise acts against the very purpose of communication, that is delivery of a data to the des-
tination with minimal possible distortion. This creates a problem that has been addressed
by various disciplines over the past century. In particular, information theory studies the
question of the maximum possible rate achievable by an ideal system under certain as-
sumptions regarding the noise generation and structural design constraints. The study of
such questions, initiated by Claude Shannon in 1948, has typically been carried out in the
asymptotic limit of an infinite number of signaling degrees of freedom (blocklength). Such
a regime corresponds to the regime of laws of large numbers, or more generally ergodic
limits, in probability theory. However, with the ever increasing demand for ubiquitous ac-
cess to real time data, such as audio and video streaming for mobile devices, as well as the
advent of modern sparse graph codes, one is interested in describing fundamental limits
non-asymptotically, i.e. for blocklengths of the order of 1000. Study of these practically
motivated questions requires new tools and techniques, which are systematically developed
in this work. Knowledge of the behavior of the fundamental limits in the non-asymptotic
regime enables the analysis of many related questions, such as the energy efficiency, effects
of dynamically varying channel state, assessment of the suboptimality of modern codes,
benefits of feedback, etc. As a result it is discovered that in several instances classical
(asymptotics-based) conclusions do not hold under this more refined approach.
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Chapter 1

Introduction

1.1 The capacity

One of the brilliant achievements of Shannon’s ground-breaking work [2] is creation of the
abstract model of communication, converting many practical engineering questions into well-
posed mathematical problems. Many of the methods developed for studying such problems
have become known collectively as information theory (of channel coding). Shannon’s
model, as simple as it is, has withstood the test of time and critique. We now briefly
describe it.

A communication problem consists of the following ingredients:

1. An apriori unknown message, which is modeled as a random variable equiprobably
taking values in the set {1,..., M}.

2. A channel, representing the abstraction of the noisy communication medium. The
channel takes an input symbol in some alphabet A, applies a random transformation
(“adds intrinsic noise” ) and outputs a symbol in the alphabet B. The channel can be
used multiple times in which case the random transformation applied to each symbol
in the sequence is the same! .

3. An encoder that maps messages into length n sequences of channel input symbols
(“codewords”). The length n is known as the blocklength and the encoder is then a
function f: {1,..., M} — A™

4. A decoder that produces an estimate of the original message by observing an n-
sequence of channel outputs. The decoder is a function g : B" — {1,...,M}. The
pre-images g~ !(j),j = 1,..., M are known as the decoding sets.

An error happens if the decoder estimates the message incorrectly. Once the encoder and
decoder are fixed, we can compute the probability of error by averaging with respect to
the choice of the message and channel noise. The goal of the communication engineer is
to find good encoder-decoder pairs (“codes”) capable of communicating the message with

1Of course, different channel models are also considered, but here we restrict the presentation to stationary
memoryless channels.
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Figure 1.1: Block coding for the BSC, which acts by adding (mod 2) a binary noise with
ii.d. Bernoulli(d) entries.

some required probability of error ¢ and the smallest possible blocklength n. We see that
the most important parameters of the code are given by a tuple (n, M, €) representing the
blocklength, number of messages and the probability of error.

For the sake of illustration, we consider a particular example of the channel, the binary
symmetric channel (BSC), which serves as a good model for many simple systems employing
binary phase-shift keying with coherent hard-decision demodulators (wireless line of sight,
or over the wire). The BSC has a binary {0,1} input, which is perturbed by flipping the
bit with probability §, known as the crossover probability, to produce a binary output. The
schematic representation of Shannon’s model of communication over the BSC is depicted
on Fig. 1.1.

In this case, the goal is to select M binary n-strings and disjoint decoding sets (“balls”)
in the space {0,1}" around them such that when the original string is transmitted the
corresponding ball captures the perturbed output with probability of at least 1 — €. Notice
that to achieve a small probability of error €, the encoder adds redundancy to the data:
?he ](\)/[riginal logy M data bits are mapped into a larger number of bits n. The ratio between
Og2

—2—is known as the rate

_ logy M
on
measured in bits per channel use. The term “rate” signifies that different channel uses typ-
ically correspond to different time instants, and therefore the blocklength n is proportional
to the duration of communication.

A striking observation made by Shannon in [2] is that there exist sequences of (n, M, €,)
codes with increasing blocklength n achieving a positive asymptotic rate

R (1.1)

1
R= lim —logy M, >0 (1.2)
n—oo n



and vanishing probability of error
€n — 0. (1.3)

However, not all rates R are achievable with vanishing probability of error: there is a
maximal such rate, called the capacity C of the channel. For example, for the BSC with
crossover probability d the capacity is given (in bits per channel use) as

C(8) = 1+ 6logy 6+ (1 — ) logy(1 — 6). (1.4)

The intuitive explanation of this phenomenon hinges on the fact that for large n perturbation
of the codeword incurred by the channel is of a very restricted kind: each symbol in the
codeword is perturbed independently and therefore different perturbations are very unlikely
to “conspire” and produce a significant disturbance.

In order to state Shannon’s result rigorously, let us fix the blocklength n and some
probability of error 0 < € < 1 and define the function

M*(n,€) = max{M : 3(n, M, e)-code}, (1.5)

which is the maximum number of messages that it is possible to transmit using blocklength
n and such that the original message can be recovered with probability at least 1 — e.
The function M*(n, €) is the non-asymptotic fundamental limit for a given communication
channel. Going back to the BSC, M*(n, €) denotes the maximum number of “balls” that it
is possible to pack into a space of binary n-strings {0, 1}", where each “ball” is required to
capture the probability 1 — ¢ when its “center” is being transmitted.

Shannon’s result then states that

1
lim lim inf — logy M™*(n,¢e) = C, (1.6)
e—0 n—oo N
where C' is given by (1.4) for the BSC. In fact, Wolfowitz [3] showed that for any 0 < e < 1
we have

1

lim sup — logy M™*(n,e) < C, (1.7)
n—oo 1

a result known as a strong converse. Together (1.6) and (1.7) imply that for any fixed

probability of error 0 < € < 1 and n — oo the fundamental limit satisfies

logy M*(n,e) = nC + o(n). (1.8)

The practical interpretation of (1.8): it is possible to send “reliably” nC data bits us-
ing n channel uses. This interpretation may then serve as a basis for system design and
optimization.

1.2 Reliability function

The result (1.8) has one serious drawback: it does not suggest in any way how a fixed € affects
the value of the fundamental limit logy M*(n, €). One frequently taken approach is to assume
that the blocklength n is “large enough” to attain a situation where e-dependent term o(n)
becomes much smaller (say, below 10%) than the leading term nC. Quite surprisingly,



however, to the best of our knowledge no systematic analysis has ever been made to estimate
how large this “large enough” should be. Rigorously, we are interested in the smallest value
of n such that %log2 M*(n,e) > 0.9C, where € is a required reliability level.

Another problem, not addressed by (1.8) is the following. Many modern applications
require communicating the real-time data, such as voice, video streams or stock prices.
The nature of such data puts a hard delay requirement on its delivery. For example, the
physiology of human hearing (and bit rates of popular voice compressors) requires that the
digitized speech be delivered in chunks no larger than 500-1000 bits in order to be perceived
without noticeable (and annoying) delay. The goal of information theory is to answer what
is the smallest n for which logy M*(n,e) > 500 (for some prescribed reliability level €, of
course). The only recipe suggested by (1.8) is to estimate n ~ %0, which does not take into
account € (and is very inaccurate, as we will see).

Nevertheless, the question of the effect of probability of error € on the fundamental limit
logy M*(n,€) has been classically addressed but in a different manner. Instead of studying
the function M*(n,€) the idea is to study a related function:

¢*(n, R) = inf{e : I(n, 2"%, ¢)-code} , (1.9)

which represents the smallest achievable probability of error among all codes mapping M
messages to n channel inputs. Its asymptotic behavior for a fixed rate is determined by the
function E(R), a reliability function, defined as?

1
liminf ——logy €*(n, R) = E(R). (1.11)
n—oo n
Obviously by (1.7), for any R > C we have E(R) = 0. So far, the value of E(R) was
established for most channels only for rates R. < R < C, where R, is called a critical rate
of the channel. Notably, the question is open even for the BSC. Besides some special chan-
nels [4,5], the landscape in the problem of reliability function has been set by Gallager [6]
and Shannon, Gallager and Berlekamp [7] (see also [8] for some recent progress in the case
of the BSC). For the BSC with crossover probability ¢, the reliability function F(R) is given
by
] 1—s

E(R) = slog, 5 + (1 —s)log, T3 (1.12)

where s is found as a solution to C(s) = R and C(-) is given by (1.4), provided that

C <#\‘/5ﬁ> < R < C(0); see [9, Section 5.6].

The meaning of (1.11) is that by restricting the rate to be strictly below capacity,
R < C, it is possible to attain an exponentially decaying probability of error, with the
optimal exponent given by E(R). Although apriori fixing the rate (instead of €) might
seem artificial, it was quite natural in the early years of communication. For example, Bell
Labs DS0/DS1 digital lines were operating at a fixed rate of 64 kbps, corresponding to

2This is equivalent to studying the limit

lim + log, M*(n,27"F) (1.10)

n—oo N,

for a fixed £ > 0.



a single phone line sampled at 8 kHz and 8-bit pulse-code modulated. With the advent
of packet-switching networks, variable-rate compressors and higher demand for raw data
throughput, however, the practice of allocating fixed rates is becoming increasingly rare.
Another concern regarding the error-exponent approach is that practically it makes very
little sense to believe in exponentially small estimates on probability of error in view of the
crudeness of the original memoryless channel models.

Despite this, the reliability function gives the first guideline regarding the tradeoff be-
tween the probability of error, communication rate and blocklength. For example, to get
an estimate on n required to achieve 90% of the capacity we can take

—logy €

n = F(090) (1.13)

which corresponds to approximating €*(n, R) ~ 27"F (B) and solving for n. Specifically, let
us take the BSC with crossover probability 6 = 0.11 and capacity C' =~ 0.5 bit. If we want to
achieve € = 1072 and 90% of capacity, then the error-exponent approximation (1.13) yields

n ~ 4730. (1.14)

1.3 Bounds

How do we know whether the approximation (1.14) is an accurate one?

All approaches discussed so far were asymptotic, either giving the limit of % logy, M*(n,€)
at fixed € as in (1.8), or of Llog, €*(n, R) at fixed rate (1.11). As exciting as these results
are, in practice, however, we are interested in values of M*(n,¢€) or €*(n, R) for a finite n.
Can this be computed exactly?

In principle, computation of the M*(n,¢€) can be performed according to the definition,
since in the case of the BSC there are only finitely many codes for each blocklength and M.
The caveat is that for rate R there are (22,;) different codes, and the direct computation
becomes prohibitive already for very small values of n. In general, computation of M*(n,€)
is an NP-hard problem [10]. So testing the accuracy of (1.14) directly is not possible.

If we cannot compute M*(n, €) exactly, maybe we can provide upper and lower bounds?
After all, proving asymptotic results like (1.8) or (1.11) involves finding upper and lower
bounds that match up asymptotically. Can we compute such bounds non-asymptotically?

This is indeed possible, and the bounds behind both (1.8) and (1.11) are computable [11—
14]. The problem is that in proving asymptotic results one seeks the bounds that are general
and easy to analyze asymptotically, such as Feinstein [15] or Gallager [6] lower (achievability)
bounds, or Wolfowitz [3], and Shannon, Gallager and Berlekamp’s sphere packing [7] upper
(converse) bounds. In these cases, however, generality comes at the expense of poor non-
asymptotic performance. In fact, more recent bounds, such as those developed by Csiszar
and Koérner [16,17], are not as tight non-asymptotically as the cited classical bounds; see
Section 2.2.1. Several authors have tried to modify the classical bounds in order to improve
the non-asymptotic behavior [18,19]. A notable exception from this picture is a case of the
additive white Gaussian noise (AWGN) channel, for which Shannon has derived individual
bounds [4] which are useful for both asymptotic analysis and numerical computation [20-23].



The BSC and the binary erasure channel (BEC) have also enjoyed a similar special attention
in the literature [24,25].

In this thesis we take a different approach. Instead of tweaking the classical bounds
or proving specialized bounds for each and every channel, we start anew and derive novel
bounds from first principles with non-asymptotic tightness in mind. This is the content
of Chapter 2. The resulting general bounds provide a basis for finite blocklength analysis.
Interestingly some of the novel results turn out to be both analytically tractable, e.g. prove
the most general capacity formula [26], and at the same time specialize to the tightest
known bounds non-asymptotically (e.g., the dependence testing (DT) bound for the binary
erasure channel (BEC); see Section 3.3.1). In some cases our general bounds specialize to
the best known non-asymptotic bounds which were previously derived using channel-specific
methods (such as the sphere packing bound for the BSC which we derive as an application
of the meta-converse; see Section 3.2.1).

Specializing the bounds to the BSC we can tightly sandwich the value of logy M*(n,¢€)
for the entire range of n. For example, for our running example of the BSC with § = 0.11
we get

190 < logy M*(500,107%) < 193.3. (1.15)

A better picture is obtained by considering Fig. 3.3 in Chapter 3, where the upper and lower
bounds on %logQ M*(n,e€) clearly illustrate the effect of convergence to capacity predicted
by (1.8).

Returning to the question of the minimal blocklength needed to achieve 90% of the
capacity, non-asymptotic bounds give us the following firm estimates:

2985 < n < 3106.. (1.16)

And we conclude therefore that the error-exponent approximation (1.14) is not accurate.

1.4 Normal approximation and beyond

How can we better predict the true value of logy M*(n, €) without computing the bounds? In
the case of the BSC, once the bounds are derived, a simple analysis requiring only Stirling’s
formula reveals that the upper and lower bounds match up to the first three terms and we
obtain the following asymptotic expansion

1
logy M*(n,€) = nC(8) — /nV(6)Q L(e) + 3 logn+ O(1), (1.17)
where as usual,
oo 2
Q)= [ ——e %y, (1.18)

V2T

and the coefficient V is referred to as the channel dispersion and for the BSC is given by

V() = 5(1 — 8) log? 155.

(1.19)

Clearly (1.17) is a refinement of (1.8). Without the logn term, this expansion has been
obtained by Weiss [27] and rediscovered recently in [28].



By dropping the O(1) term in (1.17) we obtain the following normal approximation for
the BSC:

logy M*(n, €) = nC(8) — \/nV (6)Q  (e) + %logn, (1.20)

The quality of this approximation can be observed in Fig. 3.3. The surprising tightness
of this approximation suggests that the asymptotic expansions at fixed €, such as (1.17),
might result in good approximations non-asymptotically. To the best of our knowledge, this
approach is pioneered in this work. In particular, for the minimal blocklength needed to
achieve 90% of the capacity of the BSC with § = 0.11 we obtain

n ~ 3150 (1.21)

which compares much better to the true value sandwiched by (1.16) than an error-exponent
approximation (1.14).

A natural question to ask now is: Does an expansion of the kind (1.17) hold true for
other memoryless channels (with a different V' and perhaps a different logn term)?

A positive answer was conjectured by Dobrushin [29] for a class of discrete symmetric
channels , and later generalized by Strassen [1] to arbitrary discrete memoryless channels
(DMCs) who showed that for e < 1/2 there exists a V' such that for n — co we have

logy M*(n,€) = nC —VnVQ (e) + O(logn) . (1.22)

Now assuming that the approximation obtained by dropping the O(logn) term is compa-
rable in quality to a similar one obtained for the BSC, we can give a general answer to the
question we started with: In order to achieve a fraction 7 of the capacity at probability of

error € one needs blocklength ,
-1
n> (Q (€)> v (1.23)
1-n ) C?
which requires knowing only two fundamental quantities associated with the channel: the
capacity C and the channel dispersion V.

Motivated by the BSC example, obtaining the refined asymptotic expansions such
as (1.17) occupies a bulk of Chapters 3 and 4. In particular, we elaborate on the O(logn)
term for the BSC and BEC, amend Strassen’s result in the case of € > 1/2 (his treatment of
this regime contained an error) and provide some refined estimates on the O(logn) term; we
analyze a certain ergodic channel with memory as well as a channel which is a non-ergodic
mixture of the BSCs. We extend (1.22) to the AWGN channel and the parallel AWGN chan-
nel. In most cases we compare the normal approximation to the non-asymptotic bounds,
each time obtaining an excellent match. Regarding Gaussian channels we also consider a
special question of energy efficiency, asymptotically solved by Shannon [30] but virtually
untouched non-asymptotically.

Having access to a tight approximation of the behavior of logy M*(n,¢€) for finite n,
we address applications to several engineering questions in Chapter 5 such as assessing the
efficiency of known codes and effects of channel dynamics on the communication rate, where
the analysis of the capacity term in (1.17) leads to drastically incorrect design decisions,
compared to the analysis taking into account both the capacity and the dispersion terms.




Finally, in Chapter 6 we analyze the effect of feedback on memoryless channels. Shannon
showed that the availability of feedback cannot increase the capacity of such channels [31].
However, we demonstrate that the non-asymptotic behavior changes dramatically in the
presence of feedback. For example, instead of n ~ 3100 needed to achieve 90% of the
capacity, as shown by (1.16), this value becomes 200 or even 20 depending on the model
taken for the packet termination signaling. At the same time, we show that such savings
are only possible when one considers average length: putting constraints on the excess delay
nullifies the advantages of feedback even non-asymptotically (except, perhaps, for very short
lengts).



Chapter 2

Bounds for general channels

The main tools required for non-asymptotic analysis of channel coding problems are intro-
duced in this chapter. After setting the notation (Section 2.1) previous results are reviewed
in Section 2.2. The problem of binary hypothesis testing, central to many of the methods in
this work, is discussed in Section 2.3. Next, three main achievability bounds are derived in
Sections 2.4, 2.5 and 2.6 for the average probability of error, maximal probability of error,
and cost-constrained settings, respectively. Finally, Section 2.7 develops a highly general
approach to proving impossibility results, a meta-converse, whose efficiency is demonstrated
by showing that all of the relevant classical converse bounds are simple specializations of
the meta-converse, and by obtaining some new results also. The material in this chapter
has been presented in part in [32] and [33].

2.1 Definitions and notation

In this thesis a measurable space A, or an alphabet, is a set A equipped with a o-algebra oA
of its subsets. For all spaces of finite cardinality we always assume that o-algebra consists
of all subsets. A measure is a non-negative o-additive function A — R,. A transition
probability kernel acting between two alphabets T : A — B assigns to each « € A a measure
T(-|z) on B, such that for any £ € 0B the function T'(E|z) is measurable with respect to
oA. Every measurable function f : A — B can be identified with the transition probability
kernel T as follows:

Ty(El) = 1{/f(x) € B}, (2.1)

where 1{-} is an indicator of the event. For this reason transition probability kernels can
be understood as randomized functions (or maps). Similar to maps, transition probability
kernels T': A — B and S : B — W can be composed to give a kernel SoT : A — W by

SoT(Elz) 2 /B S(E|w)T (dw|z), (2.2)

where integration is over the conditional measure 7'(-|x) on W.

A probability measure P is absolutely continuous with respect to , P < @ in short,
if Q(F) = 0 implies P(E) = 0. For a pair of such measures we denote by % a Radon-
Nikodym derivative of P with respect to Q. The (Kullback-Leibler) divergence D(P||Q) is
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defined as
dP dP
D(P||Q) = /@1 @ aq (2.3)
dpP
= Ep [log dQ] (2.4)

provided that P < @, and we take D(P||Q)) = 400 otherwise. Similarly we define the
divergence variance as

AP 1 g2 4P
A dQ o)

dpP
= V}a)r [log @] . (2.6)

1>

V(PllQ) —=dQ — D*(P||Q) (2.5)

The units of divergence (and other information measures) are specified by fixing a base of
the logarithm in (2.3) and (2.5), which throughout this work can be chosen arbitrarily, as
long as the exponent function, exp, is taken to the same base.

Definition 1 A random transformation is given by a triplet (A,B, Py|x) of input and out-
put alphabets A and B, and a transition probability kernel Py x : A — B. A channel is a
sequence of random transformations (A, Bn,PY'n|X'n), n=1,...,00, where parameter n is
the blocklength.

This definition follows the approach taken in [26], so that in the applications we take
A and B to be n-fold Cartesian products of some alphabets A and B, and the transition
kernels of the channel to be a sequence of conditional probabilities {Pyn|xn : A" — B"}.
Thus, to focus ideas the elements of A and B (and the values of random variables X and
Y’) throughout subsequent sections can be viewed as vectors of fixed dimension equal to the
blocklength.

For a transition probability kernel 7' : {1,..., M} — {1,..., M} we define its minimal
diagonal element as

IID

Prnin(T) = min T(j15), (2.7)

and its diagonal average as

IID

M
Pavg( Z (1) - (2.8)

Definition 2 An M-code for the random transformation (A, B, Py x) is defined by an (en-
coder) map f : {1,...,M} — A and a transition probability kernel (decoder) g : B —
{1,...,M}. The elements of the image of f are called codewords. For a code (f,g) we
define its maximal probability of error

€maz(f,9) = 1_Pmin(gOPY\XOTf) (2.9)

= max (1= Prx(g ()IF()) (2.10)
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where Ty was defined in (2.1). An M-code with €mee < € is said to be an (M, e)-code
(maximal probability of error). Similarly, for a code (f,g) we define its average probability
of error

Eavg(fag) é 1_Pavg(gOPY\XOTf) (2’11)
M

= 3 (1 Prx(e T GIFG)) - (212
j=1

An M-code with €q,g < € is said to be an (M, e€)-code (average probability of error).

Although not a main focus of our attention, we also define a randomized M-code! to be
a pair (f,g) of transition probability kernels f : {1,...,M} - Aand g: B — {1,..., M}.
The rest of the quantities are defined analogously to Definition 2. Note that for a randomized
code, the concept of the codeword is meaningless.

Definition 3 Given a pair of random transformations (A1, B1, Py, x,) and (Ag, Bz, Py, x,)
we define their product as a random transformation (A1 X Ag, By x B, Py2|X2) with

Py x2(c[r1,22) = Py x, (|71) X Py x, (+22) (2.13)
where the right-hand side is a product of probability measures.

As example of using Definition 3 we define the binary symmetric channel (BSC) with
crossover probability 0 < § < 1 as follows. For n = 1 we take input and output alphabets
A =8B =1{0,1} and the transition probability kernel:

1-9, a=0b,

57 0 ih (2.14)

Py|x(bla) = {

For n > 1 we iterate n times the product construction of Definition 3 applied to random
transformation (2.14). The sequence of random transformations obtained in this way is
known as the BSC. A random transformation for blocklength n is denoted BSC(n,¢) for
convenience. Explicitly, BSC(n,d) has input and output alphabets A = B = A" = B" =
{0,1}™ — a space of binary strings of length n — and the kernel Pyn|xn acts by adding a
binary noise Z" independent of the input X™:

Y= X" 4 7", (2.15)

where Z™ has independent, identically distributed (i.i.d.) components with Bernoulli dis-
tribution: P[Z; = 1] =1—-P[Z; = 0] = 6.

Channels whose constituent random transformations are obtained as n-fold products of
a single base random transformation are called memoryless channels. If the base random
transformation acts between finite input and output alphabet then the resulting sequence
is a discrete memoryless channel (DMC). Such sequences of channels parametrized by the
blocklength n arise frequently in practical models of communication.

"More precisely, an M-code with a randomized encoder.
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Definition 4 An (M, e€) code for the n-th random transformation of the channel is called
an (n,M,e) code. We define the fundamental non-asymptotic limit for a channels as

M*(n,e) = max{M : 3(n, M, e€)-code (mazximal probability of error),  (2.16)

M, (n,e) = max{M : I(n, M, ¢)-code (average probability of error). (2.17)

avg

The non-asymptotic fundamental limit M™*(n,€) gives rise to a number of asymptotic
quantities associated to a given channel.

Definition 5 The e-capacity Ce (measured in information units per channel use) of a chan-
nel is defined as
1
Ce 2 lim inf ~ log M*(n,€). (2.18)
n

n—oo

Definition 6 The capacity C' (measured in information units per channel use) of a channel
is defined as

JANS
C=lmC,. (2.19)
e—0
According to this definition the capacity is the maximal rate of communication which still
admits an asymptotically vanishing probability of error.

Definition 7 The channel dispersion V' (measured in squared information units per channel
use) of a channel with capacity C is equal to?

. 1 (nC —log M*(n,e) 2
V = ll_r)% hrILn—>Sol<];p - < 0100 (2.20)
1 — log M* 2
= lim limsup — (nC — log T (n,€)) . (2.21)
e—=0 pnooo N 21n <

The rationale for this definition is the following expansion, valid for a number of different
channels (the € > 0 is fixed and n — o0):

log M*(n,€) = nC' — VnVQ (e) + O(logn) (2.22)

So Definition 7 extracts the coefficient V' in this approximation, similar to how Definition 6
extracts the coefficient C'. Expansions of the type (2.22) have been studied in [1,3,27-29]
with main contributions by Dobrushin [29] and Strassen [1]; see Section 3.1.2 for more
details.

The utility of defining the asymptotic quantities C' and V' for non-asymptotic analy-
sis is established in this thesis by showing that for many different channels the following
approximation:

log M*(n,€) = nC —VnVQ (e (2.23)

gives an excellent estimate for the true value of log M*(n,€) in the regime of practically
interesting n and e. In particular, the minimal blocklength required to achieve a given
fraction 7 of capacity with a given error probability ¢ can be estimated as

nz (Ci%l(;)y é : (2.24)

2This form of the definition has been proposed by S. Verdu.
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Similar to how e-capacity is a refinement of the capacity, the following definition is a
refinement of the definition of dispersion:

Definition 8 For a sequence of channels with e-capacity Ce, the e-dispersion is defined for
€(0,1) — {1} as

(2.25)

1 — log M* 2
V. = limeup X <n0 QO_gl(e) (n, e)>

n—oo N
Note that for € < %, approximating % log M*(n, €) by C¢ is optimistic and smaller dispersion
is preferable, while for € > %, it is pessimistic and larger dispersion is more favorable. Since
Q'(3) =0, it is immaterial how to define V% as far as the normal approximation (2.23) is
concerned.

For a joint distribution Pxy on A x B we are interested in the information density®

. dPxy
= log —————— 2.2
i(z,y) %8 Iy x Py)(w,y) (2.26)
APy |x—y

More formally, we assume that for some measure o on B we have Py y_, < p for all x € A
and Py < p; then define

A APy |x—y A Py
=== =—(y). 2.28
fz,y) a0 ), 9 0 () (2.28)
The information density can then be defined as*
—0Q, f((lf, y) = 07
i(z,y) = { +oo, 9(y) =0, (2.29)

log L& f(2,y) £ 0,9(y) #0.
In this thesis we denote by Px, @, Py|x—;, etc. distributions of a single variable,

whereas P is reserved for probability measure on the underlying probability spaces.

2.2 Previous work

2.2.1 Achievability results

Two main classical non-asymptotic achievability bounds are due to Feinstein [15] and Shan-
non [34]. We present the generalizations to the settings with input constraints due to
Thomasian [35] (see also [36] and [37, (2.34)]).

$We take (2.27) as the definition of i(z,y) in this thesis. The reason for this is that the quantity (2.26) is
only defined (Px x Py )-almost surely. Consequently, whenever Px (z) = 0, it is meaningless to talk about
the distribution of i(x,Y"), which is inconvenient for channels with continuous alphabets.

“Notice that it is irrelevant how to define i(z,y) for the case f(z,y) = g(y) = 0, since we are interested
in defining i(x, ) only on the union of supports of Py |x—, and Py.
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Suppose that all codewords are required to belong to some set F C A. For example,
there might be a cost c(x) associated with using a particular input vector x, in which case
the set F might be chosen as

F={z:c(x) < P}. (2.30)
The achievability bounds are then given as follows:

Theorem 1 (Feinstein) For any distribution Px, and any v > 0, there exists an (M, €)
code (mazximal probability of error) with codewords in the set F C X satisfying

M >~ (e—P[i(X;Y) <log] — Px[F]) , (2.31)

or equivalently,
e <P[i(X;Y) < log] + 7 + Px[F]. (2.32)

Theorem 2 (Shannon) For any distribution Px, and any v > 0, there exists an (M, ¢)
code (average probability of error) with codewords in the set F such that

~

<Pi(X;Y) <1
e <PL(XGY) < logr] + 7

+ Px[F9. (2.33)

Apart from the difference between M and M — 1, Feinstein’s bound implies Shannon’s
bound. Note that unconstrained versions are obtained by taking F = A in Theorems 1
and 2. Another general coding theorem result is the one due to Gallager [6].

Theorem 3 (Gallager, no cost) For any Px and X\ € [0, 1], there exists an (M, €) code
(average probability of error) such that

(X }7 B 1+
(E [exp iX,Y) 'Y]) ] (2.34)
where the pair (X,Y) are distributed as

Pyy(a,b) = Px(a) Y Py x(bld')Px(a’). (2.35)
a'eA

e< M E

For a memoryless channel (2.34) turns, after optimization over A, into
¢ < exp{—nE,(R)}, (2.36)

where R = % is a coding rate and E,(R) is Gallager’s random coding exponent.
Theorem 3 admits generalization to a case with cost-constraints c(x), see [9]:

Theorem 4 (Gallager, with cost) Suppose Px is such that

> c(@)Px(x) < P, (2.37)

zeA

and consider some § € [0, P] such that u(0) > 0 with u(0) defined as

u(8) £ Px[P -5 < c(X) < P). (2.38)
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Then for any X € [0,1] and r > 0 there exists an (M, €) code (average probability of error)
with codewords satisfying c(x) < P and such that

e < M <eXP(T5)>I+AE (E [exp {Z(fiii) +(e(X) — P)r} ‘ YDHA] (2.39)

p(9)
where the pair (X,Y) are distributed as

Pyy(a,b) = Px(a) Y Pyx(bla’)Px(d). (2.40)
a'eA

There are also bounds specially developed for particular discrete and Gaussian channels,
which are going to be discussed in Sections 3.1 and 4.1.

We do not cite here any of the “joint typicality” or type-splitting achievability results.
This is because those bounds, contrary to our goal, are derived with implicit assumption of
tending n — oo and thus do not yield tight bounds.

Let us motivate this omission quantitatively. For example, in [17] Csisz’ar and Koérner
give an achievability bound (Theorem 1 there), which after optimization reduces to

e <exp{-n(E.(R+6,) —d,)}, (2.41)

where R and E,(R) are the same as in (2.36). We already can see that this bound can
not be better than Gallager’s. Numerically, even if we neglect ¢/, we can see that (2.41)
compared to Gallager’s bound incurs the loss of rate by at least
6 = (AP + a2t 1 (2.42)
n n

For the BSC with n = 1000, we find that J,, = 0.06. Now look at Fig. 3.1, where different
bounds are compared. If one subtracts 0.06 from Gallager’s bound it becomes obvious
that (2.41) is very far away from the contenders. The presence of §/, deteriorates situation
even more, e.g. for n = 1000 we have exp{nd,,} = 10%*.

For these reasons in this thesis we do not consider the aforementioned achievability
bounds and also corresponding type-based converse bounds (e.g., Haroutounian’s [38]).

2.2.2 Converse results
Among the relevant converses we cite Fano’s inequality:

Theorem 5 FEvery (M, e)-code (average probability of error) for a random transformation
Py x satisfies

1 1
log M < sup I(X;Y) + ——h(e) (2.43)
1—c¢ X 1—c¢
where h(z) = —xlogx — (1 — x)log(1 — z) is the binary entropy function.

For the maximal probability of error, Fano’s inequality is significantly improved by the
bound due to Wolfowitz [3].
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Theorem 6 (Wolfowitz) Every (M, e€)-code (mazimal probability of error) must satisfy
-1
M < inf 3 <inf Pyx—y li(z;Y) <log ] — e> (2.44)
£>0 €A
provided that the right-hand side is not less than 1.

As shown in [39, Theorem 7.8.1], this bound leads to the strong converse theorem for
the discrete memoryless channel (DMC)

log M*(n,€) <nC +o(n)  Vee (0,1). (2.45)

Moreover, the bound (2.45) also holds in the presence of noiseless feedback [39].
The following corollary to Theorem 6 gives another converse bound which also leads to
(2.45):

Theorem 7 ([9, Theorem 5.8.5]) For an arbitrary discrete memoryless channel of ca-
pacity C and any (n,exp{nR},€) code with rate R > C, we have

eZl—ﬁ—exp{—w} , (2.46)

where A > 0 is constant independent of n or R.

We notice that Theorem 7 is in general too coarse for analyzing the finite blocklength
behavior of fundamental limits.

The dual of the Shannon-Feinstein bounds in Theorems 1 and 2 (in the unconstrained
setting) is given in [26].

Theorem 8 (Verdu-Han) FEvery (M, e)-code (average error probability) satisfies

€ > sup {]P’ [i(X;Y) <logf] — ﬁ} , (2.47)
5>0 M

where Pxy = PX.Py|X and Px s the distribution on A induced by the code.

A looser bound of [40] is obtained from (2.47) by replacing the optimization over the [
with a fixed choice § = % Although Theorem 8 leads to the most general formula for
the channel capacity [26], obtaining computable bounds on fundamental limits via (2.47)
is challenging due to the need of solving an optimization over the set of all n-dimensional
input distributions. Similar problems appear in computing a generally tighter bound given
in [41]:

Theorem 9 (Poor-Verdd) Every (M, e)-code (average error probability) satisfies

€ > sup <1 — ﬁ) Pli(X;Y) <logp], (2.48)
>0 M

where Pxy = PX.Ple and Px s the distribution on A induced by the code.
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A generalization of Theorem 6 was proposed in [42] by changing the reference probability
measure in the definition of i(X;Y") from Py to an arbitrary Qy; see also [43,44]:

Theorem 10 Every (M, e)-code (average error probability) satisfies
: dPxy ] g

€ > sup( infsupP |[log————(X,Y) <o —— 5. 2.49

2 sy gt o g0 < o] (249

Finally, for the asymptotic analysis of error exponents, the following bound [7] is crucial
(see also [45] for the same bound explored in a different notation).

Theorem 11 (Shannon-Gallager-Berlekamp) Let Py |x : A+ B be a DMC. Then any
(n, M, €) code (average probability of error) satisfies

€ > exp{—n(Esp(R—o01)+02)}, (2.50)
where

R = loiM, (2.51)
Ew(R) = sup[Bo(p) — pR], (2.52)

p=0
Ey(p) = HllDaXEo(p,Px), (2.53)

X

1+p
Eo(p,Px) = —log) > Px(z)Pyx y|$)1/(1+p)] (2.54)
yeB LzeA

— g (1@ [E [exp “ﬂ? 'y” Hp) , (2.55)

log4 | A|logn

n n
8 e log8
= 1 2.57
Poin = mln{Py|X(y\m) : Pyix(ylz) >0}, (2.58)

where the maximization in (2.53) is over all probability distributions on A; and in (2.55),
X and Y are independent:

Pgy(a,b) = Px(a (Z Py x (b|z) Px (z )> . (2.59)

zeA

Although Theorem 11 proved to be key for finding the reliability function at high rates,
its utility for the finite blocklength regime is questionable, mainly due to coarse estimates
o1 and o0y. For these reasons, [18] and [19] have recently tightened those estimates and also
extended the bound to continuous-output channels.
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2.3 Binary hypothesis testing

Many of our results and methods depend on evaluating the optimal performance of the
binary hypothesis test. Consider a random variable W on W which can take one of the
two distributions P and (). A randomized test between those two distributions is a random
transformation (a transition probability kernel) Pz : W — {0, 1}, where 0 indicates that
the test chooses ). The optimal performance among all such transformations is denoted
by®

50¢(P7 Q) = inf
PZ|W :
> wew Pzw (Hw)P(w) > «

Thus, G, (P, Q) gives the minimum probability of error under hypothesis @ if the probability
of success under hypothesis P is at least .

Note that a — [, is a non-decreasing, convex function of « € [0,1]. Indeed, for any
test Pzy we define

> PZW<1|w>Q<w>] : (2.60)

weW

a = Y Pyuw(lly)P(w), (2.61)
weW

B o= ) Prw(lly)Qw). (2.62)
weW

Then the totality of points («, 3) for all Pz form a convex subset of [0, 1]2. Since 3, is a
lower boundary of this set, it must be convex.

The infimum in (2.60) is guaranteed to be achieved by an optimum randomized test
according to the following lemma due to Neyman and Pearson (e.g., see [46]).

Lemma 12 (Neyman-Pearson) Consider a space W and probability measures P and Q.
Then for any « € [0,1] there exist v > 0 and T € [0,1) such that

Ba(P,Q) = Q[Z5 =1], (2.63)
and whereS the conditional probability Prw s defined via

dP dP
(W) =18 — 718 — = ) 2.64
sy =1 {50 >t 2 {50 =] (2.64)
where Z, € {0,1} equals 1 with probability T independent of W. The constants v and T are
uniquely determined by solving the equation

P[Z; =1 =«. (2.65)
Moreover, any other test Z satisfying P[Z = 1] > « either differs from Z% only on the set

{% = } or is strictly larger with respect to Q: Q[Z = 1] > [, (P, Q).

5Here and below we write summations over alphabets, whenever it does not cause confusion. However,
all of the general results in this chapter hold for non-discrete measures and uncountable alphabets.

5In the case in which P is not absolutely continuous with respect to @, we can define % to be equal to
400 on the singular set and hence to be automatically included in every optimal test.



In other words, 3, is a piecewise linear function, joining the points

dP
ﬁa :Q [@ Z’V:|
dP
“‘PLQ—]

iterated over all v > 0.
The following bounds are easy to show ([47])

JEHIC P—S )
5@@§1.ngﬂ

<1

<2,

where v > 0 is arbitrary and ~p satisfies

dP
—_ > > .
PLQ—%]—Q

For completeness we give the proofs. For an arbitrary test Pzy, we have:

Q[Z:l]zQ[{Z:l}ﬂ{%<fyH

ofi-un{l <)

e )

aoéP[Z—SZ’m} > a,

then we have

Ba(P,Q) < Pao(P,Q)

dP
= Q [@ Z’YO}
sl

IN
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(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)
(2.72)
(2.73)

(2.74)

(2.75)

(2.76)
(2.77)

(2.78)

where (2.76) follows from monotonicity of (4, (2.77) is a consequence of Neyman-Pearson
lemma, and (2.78) follows by a standard change of measure argument, see also [48]. This

completes the proof of (2.68).
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In general, the function o — [, (P, Q) provides a lot of information about the relation
between measures P and Q). For example (3, (P, Q) = « if and only if P = @; any expectation

Eq [ f <%)} can be computed via the formula:

/f <%> dQ = /01 8()f <ﬁ> da, (2.79)

where /(o) = % exists almost everywhere by the Lebesgue theorem; see also [49, Theorem
11]. In particular (2.79) shows that every f-divergence [50] between P and () can be obtained
from the knowledge of 3.

Below, the binary hypothesis testing of interest is W = B, P = Py|x_, and @ = Qy,
an auxiliary unconditional distribution. © In that case, for brevity and with a slight abuse

of notation we will denote

Ba(@, Qy) = Ba(Py|x=2,Qy) - (2.80)

Bounds (2.67) and (2.69) imply that (3, behaves approximately as the exponent of (the
negative of) the a-th quantile of log % under P. In this thesis we will mostly deal with

distributions that are n-fold products of a fixed distribution. In this case log % is a sum of
i.i.d. random variables and the quantile behavior is governed by the central-limit theorem
(CLT), or, more precisely, by the Berry-Esseen Theorem, e.g. [51, Theorem 2, Chapter
XVL5]:

Theorem 13 (Berry-Esseen) Let the Xy, k =1,...,n be independent with
Uk = E [Xk] s 0']% = Var[Xk] N and tk =E HXk — ,uk\?’] . (2.81)

Denote V. =>To0% and T = > ] tx. Then

S ] s

T

T3 (2.82)

where Q(x) is defined in (1.18).

Note that for i.i.d. X} it is known that the factor of 6 in the right hand side can be replaced
by 1 or less; see [52]. In this thesis, the exact value of the constant does not affect the
results and so we take the conservative value of 6 even in the i.i.d. case.

Regarding the asymptotic behavior of the (,, the Berry-Esseen inequality implies the
following result, proved in Appendix A:

Lemma 14 Let A be a measurable space with measures {P;} and {Q;}, with P; < Q;
defined on it fori=1,...,n. Define two measures on A": P =] P; and Q = [[;-; Qi,

"As we show later, it is sometimes advantageous to allow Qy that cannot be generated by any input
distribution.
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and
- %iD(HHQ», (289
Zv PlIQ:) = Z/( ,)2dpz-—D<Pi||czz->2, (2.84)
Z / ) Py, (2.85)
B, = 6%. (2.86)

Assume that all quantities are finite and V,, > 0. Then, for any A >0

B, + A 1

log 3(P,Q) > —nD,, — \/nV, Q™" <a - \/—% > ~3 logn +log A, (2.87)
B, 1 21og 2

log o (P, Q) < —nD,, — VnV,Q 1 <a + ﬁ) ~ 3 logn + log <%Vn + 4Bn> . (2.88)

Each bound holds provided that the argument of Q' lies in (0,1).

In particular when P, = P and Q; = Q, i = 1,...,n, V(P||Q) > 0 and the third
moment of log 42 10 is finite, we have

log o (P", Q") = ~nD(P]|Q) — VaV (PQ)Q (@) ~ S logn+0(1).  (2:89)
If V(P||Q) = 0 then we trivially have
log B, (P", Q") = —nD(P||Q) + log o (2.90)

The lower bound (2.87) holds only for n sufficiently large, while sometimes we want a
firm bound, valid for all n, such as provided by the following result:

Lemma 15 In the notation of Lemma 14, we have

2nV,,

+log 2, (2.91)

log (P, Q) = —n.Dy, — 5

A proof of this result is also found in Appendix A.

Each per-codeword cost constraint can be defined by specifying a subset F C A of
permissible inputs. For an arbitrary F C A, we define a related measure of performance for
the composite hypothesis test between )y and the collection {Py| X—z JzeF:

kir(F,Qy) = inf > Qv )Py (1ly). (2.92)
Pzy - yeB
infxg: Pz‘X(1|.’E) >T
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As long as Qy is the output distribution induced by an input distribution Qx, the
quantity (2.92) satisfies the bound

TQx[F] < k- (F,Qy) < 7. (2.93)

The right-hand side bound is achieved by choosing the test Z that is equal to 1 with
probability 7 regardless of Y. To see the left-hand bound, note that for any Py that
satisfies the condition in (2.92), we have

ZQY ) P71y (1ly)
yeB

= YD Qx(@)Pyix(yle)Pyy (1ly) (2.94)
zeAyeB

> > Qx(@) Y Pyix(yle)Pzy (1ly) (2.95)
zeF yeB

> ) Qx(@) it Y Pypx(yla) Py (1ly) (2.96)
zeF m yEB

> 7Qx|[F]. (2.97)

A remark on notation: Typically we will take A and B as n-fold Cartesian products of
alphabets 4 and B. To emphasize dependence on n we will write 52 (x, Qy) and £ (F, Qy).
Since Qy and F will usually be fixed we will simply write 7. Also, in many cases G (z, Qy)
will be the same for all x € F. In these cases we will write 3.

2.4 Achievability: average probability of error

All of the upper-bounds on the average probability of error considered in this thesis invoke

the original idea of Shannon [2], namely, generating the codebook randomly. Specifically,

the exact value of the probability of error is given by the following expression® :

Theorem 16 Denote by €(cy,...,cpr) the error probability achieved by the mazimum like-
lihood decoder with codebook (c1,...,cpr). Let Xq,...,Xn be independent with marginal
distribution Px. Then,
M—1
M-1\ 1
Ele(X1,..., X = 1- ——_E |WfzM-1-¢ 2.
(X1 Xap) > (M el ew
where
W = PL(X;Y)=i(X;Y)|X,Y] (2.99)
Z = Pli(X;Y)<i(X;Y)|X,Y] (2.100)
with
Pyy 5(a,b,c) = PX(a)PY‘X(b\a)PX(c). (2.101)

8This result was obtained by S. Verdi.
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Proof: Since the M messages are equiprobable, upon receipt of the channel output y,
the maximum likelihood decoder chooses with equal probability among the members of the
set

arg _max i(cisy) -
Therefore, if the codebook is (c1,...,cpr), and m = 1 is transmitted, the maximum likeli-
hood decoder will choose m = 1 with probability %—i—f if

M

D Hilejsy) =ileisy)t = ¢ (2.102)

Jj=2

M
> Yilesy) > ile;y)} = 0, (2.103)
j=2

for ¢ =0,... M —1. If (2.103) is not satisfied an error will surely occur. Since the codewords
are chosen independently with identical distributions, given that the codeword assigned to
message 1 is ¢; and given that the channel output is y € B, the joint distribution of the
remaining codewords is Px X --- X Px. Consequently, the conditional probability of correct
decision is

M—-1
) (Mg_ 1)%(?’ [i(X;y) = i(er; ) (P[i(X;y) <iler;))™ 70 (2.104)
/=0

where X has the same distribution as X, but is independent of any other random variable
arising in this analysis. Averaging (2.104) with respect to (c1,y) jointly distributed as
Px Py|x we obtain the summation in (2.98). Had we conditioned on a message other than
m = 1 we would have obtained the same result. Therefore, the error probability averaged
over messages and codebook is given by (2.98). |

Naturally, Theorem 16 leads to an achievability upper bound since there must exist an
(M,E[e(X1,...,Xum)]) (average error probability) code. Although in some special cases
it is possible to compute the value appearing in the right-hand side of (2.98), in general
the required computational complexity is too high and we need to consider simpler upper
bounds. Such upper bounds are the focus of the subsequent sections.

2.4.1 Random coding union (RCU) bound
Our first bound is the following:

Theorem 17 (RCU) For an arbitrary Px there exists an (M, €) code (average probability
of error) such that

e <E [min {1, (M-1P[i(X,Y)>i(X,Y)|X,Y]}], (2.105)

where Pyy g(a,b,c) = Px(a) Py x(bla)Px(c).
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Proof: Let us generate our codewords X1, ... X as independent random variables with
common distribution Px. Let us denote by \; the (random) probability of error conditioned
on transmitting the j-th codeword:

Aj 2 Plerror | X = Xj]. (2.106)

Then, the average probability of error is given by

M
=7 Z A (2.107)
j=1
and by symmetry we find that
Ele=E[N]. (2.108)

We need now to average A1 over the random choice of codebook X, ... X3;. The maximum
likelihood decoder will decode to the codeword with maximal i(X;,Y") given the received
value Y. Thus, we can upper-bound the probability of error as

M
E M) <P | JG(X5,Y) > (X0, V)Y (2.109)
j=2

(this is an inequality because some of the cases i(X;,Y") = i(X1,Y’) might have been resolved
to X1, whereas we have assumed the worst).

In (2.109) we have Px,yx,... = Px, Py|x, Px, Px, - --. Notice that we can first condition
on X7 and Y, and then take expectation over them:

M
e<E |P || J{(X;,Y) =X, V) X0,V || (2.110)
j=2

In this way, the internal conditional probability is actually a probability of M — 1 indepen-
dent events. It is natural to apply the union bound then:

M
e<E |min{ 1, > P[(X;,Y)>i(X1,Y)[X1,Y] 3| . (2.111)
j=2

Here we used min(z, 1) to exclude the values larger than 1. Note that all the probabilities
in the > j—2 are equal, and thus we can simply write

¢ <E [min {1, (M-1P[i(X,Y)>i(X,Y)|X,Y]}] . (2.112)

|

Essentially, the only ingredients of the proof are the random-coding and the union bound
(hence the name: RCU). The bound can be viewed as a generalization of Shannon’s AWGN
bound [4]. For symmetric channels the computational complexity of the RCU bound is
rather low, e.g. O(n?) for the BSC, and hence the bound is computable even for rather
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large blocklengths; see Sections 3.2 and 3.3 below. However, in general the bound (2.105)
has complexity O (n2(|A|_l)‘B ‘) and thus frequently the direct application of Theorem 17 is
not possible. Below we give alternative bounds that are easier to compute and still tight
enough for many purposes.

There is also a way to simplify the bound (2.105) different from the path that we adopt
below. Namely, we can first use a Chernoff-type upper-bound:

_ Py x(y|®) A
Pi(X,Y)>i(X,)Y)| X =x2,Y =y| < PXx<7>
i(X,Y) 2 i(X, )| 1< P (i

(for memoryless channels it is known that this upper-bound is exponentially tight for the
optimal choice of A). This reduces the bound to

Pyix(Y|z) >A
min (M-1) Px(7) . 2.114
{ D3 @ (A (G119
The complexity here is just O(n(4I=DIB),

Additionally we can use the simple inequality min{z, 1} < 2 valid for p € [0,1]. After
plugging this into (2.114) we get

(2.113)

e<E

Py x(Y|z)

(M—1)"E [{ZP ) <PYX(Y‘X)> }p] . (2.115)

As shown by Gallager, the optimum choice of X is 1/(14 p) in which case the bound simply
becomes Theorem 3:

e < (M1 Y Pe(@) Py (ol /00 L (2116)
Yy

2.4.2 Dependence testing (DT) bound

Theorem 18 (DT) For any distribution Px on A, there exists a code with M codewords
and average probability of error not exceeding

e < Plix, Y)<log£]+—P{(X,Y)>log?] (2.117)

E [exp {— ‘z’(X, Y) — log ? +H (2.118)

where Pyyy(a,b,c) = Px(a)Py|x(bla)Py(c).

The name “dependence testing (DT) bound” will be explained shortly, see Section 2.4.3.
Before proving the theorem, we formulate and prove a useful lemma.

Lemma 19 Consider a distribution Px on A, a distribution Py (y) = >, ca Py|x (y|7) Px ()
on B and a measurable function v : A — [0,00]. Then there exists an (M, ¢€) code (average
probability of error) satisfying

€ < Pi(X,Y) < logy(X)] + “—Pli(X,Y) > log (X)), (2.119)

where Pyyy(a,b,c) = Px(a)Py|x(bla)Py(c).
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Remark: We demonstrate how a very slightly weaker bound can be obtained from
Theorem 17. Note that in (2.105) when (X, Y) is small the term (M — 1)P[- - -] is probably
larger than 1 and thus it is natural to upper-bound min{z, 1} by 1. On the other hand, when
i(X,Y) is very large it is probably smaller than 1 and thus it is reasonable to upper-bound
min{z, 1} by z:

e < E[1{i(X,Y) <A} +1{i(X,Y) > v}(M — D)P[(X,Y) >i(X,Y) | XY]] £.120)
Pi(X,Y) <~]+ (M - DP[i(X,Y) > ~]. (2.121)

This bound is only 1-bit weaker than (2.119).

Proof of Lemma 19: The idea of the proof is to average the probability of error over
random codebooks generated using the distribution Px; the decoder runs M likelihood ratio
binary hypothesis tests in parallel, the j*" of which is between the true distribution Py X=c;
and “average noise” Py .

Let {Z,}.en be a collection of deterministic functions over B defined as

Zy(y) = Hi(z,y) > logy(z)}. (2.122)

First we describe the operation of the decoder given the codebook {¢; i]\il; the decoder
computes the values Z.,(y) for the received channel output y and returns the first index j
for which Z = 1 (or 0 if all of them returned 0). In this way, the average probability of
error is given as

M
e(ery...om) == > A, (2.123)
ey M;
where
N =P |{2,00) = 0} J{Ze (V) = 1} X = ¢ , (2.124)

or, using the union bound and the definition of Z,(y),

Aj < Pli(e,Y) <logv(c))| X = ¢j] + ZIP’[i(ci,Y) > logy(ci) | X = ¢j]. (2.125)

We will now average each expression (2.125) over codebooks {¢;} that are generated as
(pairwise) independent random variables with distribution Px. Then, we obtain

E[\;] < Pli(X,Y) < logy(X)] + (j — DP[i(X,Y) > log y(X)] . (2.126)
Then from (2.123) we find that the ensemble average of e satisfies
E [e(cr, . can)] S PE(X,Y) < logy(X)] + “2Pl(X, V) > logy(X)]. (2.127)

|
Proof of Theorem 18: Notice that by taking an expectation conditioned on X in (2.119)

we obtain
Prp—eli(e,Y) <log ()] + “— Pyi(,Y) > 4(2)], (2.128)
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which is a weighted sum of two types of errors. This thus corresponds to the average error
probability in a Bayesian hypothesis testing problem for which the optimal solution is the
likelihood ratio test with threshold ~(x) = (M —1)/2.

We need only to show that (2.117) and (2.118) are equal® . To this end consider an
expression

dQ
Note that when evaluating the second term we can drop any region N such that Q( )=0
or P(N) = 0 (since v > 0). Thus, we can replace Q and P with different measures Q and P

such that Q ~ P and formula dQ = (%) holds. Thus, the second term can be rewritten
as

7@[ a0 ]2/7@—2) Liae, .y dP. (2.130)

Summing with the first term in (2.129) we obtain

AP d dP\ !
P[ES’Y]—F’YQ[Q } = /[{dp<7}+’7<dQ> 1Z—g>7}
—1
_ /min{'y<3—g> ,1}dP. (2.132)

Now substituting e~*(X-Y) for (%) and *= for v we have (2.118). [ |

P [% < ’y} +7Q [E > 'y] (2.129)

dP (2.131)

2.4.3 Some properties of the DT bound

The right side of the DT bound (2.117) is equal to #2= times the Bayesian minimal error
probability of a binary hypothesis test of dependence:

Hy: Pxy  with probability 2+
Hp: PxPy with probability &=

M+1

Therefore, Theorem 18 demonstrates that the dependence testing (DT) problem is related
to the problem of constructing channel codes.

One of the properties of the DT bound that makes it particularly useful in applications is
that unlike the existing bounds (2.31), (2.33), and (2.34), the bound in Theorem 18 requires
no optimization of auxiliary constants. Moreover, for the case of no input constraints
(F = A), Theorem 2 follows from Lemma 19 by taking y(z) = 8 and upper-bounding *=
by M. Similarly, a recent bound in [53] can also be seen as a weakened version of Lemma 19
and is therefore provably weaker than Theorem 18 (originally published in [33]). Therefore,
the DT bound is strictly stronger than Shannon’s bound (2.33) and [53].

Regarding the asymptotic analysis, it can be easily seen from (2.118) that Theorem 18
can be used to prove the achievability part of the most general known channel capacity
formula [26].

9The compact form of the DT bound given by (2.118) was proposed by S. Verdd.
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For the analysis of the second term in the representation (2.117) frequently the following
result comes in handy.

Lemma 20 Let Zy, 2, ..., Z, be independent random variables, o = Z?Zl Var Z; be non-
zero and T =377 | E [1Z; — E Z;*] < oo; then for any A

- log2 127\ 1
E exp § — jz::IZj 1{2;}:1 Z;>A} <2 <\/ﬂ + 7) ; exp{—A} . (2.133)
Proof: By Theorem 13 we have for any x and ¢
Ple<) (Z-EZ)<z+0 (2.134)
j=1
< / e 2t — (2.135)
z/o V2m o
0 127\ 1
—+— ] . 2.136
<\/27r T > o ( )
On the other hand,
E exXp § — Z Zj 1{2;}:1 Z;>A} (2137)
j=1
< D exp{-A—I6}P |A+16 <Y Z;i< A+ (1+1)5| . (2.138)
1=0 j=1
Using (2.136) and ¢ = log 2 we get (2.133) since
d 2t=2. (2.139)
1=0
|
Notice that
. . M—1|+
Nl{lm i(X,Y) —log | = 0 (2.140)

and the convergence is monotone in M. Therefore, from (2.118) we see that as M ranges
from 1 to oo the right-hand side of the DT bound in (2.118) grows monotonically from 0
to 1 (and is, thus, the cumulative distribution function, CDF, of some random variable).
This suggests to take a different look on the expression (2.118) by defining a particular
f-divergence [50] as follows:

D,(PlQ) = | [%—vrdcz. (2141)
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Then the DT bound (2.118) can be restated as:
1—e>Dus (Pxyl|PxPy) . (2.142)

Since processing does not increase f-divergence, the left-hand side of the bound (2.142)
can be further lower-bounded by applying a suitable mapping of the space A x B into a
simpler space. For example, in the case of the BSC (A =B = {0,1}") a convenient map is
A x B — Z, given by (z,y) — |z — y|, where | - | is the Hamming weight.!°

Some of the interesting properties of f-divergence D(-||-) are listed in the following:

Theorem 21 Assuming P ~ Q) we have

! qp
D,(PllQ) = /OP[log@>log%] du. (2.143)

The function v — D~ is non-increasing from 1 to 0 on Ry, and

D,is—D dP
lim =2 77 _— _o |2 2.144
Jm —= Q [ a0 v] (2.144)
. D’y+6 - ny dP
= 7 = —_— > .
S = @027 (2.145)
and hence, Lebesgue-almost everywhere
dD, dP
—t=_Q|=> ) 2.146
o --Q [ e v] (2.146)

The function v — D, contains the same information about P and @ as the function o —
Ba(P,Q), according to:

Dy(PlIQ) = a() = vBa(y) (P, Q) , (2.147)

where a(y) = P [% > ’y]. Consequently, any other f-divergence can be expressed in terms
of D.,. For example, for the divergence D(-||) we have: If D(P||Q) < oo then!!

> D
D(P||Q):loge—/ logv%dv. (2.148)
0

Finally, the following holds:

dQ

L g, Hlog 2P g 7} 1 . (2.150)

Dy(PllQ) < 1_eXP{_EP

[log AP g 7} 1 } (2.149)

loge dQ

This is an instance of a general idea of channel simplification: A x B should be mapped to the orbit

space under the action of the automorphism group of the channel on A x B, see Section 6.5.

HNotice that —% is a density of a probability measure on R_.
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Remark: Upper-bound (2.149) is especially useful when %log gg’; is geometrically concen-

trating around 1 D(P,[|Q,) as n — oco.
Proof: From the definition (2.141), we have the following equivalent expressions:

D(PIQ) = P [% > v] —4Q [% > 7} (2.151)

= 1—/[min{%,yﬂ dQ (2.152)

dP\ "
=1 —/ [min {fy <@> ,1} dpP (2.153)
whereas (2.143) follows from (2.153) by applying
1
E [min{X, 1}] :/ P[X > uldu, (2.154)
0

which is valid for any non-negative X. The non-increasing nature of D, follows trivially
from (2.141).

To get one-sided derivatives (2.144) and (2.145), we need to simply use representa-
tion (2.152) and notice that

% min{z,y + 0} — min{z,v}] — Wz >~}, asd\,0, (2.155)
% min{x,y 4+ 0} — min{z,v}] — H{z>~}, asd 70, (2.156)

and both converge uniformly in x € R.
Representation (2.147) follows from (2.151) and the Neyman-Pearson lemma (2.66).
To prove (2.148) notice that by definition of divergence we have

dP_  dP ~
D(P||Q :/—lo —dQ = xlogxdQ@ , 2.157
(PlIQ) = [ g tes i@ = [ los (2157)
where Q' is the distribution of % under Q:
dP\ "
Q0200 <@> : (2.158)
Continuing from (2.157) we have:
—D(P||Q) = / —zlogzdQ' (2.159)
Ry
[dP 11 o dpP

= zlogzQ |— >« —/ logm+logeQ[—>x] dx (2.160
a7, ", ( ) a0 (2.160)

[dP 11 o dD,
= zxlogzQ 0 > a:_ . —i—/o (logz + loge) T dx (2.161)

[dP 11 o dD,
= zlogzQ @ > a:_ . —loge—i—/o log x - T dz (2.162)

= —loge+/ log x dD,, (2.163)
0
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where (2.160) is integration by parts, (2.161) follows by applying (2.146), (2.162) holds since
Jo~ dD, = —1, and (2.163) follows because

P
mli_)noloQ [Z—Q > x] xlogz =0. (2.164)
To prove (2.164) notice that
apP
Q[@>m} -xlogz = Eg [mlogm-l{%>x}] (2.165)

P P
4P g 4 ] , (2.166)

< Egq [@log@ : 1{g_g>x}

and since D(P||Q) < oo, (2.166) tends to zero as  — oo by the dominated convergence.
To show (2.149), recall the following inequality due to Donsker and Varadhan [54]:

o) 2 [ (55)] ~osEa e {7 (50 ) }]. (2167)

where f is an arbitrary function. Applying this with f(y) = min {logy,log~y} we get
by (2.152)

dpP
D(P|IQ) > Ep [mm {log @,logv}] Clog(L-Dy(PQ)).  (2168)
which after a simple algebra leads to (2.149) |

2.5 Achievability: maximal probability of error

The details of the proof of Theorem 18 reveal that we could have generated the random
codebook with only pairwise independent codewords. Thus, for some channels (e.g., discrete
channels with additive noise) we can generate the codebook by imposing a distribution on
the generating matrix of a linear code. Then Theorem 18 implies the existence of a linear
code with average probability of error upper-bounded by (2.118). But the maximal and
average probability of error coincide for a linear code decoded with a maximum likelihood
decoder, and hence for additive-noise discrete channels the bound in Theorem 18 also holds
in the sense of maximal probability of error (see Appendix C for further details on this
approach). The following bound on maximal error probability holds in general.

Theorem 22 For any input distribution Px and measurable vy : A — [0, 00|, there exists a
code with M codewords such that the j-th codeword’s probability of error satisfies

ej <Pli(X,Y) <logy(X)]+ (j — 1) sup Pli(z,Y) > logy(x)], (2.169)

where the first probability is with respect to Pxy and the second is with respect to Py. In
particular, the mazimal probability of error satisfies

e <Pl(X,Y) <logvy(X)] + (M —1) sup Pli(z,Y) > logy(z)]. (2.170)
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Proof: First, we specify the operation of the decoder given the codebook {ci,...car}.
The decoder simply computes i(c;,y) for the received channel output y and selects the first
codeword c¢; for which i(c;j,y) > logy(cj).

Now, let us show that we can indeed choose M codewords so that their respective
probabilities of decoding error €;’s satisfy (2.169). Suppose that the first codeword is equal
to some x € A. Then the conditional probability of error under the specified decoding rule
is equal to

e1(x) =Pli(z,Y) <log~(z)|X = z]. (2.171)

Let us choose codeword x at random with distribution Px. Then, the average of €;(z) is
E[e1(X)] = Pi(X,Y) < log ¥(X)]. (2.172)

Thus, there must exist at least one choice of x such that e(x) is less than the right-hand
side of (2.172). Call this choice ¢;.

Now assume that n codewords {cj}?zl have been chosen and we are to show that the
n + 1-st one can also be chosen so that (2.169) is satisfied. Denote

D= J{y: ilcj,y) > logy(c;)} CB. (2.173)
j=1

Suppose that the n + 1-st codeword is equal to . Then the conditional probability of error
is

enti1(ct,y ... en,x) =1 =P{i(z,Y) >logvy(z)} \ D|X = z]. (2.174)

If we generate the n + 1-st codeword randomly with probability distribution Px then the
average of €,41 is

E [ens1(ct, - s cns X)) = P{i(X,Y) < log 7(X)} UD] < Bli(X,Y) < log y(X)] + Py(D).

(2.175)
From (2.173) and the union bound we obtain
Py (D) < nsup Pyli(z,Y) > v(x)]. (2.176)
TEA
Finally, we have
E [ens1(ctr- - e X)] < Pli(X,Y) < logy(X)] + nsup Pyfi(z,Y) > 4(z)].  (2177)

€A

Thus there must exist at least one value of X such that €, satisfies (2.169). The theorem
is thus proved. |

Remark: The proof technique of this theorem might be called sequential random cod-
ing because we have applied the random coding idea sequentially, codeword by codeword,
instead of generating the whole codebook independently.

Some symmetric channels and choices of Px (most notably the BEC and the BSC under
equiprobable Px) satisfy the sufficient condition in the next result.
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Theorem 23 Fiz an arbitrary input distribution Px. If the CDF Pli(z,Y) < «a] does not
depend on x for any o when Y is distributed according to Py, then there exists an (M, e€)
code with mazximal probability of error satisfying (for any x € A)

e < E[exp{-[i(X,Y)—log(M-1)]"}]. (2.178)
Proof: Under the stated conditions, bound (2.170) yields
e <Pl(X,Y) <logvy(X)] + (M — DP[i(z,Y) > logy(z)]. (2.179)

Thus v(x) can be optimized similarly to the proof of Theorem 18. |

2.6 Achievability: input constraints

Of course, by restricting the input space A all of the achievability bounds proved so far
yield bounds for the case with input constraints. However, such bounds are typically very
inconvenient to use, because the auxiliary input distribution then has to be selected so that
its support be on the constraint set F C A. For example, when A = A" it is convenient
(analytically) to work with input distributions Px that are obtained as n-fold products of
single-letter distributions on A. For this reason, it is advisable to find bounds which take
input distributions on A but produce input-constrained codes with codewords inside F.

2.6.1 Generalization of the DT bound

Using Lemma 19 we can extend Theorem 18 to the case of input constraints as follows.
Theorem 24 For any distribution Px on A there exists a code with M codewords in the
set F with average probability of error satisfying

e<P [z'(X, Y) < log M‘l} M

+ 2P [i(X, V) > log ?] + Px|Fe. (2.180)

2 2

Proof: Set v(x) to be 2= for x € F and 400 for x € F°. Then by Lemma 19 we have
e<P Hz’(X, Y) < log %}u{x c F}] + ?P [z'(X,Y) > log % X eF| (2181

Trivial upper-bounding yields (2.180). So by Lemma 19 we established the existence of
the codebook and the decoder so that the average probability of error satisfies the re-
quired (2.180). However, in this codebook some of the codewords might fall outside the
set F. On the other hand, our decoding rule is based on comparing i(x, y) with the codeword-
dependent threshold ~(x). If the codeword does not belong to F then this threshold is +oo.
We conclude that all codewords in F¢ have empty decoding sets. Thus, the average prob-
ability of error (under this suboptimal decoding) will not change if we remap all of these
codewords to arbitrary ¢y € F. This proves the theorem. |
Theorem 22 can be extended to the case of input constraints in the following way.

Theorem 25 For any input distribution Px and measurable vy : A — [0, 00|, there exists a
code with M codewords in the set F such that the mazimal probability of error € satisfies

ePx[F] <Pl(X,Y) <logv(X)] 4+ (M — 1) 81;1'2]13’[1'(3:, Y) > logv(z)]. (2.182)
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Proof: The case of Px[F] =0 is trivial. Assume otherwise. The proof is similar to the
proof of Theorem 22 with the only change being in how we upper-bound

E [en+1(X)] = P[{i(X,Y) < logy(X)} U DJ. (2.183)
We proceed as follows
E [Px[Flens1(X)] = Px[FIP[{i(X,Y) <logy(X)}UD] <  (2.184)

Px[F] (P[i(X,Y) <logy(X)] + Py[D]) = (2.185)
E [1p(X) (Pli(X,Y) <log~(X)] + Fy[D])] . (2.186)

Now it is an elementary fact that if f and g are two non-negative functions, p is a measure
satisfying pu(F) > 0 and
[1eranz [ga (2.187)

then at least at some z* € F we have g(z*) < f(z*). In our case this means that there
must exist at least one value of X (call it ¢,,41) such that

Px[Flenti(cn1) < Pli(X,Y) < log~(X)] + Py[D]. (2.188)
The rest of the proof follows that of Theorem 22 without change. |
Comparing this result with Theorem 24 we note that (2.182) is stronger than the bound
e <Pli(X,Y) <logv(X)] + (M — 1)sup P[i(z,Y) > logvy(z)] + Px[F]. (2.189)
zeF

An immediate corollary of Theorem 25 is the following;:

Corollary 26 For any distribution Px and any~y > 0, there exists an (M, €) code (maximal
probability of error) with codewords in the set F C A such that

M >1+~(ePx[F]-P[(X;Y) <logv]) . (2.190)
Proof: Apply Theorem 25 and use

Pyli(z,Y) = log] < (2.191)

= | =

|
Note that (2.190) is always stronger than a classical version of the input-constrained Fe-
instein’s lemma (Theorem 1, see Section 2.2.1 for the history and references regarding the
input-constrained version of Feinstein’s lemma).

2.6.2 k( bound

Theorem 27 (k5 bound) For any 0 < e <1, any 0 < 7 < € and any distribution Qy on
B, there exists an (M, €) code with codewords chosen from F C A, satisfying

u #r(F, Qy) _
= SUPLef B1—etr (2, Qy)

(2.192)
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Note: Tt is possible!? that (2.192) will be of the form M > /0 with o > 0. In this case
the statement of the theorem should be understood as “(M,€) codes with arbitrarily high
M exist”.

Proof: We first describe the operation of the decoder given a codebook {cz}f\il Upon
reception of y € B the decoder sequentially tests whether codeword ¢; was sent, where ¢
runs from 1 to M. The test for ¢; is performed as a binary hypothesis test discriminating
Py x—., (hypothesis Hg) against “average noise” )y (hypothesis ;). We would like to
select each such test as an optimal one within the constraint P(decide Ho|Hgp) > 1 — €+ 7.
To do this we define a collection of random variables Z(z),x € F conditionally independent
given Y and with P,y chosen so that it achieves 31 (7, Qy) in (2.60). In other words,

PZ(x)=1X=z]>1—€+T, (2.193)
QZ(x) = 1] = Bi—ctr(z,Qy), (2.194)
where we denoted
QUZ(@) =112 | Py (1)dQ0). (2195)
The decoder applies the M independent random transformations Pz, )y, - .-, Pz(c,,)y to

the channel output Y and outputs the first index j such that Z(c¢;) = 1, or 1 if all Z are
Z€ro.

Having specified the decoder operation we proceed to generate the codebook {c¢;}
This will be done in a manner similar to the maximal coding idea of Feinstein.

At first step, choose any ¢; € F. Then, by (2.193) we know that the described decoder
will decode ¢; with probability of at least 1 — € + 7 which is better than 1 — €. So ¢; does
not violate the maximum probability of error criterion. Next, suppose that j codewords
have already been selected, then choose the (j + 1)-st codeword. We can select some x € F
as the new codeword c;j 1 only provided that

M
i=1"

PlZ(z)=1,Z(c1) = =Z(¢j)| X =z] >1—€. (2.196)

If we cannot find any such = then STOP; otherwise choose any z satisfying (2.196).

There are two cases. Kither the process continues indefinitely, in which case there is
nothing to prove, or it stops after a finite number of steps M. In the latter case, we have
found an (M,e€) code and we need only to show that M satisfies the bound in (2.192).
Note that there is a large amount of freedom in the process: each random variable Z(c;)
is perhaps not uniquely defined by ¢;, the choice of ¢;11 is not unique, etc. However, the
lower bound on M will be independent of all those choices' .

Denote

Vi = max{Z(c;),j =1,...,M}. (2.197)

?For an example of such a case, take A = B = [0, 1] with the Borel o-algebra. Define Py|x—,(y) = 6z(y),
i.e. a point measure at y = x, and take Qy to be Lebesgue measure. Then, [+ (z,Qy) = 0 for any = and «,
and k-(Qy) =1 for any 7 > 0.

BNote that we could make the procedure completely deterministic using the axiom of choice and well-
ordering theorem to well-order all sets. Then, for example, at each step we can choose the first = (under
the established order on F) that satisfies (2.196). This allows as to talk about the code constructed by
Theorem 27.
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Then the process stopping after M steps implies that for every x € F we have
PlZ(z)=1,Vyy =0|X =2] <1—c¢€. (2.198)

But, by definition of Z(z) and (2.193) it follows that

l—e+7 < PlZ(x)=1X =z (2.199)
< PZ(z) =1,Viy = 0|X =] + P[Viy = 1|X = 2] (2.200)
< l—e+P[Vi =1|X =2a]. (2.201)

Thus, V) is a random variable taking values in {0,1} and such that, for every x € F
PVy=1X=xz]>71. (2.202)

But then, Vj; defines a composite hypothesis test and, by the definition (2.92) of k, we
have

QVm =1] = k- (F,Qy). (2.203)
Now, on the other hand

M
Qvu=1 = @Q|U{Z() = 1}] (2.204)
1
M
< ) QZ(e) =1 (2.205)
1
M
= > Bioetrlc;, Qy) (2.206)
1
< Msulg Bretr(z,Qy), (2.207)
Te
where (2.206) follows by (2.194). Finally, (2.207) and (2.203) imply (2.192). |
Using (2.93) in Theorem 27 we obtain a weakened but useful bound:
TQx[F]

M > sup sup

2.208
0<7<e Qx SUP,.cF Bl—e+7(m7 QY) ( )

where the supremum is over all input distributions, and (Qy denotes the distribution induced
by Qx on the output. An interesting connection of the (weakened form of the) x3 bound
and the DT bound comes from the following observation. By a judicious choice of ~(z)
in Lemma 19 we could have obtained the bound (2.208) for average probability error with
supremum in the denominator replaced by the average over Q) x.

In (2.60) and (2.92) we have defined (3, and , using randomized tests. Then, in Theo-
rem 27 we have constructed the coding scheme with a randomized decoder. Correspondingly,
if we define 8, and k; using non-randomized tests, then the analog of Theorem 27 for a
non-randomized decoder can be proved. For further details see Appendix B.
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2.7 Converse bounds

In this section we develop a method for proving converse (“impossibility”) results. The
central idea can be summarized as follows: we take an arbitrary code for the channel Py y;
we prove that if used on a different channel Q)y|x this code must have large probability
of error with a guaranteed lower bound; we then show that there is a link between the
probability of error on the (Q-channel and the probability of error on the P-channel; since
the former is lower-bounded, so is the latter. Quite interestingly, we show that all the
converse bounds mentioned in Section 2.2 as well as many new ones can be recovered as
applications of the meta-converse.

2.7.1 Meta-converse: average probability of error

Theorem 28 Consider two random transformations (A, B, Py|x) and (A,B,Qy|x). Fiz a
code (f,g) (possibly randomized encoder and decoder pair) and let € and €' be its average
probability of error under the P-transformation and the Q-transformation, respectively. Also
denote by Px = Qx the probability distribution induced by the encoder f on the input
alphabet A. Then we have

Bi_e(Pxy,Qxy) <1—¢. (2.209)

Proof: Denote by W and W the random variable representing the input to the encoder
(i.e. the message) and the output of the decoder (i.e. the message estimate), respectively.
Then we have two joint distributions Py, vy-3, and Qyy, -5, defined as follows:

Py xyw (W, z,y,0) = %f(x\w)me(y\x)g(Mw), (2.210)
Qu xyw (W, z,y,0) = %f(x\w)me(y\x)gWIw), (2.211)

where ﬁ represents the fact that W is equiprobable on {1,..., M}. We define the following
random variable
Z=1{W=W}. (2.212)

The crucial observation is that the conditional distribution of Z given (X,Y) is the same
for both P and @Q; namely, we have

Pyixy = Qzixy - (2.213)
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Indeed, we have

M
P[Z=1X,Y] = Y PW=jW =j|X,Y] (2.214)
]1\:41
= Y PW = j|X,YI]P[W = j|X,Y] (2.215)
]1\:41 A
= Y PW = j|X]P[W = j|Y] (2.216)
j=1

Il
NE

PW = X]g(4Y), (2.217)

<.
I
—

where (2.214) is by definition of Z, (2.215) follows since under both P and () we have a
Markov chain: W — X —Y — W and therefore, conditioned on (X,Y) W and W are inde-
pendent; and (2.216) is also a consequence of the Markov chain condition. Finally, (2.216)
implies (2.213) since P[W = j|X]| in each term of the sum depends only on the joint distri-
bution of X and W, while by construction we have that Py x = Qw,x.

Overall, Py xy defines a transition probability kernel A x B — {0,1} and therefore
constitutes a binary hypothesis test between Pxy and Q) xy satisfying

> Pyxy(lay)Pxy(zy) = 1—¢ (2.218)

zeAyeB
Z Z Pyixy(L|zy)Qxy (z,y) = 1—¢. (2.219)
zeAyeB
Therefore, by the definition of 3, in (2.60) we have
Bi-e(Pxy,Qxy) <1—¢. (2.220)

|
Theorem 28 allows one to use any converse for channel Qy|x to prove a converse for
channel Py x. It has many interesting generalizations (for example, to list-decoding and
channels with feedback) and applications, whose study is outside the scope of the thesis.
Here we want to briefly explain an alternative (and a more illuminating) way to prove
the crucial step (2.213). Note that for any probability space, we can define a directed acyclic
graph (DAG) connecting its variables via transition probability kernels. Then following this
DAG we can reconstruct the joint distribution for all the random variables. For example,
in the proof of Theorem 28 the DAG was the following:
WLX:Z“);EY—%W (2.221)
where the choice between Py |x or Qy|x is made depending on the channel used. Conversely,
every DAG (with arrows marked by transition probability kernels'# ) generates a unique

11f a random variable does not have inbound arrows, it should be marked with a distribution, according
to which it is generated; if a random variable has several inbound arrows such as

A—C+«——B (2.222)
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probability space (joint distribution on the variables, corresponding to its vertices). We say
that two DAGs are equivalent if they generate the same probability space. An argument
based on Markov chain condition, proves that the following two DAGs are equivalent:

wlx %y ~ wdx Sy, (2.223)

where in the right-hand DAG, the distribution Px is taken as f o Py, and f'(w|z) is just
the Bayes rule inversion of the kernel f(z|w):

[ (z|w) Py (w)
> wrew f(lw') Py (w')
The principal observation is that f’ does not depend on ¢ in (2.223). Therefore, applying

this to the DAG (2.221) and reintroducing Z as a function of (W, W) we get the following
equivalent DAG:

f(wlx) = (2.224)

x-Low (2.225)

U, N\

Y — 1 —7
and the composite arrow (X,Y) — Z does not depend on the particular arrow chosen
between X and Y. This is precisely the meaning of (2.213).
A simple application of Theorem 28 yields the following result.
Theorem 29 (Converse) FEvery (M, e) code (average probability of error) with codewords
belonging to F satisfies

1
M < supinf )
- Pf Qv Br1-e(Pxy,Px X Qy)

where Px ranges over all distributions on F, and Qy ranges over all distributions on B.

(2.226)

Proof: Denote the distribution of the encoder output by Px and particularize Theo-

rem 28 by choosing Qy|x = Qy for an arbitrary (Jy, in which case we obtain € =1- ﬁ

Therefore, from (2.209) we obtain

1 _ _
v 2 sup fB1—e(Px Py x, Px X Qy) (2.227)
Qv
> infsupﬂl_e(PXy,PX X Qy) (2.228)
Px @y
|

As we will see shortly in important special cases [, (x,Qy) is constant on F. In those
cases the following converse is particularly useful.

Theorem 30 Fizx a probability measure Qy on B. Suppose that B, (x,Qy) = Ba(Qy) for
x € F. Then every (M, e€)-code (average probability of error) satisfies

1
M < G (2.229)

then the kernel should be Pg|4p, which acts from A x B to C.
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Proof: The result follows from Theorem 29 and the following auxiliary result. |

Lemma 31 Suppose that Bo(Py|x—y, Qv|x=z) = Ba is independent of v € F. Then, for
any Px supported on F we have

Ba(Px Py x, PxQy|x) = Boa(Py|x=2, Qv|x=c) - (2.230)
Proof: Take a collection of optimal tests Z, for each pair Py|x—, vs. Qy|x—z, e

Qyix=2Z:=1 = Pi-a. (2.232)

PY\X:x[Zx = ].] > 1- «, (2231)

Then take Zx as a test for Pxy vs. Qxy. In this way we get

Ba(Px Py|x, PxQy|x) < Ba(Py|x=2, Qv|x=z) - (2.233)

Since [, is non-decreasing and convex, the reverse inequality follows from the next lemma.
|

Lemma 32 Suppose that there is an non-decreasing convex function f :[0,1] — [0, 1] such
that for all x € F we have

Ba(Py|x =2, Qy|x=z) = f() (2.234)
Then, for any Px supported on F we have

Ba(Px Py x, PxQy|x) > f(a). (2.235)

Proof: Consider an arbitrary test Z such that

Pxy|Z = Px()Pyix—[Z=1]>a. (2.236)
€A

Then observe that

ZPX r)Qy|x=[Z2 =1 > ZPX T)Bpy x_olz=1](Py|x =2, Qy|x=2) (2:237)
€A zeA
> ZPX(x)f(PYD(::c[Z =1]) (2.238)
zEA
> f(PIZ=1) (2.239)
> f(a), (2.240)

where (2.238) follows from (2.235), (2.239) is by Jensen’s inequality, and (2.240) follows
because f is non-decreasing function of a. Therefore, taking infimum over all tests Pz yy,
from (2.240) we obtain that

Ba(Px Py|x, PxQy|x) = f(a). (2.241)
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2.7.2 Meta-converse: maximal probability of error

To apply Theorem 28, one needs to prove a lower bound on [, (Pxy,Qxy). However,
since the distribution Px depends on the code, obtaining a lower bound valid for all Px
is generally a hard problem. A much easier problem is computing Bu(Py|x—z Qv|x=z)-
Then Lemma 32 gives a lower-bound on [, (Pxy,Qxy) (or even a precise value of [,,
if conditions of Lemma 31 are satisfied). However, for the maximal probability of error
formalism, there is no such problem: namely, the function B, (Py|x—y, Qy|x=s) takes up
the role of B,(Pxy,Qxy) in Theorem 28, as follows:

Theorem 33 Consider two random transformations (A, B, Py|x) and (A,B,Qy|x). Fiz a
code (f,q) (possibly with a randomized decoder) with codewords belonging to a constraint
set F C A. Let € and € be its mazimal probability of error under the P-transformations and
the Q-transformations, respectively. Then,

gchéfF Br-e(Py|x=p, Qvix=s) <1—¢€. (2.242)

Proof: Consider an (M, €)-code with codewords {¢; € F}jj‘/i1 and a randomized decoding
rule Pyy : B+ {0,...,M}. We have for some j*

Z Pyy (5710)Qy x (bl*) =1 =€, (2.243)
beB

and at the same time
> Py (D) Pyix (b7) > 1 =€ (2.244)
beB

Consider the hypothesis test between Py |x_;« and Qy|x—; that decides in favor of Py |x_ ;-
only when the decoder output is j*. By (2.244) the probability of correct decision under
Py x—; is at least 1 — €, and therefore

1—€ > Bic(Pyix=j= Qyix=j*) (2.245)
> ;Ielfl; ﬁl—e(PY\Xzz’ QY|X::{:) : (2246)
[ |

Theorem 34 (Converse) FEvery (M,e) code (mazimal probability of error) with codewords
belonging to F satisfies

M <infsup————,
Qv zeF Bi—e(z, Qy)

where the infimum is over all distributions Qy on B.

(2.247)

Proof: Repeat the argument of the proof of Theorem 29 replacing Theorem 28 by
Theorem 33. u
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2.7.3 Applications of the meta-converse

We illustrate how Theorems 28 and 33 can be used to prove classical converse results
(including all of the cited in Section 2.2):

e Fano’s inequality (Theorem 5): Particularize (2.227) to the case Qy = Py, where Py
is the output distribution induced by the code and the channel Py x. Note that any
hypothesis test is a (randomized) binary-output transformation and therefore, by the
data-processing inequality for divergence we have

d(1 — €||B1—e(Pxy, Px x Py)) < D(Pxy||Px x Py), (2.248)
where the binary divergence function satisfies
dallb) = alog +(1-a)log 1 - (2.249)
> —h(a)+ alog % . (2.250)
Using (2.249) in (2.248) we obtain
log Bl_e(nyijX ) < I(X’lyzi he). (2.251)

Fano’s inequality (2.43) follows from (2.251) and (2.227).

o Information spectrum converse (Theorem 8): Replace (2.251) with (2.67), which to-
gether with (2.227) yields

1

o 2 Pre(Pxy, Px x Fy) (2.252)
1

> sup —(Pli(X;Y) <logn] —¢), (2.253)
v>0 7

where Py is a distribution on B induced a given (M, €) code. The bound (2.253) is
equivalent to the converse bound (2.47). Similarly, by using a stronger bound in place
of (2.67) we can derive [41]. Furthermore, by keeping the freedom in choosing Qy
in (2.227) we can prove a stronger version of the result.

e A stronger bound due to Poor and Verdu [41], Theorem 9, can also be obtained.
Indeed, since the distribution Px induced on A by a given (M, ¢€) code is discrete with
atoms of weight (at least) 1; we must have

d(PX X Py) 1

inf ——~ > —. 2.254
AxB  dPxy = M (2.254)
Therefore, using the following Lemma with 6 = ﬁ we obtain
1
Bioe(Pxy Py x By) = (1 e (1 - %) Pli(X;Y) > 7]) (2.255)
1 1 ot )
- 4= 1——)IP> X.Y) > _), 9.2
ar 5 (1= 3p) PG Y) 2 5] =€) . (2.256)

which together with (2.252) implies Theorem 9.
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Lemma 35 For a pair (P,Q) of probability distributions on W and any v > 0 we
have

o < 1Ba(P,Q) + (1 - 16)P [j—g > 7] , (2.257)

provided that
o dQ

0<0< in .
~ 7 zesuppQnsupp P dP

(2.258)

Proof: Follow the proof of (2.67) and replace the lower bound on

P [{Z =1}n {Q < 7}] (2.259)

dQ
with the one obtained from the simple identity:
dP dP dP
— 1 —=< < — — t 2.260
aQ {dcz 7}—”((1@ ”) | (2200
—0
where t = 1——’;6 [ |

Wolfowitz’s strong converse (Theorem 6): apply Theorem 34 with some arbitrary Qy .
Then from (2.67) we have:

inf f4(x,Qy) > su l<oz—suP [%> ]) (2.261)
sen =y TR T Ty =) |

Now, suppose that Qy = Py, then by (2.27) we conclude that Theorem 34 implies
Theorem 6. Retaining the freedom of choice of Qy in (2.261) we obtain Theorem 10.

Shannon-Gallager-Berlekamp (Theorem 11): Applying Theorem 34, we may first split
the input space A into regions F; such that f(,(x,Qy) is constant within F;. For
example, for symmetric channels and @y equal to the capacity achieving output
distribution, there is no need to split A since (3, (z, Qy) is identical for all x € A. For
a general DMC, we apply Theorem 28 with Qy|x chosen as follows. The distribution
Qy|x=z» depends only on the type of 2" and is chosen optimally for each type (and
depending on the coding rate). Under the Q-transformation, the decoder can at most
distinguish codewords belonging to different types and therefore, we can estimate
1-¢ < %. Using this estimate in (2.209), the proof of Theorem 11 follows
along the same lines as the proof of [45, Theorem 19] by weakening (2.209) using
Chernoff-type estimates.

Refinements to Theorem 11 in [18] and [19]: As we explained above, Theorem 11
is obtained from Theorem 34 by choosing Qy|x judiciously and by performing a
large deviation analysis of (,. Reference [18] improved Theorem 11 by extending
the results to the case of infinite |B| and by tightening the Chernoff-type estimates
of [7]. A further improvement was found in [19] for the special case of input-symmetric
channels by directly lower-bounding the average probability of error and avoiding the
step of splitting a code into constant composition subcodes. Theorem 30 is tighter
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than the bound in [19] because for symmetric channels and relevant distributions Qy
the value of (4 (x,Qy) does not depend on x and therefore the average probability of
error is bounded directly.

e Low-rate converse bounds on the error-exponent can be also be obtained. For example,
when Py x is the BSC(n,d) then we take Qy|x as the channel that produces exactly
[un] errors equiprobably out of (JL) possibilities, where 0 < p < 1 is some parameter.
Then, a simple analysis shows that

a—1 + Pn +
Ba(Py|x=2 Qy|x=2) = {T] (2.262)
where
p= (:n> SH ST x5 exp{ —nd(p||6)} . (2.263)

If the code has minimum distance vn then its maximal probability of error on the Q-
transformation (assuming the maximum likelihood decoding for the P-transformation)
satisfies (with exponential precision):

0, uw<v/2,
€ = Sexp(—n [h(,u)—l/—(l—l/)h (“1%”52)]), v/2<pu<1/2, (2.264)
1. 1/2 < p
Then, by taking
v
p=0(1=v)+ 3 (2.265)

and applying Theorem 33 with (2.262) and (2.264), we obtain that the maximal
probability of error over the P-transformation satisfies:

€ > (46(1 —8))™/2. (2.266)

Since by the Plotkin bound v < 1/2 for any code with positive rate R > 0 we obtain
that any (n,2"%, ¢) code with positive rate satisfies

€ 2 exp <—n%d(%||5)> , (2.267)

which is a well-known zero-rate bound for the BSC, see also [7].

Above we have shown that Fano’s inequality is a direct consequence of the meta-converse
and the data-processing inequality (2.248). Replacing divergence with another f-divergence,
we get other useful bounds. For example, let us take Hellinger divergence which for A > 0,

A # 1 is defined as [49]
ar\*
<@> - 1] (2.268)

<Z_S>H _ 1] , (2.269)

1

—1 @

(1>

DA(PlQ)

1

—1 7
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Then following the same argument as in the derivation of Fano’s inequality, we obtain:
Any (M, €) code must satisfy for every X\ > 0:

ﬁ (=Pt 4 < ﬁzﬁz [exp((A = Di(X;Y)], (2.270)

and in particular for p > 0:
(1—e)'"PMP <E [exp(p-i(X;Y))] . (2.271)

Note that as A — 1 inequality (2.270) converges to Fano’s inequality (2.43).'  Inequal-
ity (2.271) demonstrates that the right-hand side of (2.271) for a reliable (small €) code
should not be too different from M?.

Although we do not further use (2.270) and (2.271) in this work, these inequalities can
be shown to be a useful tool for proving lower bounds on the error-probability for a code
with a known weight distribution (in the spirit of [55]) and analyzing error-exponents of the
families of codes.

'Subtract 15 from both sides of (2.270) before taking the limit.



Chapter 3

Discrete channels

In this chapter, the general methods of Chapter 2 are particularized to various discrete
channels with the aim of computing the channel dispersion, obtaining tight non-asymptotic
bounds and refined asymptotic expansions. Section 3.1 reviews some of the previous work
specific to discrete channels. In particular, classical bounds for the binary symmetric channel
(BSC) and the binary erasure channel (BEC), as well as Strassen’s asymptotic expansion
are discussed. Then, Sections 3.2 and 3.3 show new results regarding the BSC and the BEC,
respectively. In Section 3.4 we give a proof of (an amended version of) Strassen’s theorem for
the general discrete memoryless channel (DMC). The material in Sections 3.1-3.4 has been
presented in part in [32,33]. Compared to [32], we show the O(1) lower bound in Strassen’s
theorem for general DMC without additional assumptions, which follows from a stronger
version of the achievability bound, Theorem 47. The full proof of the achievability bound
for the exotic DMC, Theorem 51, and the refined results on the logn term, Section 3.4.5,
also appear here for the first time. A simple model involving dynamically changing state,
the Gilbert-Elliott channel, is addressed in Section 3.5. Finally, in Section 3.6 the idea of
a normal approximation for the composite channels is demonstrated on the example of a
non-ergodic mixture of two BSCs. Each section contains extensive numerical evaluations,
validating both the need for and the usefulness of the knowledge of channel dispersion. The
material in Sections 3.5-3.6 has been presented in part in [56,57].

3.1 Previous work

We have already discussed in Section 2.2 a number of previously known bounds. Here we
list additional results that have appeared in the information theory literature for special
discrete channels, considered in this chapter.

3.1.1 Bounds for special discrete channels

For a linear code over the BSC, Poltyrev [24] proved the following upper-bound on the
probability of error.

Theorem 36 (Poltyrev) The maximal probability of error P, under mazimum likelihood

46
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decoding of a linear code' with weight distribution? {A,,w =0,...n} over the BSC with
crossover probability § satisfies

- ’ n—0__: n -
P, < ) 6(1-9) mln{<€>,ZAwB(£,w,n)} , (3.1)
/=0 w=0
where

B(t,w,n) = 3 <Z’> (2:;") . (3.2)

w/2<t<min{l,w}

A [k,n] linear code is generated by a k x n binary matrix. We can average (3.1) over
an equiprobable ensemble of such matrices. Applying Jensen’s inequality to pass expec-
tation inside the minimum and noticing that E[A,] = 2k (Z) we obtain the following
achievability bound.

Theorem 37 For a BSC with crossover probability 0 there exists a [k,n] linear code such
that a maximum likelihood decoder has a maximal probability of error P, satisfying

P, < ;::noaf(l —0)" “min { <Z> zn: ok—n (Z) B(t,w, n)} : (3.3)

w=0
where B(¢,w,n) is given by (3.2).

A negligible improvement to (3.3) is possible if we average (3.1) over an ensemble of all
full-rank binary matrices instead. Another modification by expurgating low-weight code-
words [58] leads to a tightening of (3.3) when the rate is much lower than capacity.

For the BEC the results of [59, Theorem 9] can be used to compute the exact value of
the probability of error over an ensemble of all linear codes generated by full-rank k£ x n
binary matrices [60].

Theorem 38 (Ashikhmin) Given a BEC with erasure probability 0, the average proba-
bility of error over all binary k X n linear codes with full-rank generating matrices chosen
equiprobably is equal to

min{k,i}

P, = z:; (7;) I Y m {Z :i] m ik (1 - 2’“"“) . (3.4)

r=max{0,k—n-+i}

where

R 9

2r — 27
j=0

is the number of r-dimensional subspaces of IF§.

!The same bound can be shown for a non-linear code by generalizing the notion of weight distribution.
In this case, however, the upper bound only holds for the average probability of error, not the maximal.

2We define Ao to be the number of 0-weight codewords in the codebook minus 1. In particular, for a
linear codebook with no repeated codewords Ag = 0.
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Numerical evaluation and some improvements for the finite blocklengths bounds and
various special channels have been made in [11,18-20,23,61] among others. Of particular
interest for non-asymptotic analysis is the treatment of the BSC in [12], where the authors
numerically compute exact error probability averaged over the random ensemble of code-
books (for small blocklengths) and compare it with the sphere packing bound as well as
with the performance of some practical codes.

3.1.2 Asymptotic expansions

The importance of studying the asymptotics of the function M*(n,e€) was realized already
in [2]. Shannon [2, Theorem 12] and Wolfowitz [3] originally showed that for the DMC
(and later for some other memoryless channels) the following expansion holds, regardless of
e € (0,1):

log M*(n,e) =nC + o(n), (3.6)

where C' is the channel capacity. Later, Wolfowitz [39] improved the o(n) term to O(y/n).
In parallel, Weiss [27] showed that for the BSC with crossover probability § < %,

1—

2y o). (3.7)

logy M*(n,€) < n(1 - h(6)) — Q" (e)v/nV/d — 62 log,

where Q! denotes the functional inverse of the Q-function (1.18). For symmetric DMCs,
whose transition matrices are such that the rows are permutation of each other and so are
the columns, Dobrushin [29, (75)] claimed without proof that?

log M*(n,€) = nC — Q (e)VnV + O(logn), (3.8)

where C' and V' are the expectation and the variance of the information density i(X;Y)
under the equiprobable input distribution. Dobrushin credited Pinsker for raising the im-
portant question of obtaining more terms in the asymptotic expansion, compared to (3.6).

Strassen [1] showed that (3.8) holds for an arbitrary DMC, thus generalizing and strength-
ening all previous results. For the general DMC, C in (3.8) is the capacity and V is the
variance of the information density i(X,Y) under a capacity achieving distribution Px
which also minimizes the variance V' (if € < 1/2) or maximizes it (if € > 1/2). According
to Definition 7, in this thesis we call V' the channel dispersion.

For the Gilbert-Elliott channel [62, 63], considered in Section 3.5, the capacity was
found by Mushkin and Bar-David [64]. The e-capacity of a mixture of BSCs, considered in
Section 3.6, is well known (e.g., [26,39]), except for the points of discontinuity of Ce. In
determining the C, at these points recent progress was made by Kieffer in [65]. Otherwise,
to the best of our knowledge the finite-blocklength analysis of these channels (regarding
bounds and refined expansions of the form (3.8)) is attempted here for the first time.

3 An incorrect logn term was also claimed.
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3.2 Binary symmetric channel (BSC)

This section illustrates the application of the bounds developed so far to the BSC with
crossover probability § < 1/2. Recall that for the BSC the input and output alphabets are
binary, A = B = {0,1}", and the channel is defined as

" "

Pynjxn(y"|2") = 6" =11 — o) (3.9)

where |z"| denotes the Hamming weight of the binary vector z". We will compute an
achievability bound under the maximal probability of error criterion and a converse under
the average one.

3.2.1 Bounds
Choosing Px in Theorems 17 and 18 to be equiprobable on the input alphabet we obtain:

Corollary 39 For the BSC with crossover probability &, there exists an (n, M, €) code (av-
erage probability of error) such that (RCU bound)

€< ; (?) §t(1 — 6)"* min {1, (M—1) i) (Z)T"} , (3.10)

s=

and (DT bound)

e < Wi 51— 6)" " min {1,(M—1)27""1(1 — §): "5t} . (3.11)
(1) { }

Whenever M = 2F for integer k, the statement holds for mazimal probability of error as
well.

Proof: The proof follows once we notice that with the equiprobable input distribution
the information density is

i(x";y") = nlog(2 — 20) + tlog

3.12
T (3.12)
where t is the Hamming weight of the difference between 2™ and y™. Thus, for example, for
the RCU bound (2.105), we get

t
Pi(X"Y") (XY™ [ X =2 Y =y =Y <Z> 9 n (3.13)
k=0

since X™ is equiprobable and independent of X™. Similarly, the DT bound (2.118) im-
plies (3.11) after substituting (3.12).
The statement about the maximal probability of error is explained in Appendix C. W
Note that RCU bound (3.10) has computational complexity O(n?), while the DT bound (3.11)
has complexity O(n) and therefore both are computable for blocklengths of practical inter-
est. As discussed in Section 2.4.2, the DT bound (3.11) can be interpreted as 2 times

2
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the probability of error of an optimal binary hypothesis test between n fair coin flips (with
. e Mo . . a . . e 5
prior probability {/=) and n bias-§ coin flips (with prior probability ).
Before numerical computation, we need to convert upper bounds on probability of error

to lower bounds on M*(n,¢€). Doing so is straightforward: if we have a bound

e< f(M), (3.14)

where f(M) is some function of M (and n,k,d), then we need to find the largest M = 2F
such that the right-hand side of (3.14), f(M), is still below the prescribed e:

M*(n,e) > max{Zk f(2F) < e} . (3.15)
For comparison, Feinstein’s lemma, with equiprobable Px, yields the following bound:

M*(n,€) > sup2™ (e — P[Z > n(a —t)/b]) , (3.16)
>0
where Z ~ B(n,d).
Gallager’s random coding bound (2.34) also with equiprobable Py, ensures that*

1 1
logy M*(n,€) > nE (— log, —> , (3.17)
n €

where [9, Theorem 5.6.2, Corollary 2 and Example 1 in Section 5.6.]

0), s € (4,8,

2log sy, s> s*, (3.18)

Bt - ns) = { 5]

* _ Vs — _
and s* = \/SJFm,Sl—\/S—I—\/l d.
Regarding Poltyrev’s bound, Theorem 37, it turns out that (3.3), derived using linear
codes and weight spectra, is in fact equal to (3.10) with M — 1 replaced by 2k Indeed,

notice that
S = (G- () (3.19)

w=0 w/2<t<min{l,w}

This holds since on the left we have counted all the ways of choosing two binary n-vectors
X and Z such that wt(Z) = ¢ and Z overlaps at least a half of X. The last condition is
equivalent to requiring wt(X — Z) < wt(Z). So we can choose Z in () ways and X in

Zﬁ:o (") ways, which is the right-hand side of (3.19). Now applying (3.19) to (3.3) yields
(3.10) with M — 1 replaced by 2*.

We now turn our attention to the computation of the converse bound. Choosing QQyn
equiprobable on {0,1}", Theorem 34 yields the classical sphere packing bound (cf. [9,

(5.8.19)] for an alternative expression).

4This bound holds for average probability of error. Fig. 3.1 shows the corresponding bound on maximal
error probability where we drop the half of the codewords with worse error probability. This results in an
additional term of -1 appended to the right-hand side of (3.17), while % becomes % therein.
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Theorem 40 For the BSC with crossover probability §, the size of an (n,M,e€) code (av-
erage error probability) must satisfy

1
M < , 3.20
Bre S
where B3 is defined as
Ba = (1 =X)Br+ ABL+1 (3.21)
' /n
Be=>_ <k>2 : (3.22)
k=0
where 0 < X\ < 1 and the integer L are defined by
a=(1—-Nar + A api (3.23)
-1
n
= 1— o) kgk 3.24
=3 (H)a-» (3.24)

Proof: To streamline notation, we denote 85 = [, (2", Qyn) since it does not depend
on z", and Qyn is fixed. Then, the Hamming weight |Y"| is a sufficient statistic for
discriminating between Pyn|xn—_g and Qyn. Thus, the optimal randomized test is (assuming
0<1/2)

0, [y >Lq,
Py (") = { X Iy = L., (3.25)
L <Ly,

where L € Z4 and A\ € [0,1) are uniquely determined by the condition

> Prapxn (y10) Py v (1ly") = . (3.26)
yneB

Then we find that L

B = AT ( ;) 2 Y <Z> 9=n . (3.27)
« k=0

Thus, by Theorem 30

1
M*(n,e) <

<o (3.28)

3.2.2 Asymptotic expansion

Theorem 41 For the BSC with crossover probability 6, such that 6 & {0, %, 1}, the capacity
C and dispersion V are equal to

C(6) = log2— h(d), (3.29)
V(©6) = 6(1—6)log? 1%5 : (3.30)
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Moreover, we have
1
log M*(n,€) = nC — VnVQ (e) + 3 logn + O(1), (3.31)
regardless of whether € is mazximal or average probability of error.

Proof: To prove the upper-bound we have

log M*(n,e) < —logfl1_, (3.32)
< nC —VnVQ () + %logn +0(1), (3.33)

where (3.32) follows by the converse bound (3.20) and (3.33) holds due to Lemma 14.
In order to obtain the right logn term in the lower (achievability) bound we must use
the strongest bound, i.e. the RCU as given by (3.10), because no other bound achieves the

right logn term. First, denote
k
SRS <7> . (3.34)

1=0
Then (3.10) implies the existence of (n, M, €) code (maximal probability of error) with

e<z< >5k 1-0 mln{l Ms’f} (3.35)

We are going to argue that (3.35) implies a lower-bound on M* with a matching log n term.
Without loss of generality, assume § < 1/2; choose any r € (d,1/2) and set
r
1—r

K =nd+ /né(1 —6)Q™* <e — B\j;) : (3.36)

where G is going to be defined below and B denotes as usual the Berry-Esseen constant for
a binomial (n,d) distribution. Then from Berry-Esseen Theorem we obtain

L (i)ta-orse- 7 o

k>K

q= <1, and

It is also clear that for all sufficiently large n we have K < rn.
Now, observe the following inequality, valid for k € [1,n — 1] and j € [—(n — k), k]:

(") =) <nﬁk>j ' (3.38)

Consider any M such that MSX < 1, then
S n
MY Sk —t+ 1), )2 =M (I+1 27"
S stoary e ean(f)ae-ary e (" Yo

K 0o
K 1
MSffE (1+1) <n_—K> <SMSEY (1+1)d < MSED> (1+1)¢' < e (3.39)
=0 =0 =0
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On the other hand we are going to prove

nY ok ek G1
sup (1 =9 < —=. 3.40
ke[0,n] <k‘> ( ) Vn (3.40)

First, observe that Ln is a precise estimate of the order and also that this effect is not
specific to a binomial distribution but is common to all distributions which are the sums of
independent random variables, see [66].

For the reason that a more general proof is given in [66] we will only outline the proof
of (3.40). Namely, below we neglect the possibility that on is not an integer. Take k, = dn
and note that for any k = k, — j (j might be negative) we have by (3.38) that

<Z>5’“<1—5>""“ : <:> <nin5n>j5k*‘j<1—6>"—k*“ (3.41)

< < Z >5’f*(1 — sy (3.42)

A

Thus, the maximum in (3.40) is achieved at k.. The rest is Stirling’s approximation:

2mne M <l < M2\ 2apen i (3.43)
Now set e
G =1 (3.44)
and observe that if MSX < 1 then by (3.39)
(7 k e
kzzo <k>5 (1—8)"FMmsk < NG (3.45)
We can now see that (3.35) implies that
M*(n,e) > SF - (3.46)

Indeed, pick M = SLK Then from (3.37) and (3.45) it follows that

- (" k(1 — )" * min k i
kZ:O <k>5 (1-9) {17 MSn} (3.47)
K
N\ ki1 s\n—k N\ ki s\n—k
< 2 k)a (1—6) +k§( <k>5 (1—6) (3.48)
< € (3.50)
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Finally, we must upper-bound log S up to O(1) terms. This is just an application of (3.38):

SK = 2‘"%(2) (3.51)

k=0
nY\ e K\
< 2" .52
< ()% (x) 6
n\n—K
< 27" . .
= 359
For n sufficiently large n — 2K will become larger than n(1 — 2r), thus for such n we have
:—_2112 < 1_1% and hence
K n
log S;; < —nlog2+ log K +0(1). (3.54)
Using (3.43) we obtain the inequality
n o1/12 m
< exp(nh(K/n)). 3.55
I ) (3.55)

Plugging K from (3.36) and applying Taylor’s formula to h(p) implies

log S < n(h(5) —log 2)+ /m3(1 = 8 log - - o <e _ B\j;) _ % logn+0(1). (3.56)

Finally, applying Taylor’s formula to @', we conclude

1—90 1
log SE < n(h(8) —log2) 4+ /nd(1 — §) log 5 Q (e) — 5 logn + O(1). (3.57)
Substituting this into (3.46) we obtain the required expansion. [ |

3.2.3 Numerical evaluation

The numerical evaluation of the RCU bound (3.10), the DT bound (3.11), Feinstein’s
bound (3.16), Gallager’s bound (3.17) and the converse bound (3.20) is shown in Figs. 3.1
and 3.2. As we anticipated analytically, the DT bound is always tighter than Feinstein’s
bound. For § = 0.11 and ¢ = 0.001, we can see in Fig. 3.1 that for blocklengths greater
than n, =~ 150, Theorem 18 gives better results than Gallager’s bound. In fact, for large
n the gap to the converse upper bound of the new lower bound is less than half that of
Gallager’s bound. Finally, the RCU bound (3.10) is uniformly better than all other bounds.
In fact for all n > 20 the difference between (3.10) and the converse is within 3 — 4 bits in
log M. This tendency remains for other choices of 4 and e. Although, as Fig. 3.2 shows, for
smaller € and/or 0, Gallager’s bound (designed to analyze the regime of exponentially small
¢) performs better (i.e., the value of n, is greater). A similar relationship between the two
bounds holds, qualitatively, in the case of the AWGN channel, see Section 4.4.
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Figure 3.1: Rate-blocklength tradeoff for the BSC with crossover probability § = 0.11 and
maximal block error rate e = 1073: comparison of the bounds.

By Theorem 41, we have
1
log M*(n,€) = nC — VnVQ *(e) + 5 logn+0(1), (3.58)

where C' and V are the capacity and dispersion of the BSC. Interestingly, Gallager’s bound
only yields the bound nC + O(y/n) with a suboptimal /n term; both Feinstein and the DT
bound (Theorem 18) yield the correct y/n term, but Feinstein’s bound is worse in terms of
the logn term. Finally, only the RCU bound (Theorem 17) achieves the correct log n term.
So we can see that asymptotic analysis of the bounds correctly predicts their relative merit
observed in numerical computations on Fig. 3.1 and 3.2.

The primary use of Theorem 41 for non-asymptotic analysis is in obtaining the (refined)
normal approximation:

log M*(n,€) ~ n(log2 — h(d)) — /nd(1 — §)Q () log ! 5 d + %logn. (3.59)

In Figs. 3.3 and 3.4 we compare the normal approximation (3.59) and the best of the up-
per and lower bounds, computed above. We make two conclusions from the plot: 1) knowl-
edge of the logn term improves the precision of the general normal approximation (2.23);
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Figure 3.2: Rate-blocklength tradeoff for the BSC with crossover probability § = 0.11 and
maximal block error rate e = 1076: comparison of the bounds.

2) although slightly pessimistic, expression (3.59) can serve as an excellent substitute for
complex computations of the bounds (3.10) and (3.20).

3.3 Binary erasure channel (BEC)

This section illustrates the theory developed so far as applied to the BEC. Recall that
BEC(n,¢) for blocklength n and erasure probability § is defined as follows: the input
alphabet A = {0, 1}", the output alphabet B = {0,¢e,1}", and the channel acts as

#{yj=e}
0 ) ’ (1 —=0)", if y™ and ™ agree on unerased positions,

Py xn (y"|z") = (ﬁ
0, otherwise .
(3.60)

3.3.1 Bounds
Choosing Px in Theorems 17 and 18 to be equiprobable on the input alphabet we obtain:
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Figure 3.3: Rate-blocklength tradeoff for the BSC with crossover probability § = 0.11 and
maximal block error rate e = 1073: normal approximation.

Corollary 42 For the BEC with erasure probability 0, there exists an (n, M, ¢€) code (aver-
age probability of error) such that (RCU bound)

€< <7Z> §H(1 — gyn~to-ln—t-logy (-1 (3.61)
t=0
and (DT bound)
e < @ §(1 — syr-tg-In-1-t-logs (-t (3.62)
t=0

Whenever M = 2% for integer k, the statement holds for mazimal probability of error as
well.

Proof: The proof follows once we notice that with equiprobable input distribution it
follows that the information density equals

(s ") = #{j:y; #e}-log2, if y" and 2™ agree on unerased positions, (3.63)
’ —00, otherwise .
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Figure 3.4: Rate-blocklength tradeoff for the BSC with crossover probability § = 0.11 and
maximal block error rate e = 107%: normal approximation.

Since the number of erasures is distributed binomially with parameters n and J, results
follow from Theorems 17 and 18 at once.
The statement on the maximal probability of error is explained in Appendix C. |
A number of remarks are in order:

1. For the BEC, the DT bound (3.62) is obviously strictly stronger than the RCU
bound (3.61). Since the RCU bound is always stronger than Gallager’s bound, we see
that the DT bound in this case dominates both the RCU and Gallager’s bound, and
thus achieves the random-coding error-exponent.

2. With equiprobable Pxn the generalization of the DT bound to the maximal probability
of error, Theorem 23, yields the following upper bound on maximal error probability,
see (2.178):

e<E 2—(Z—log(M—1>>*] , (3.64)
where Z is binomial with parameters n and 1 — 0, Z ~ B(n,1 — §). Notice that this

expression coincides exactly with the RCU bound (3.61), except that (3.64) upper-
bounds maximal probability of error. Since Theorem 23 is stronger than Feinstein’s
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bound, we can immediately conclude that, for the BEC, the DT bound (3.62) applied
with M = 2* dominates the RCU, Feinstein and Gallager bounds for all blocklengths
and rates.

. The average block erasure probability for a random ensemble of all [k, n] linear codes
is given in [25] as follows:

n n k—1 k—1 n
Prra(2®) =" <u> (1 —0) [1 -JIa -2 +> <t>5t(1—5)"—t. (3.65)
u=~k a=0 u=0

If we denote the right-hand side of (3.61) by Prcy(M) and the right-hand side
of (3.62) by Ppr(M) then it follows that

Ppr(2F) < Prro(2F) < Preu(2F). (3.66)

Indeed, the left-hand inequality in (3.66) follows by applying

k—1
[1 - TIa- 2‘1—“)] >1—(1-2F1 (3.67)

a=0

to (3.65). The right-hand inequality in (3.66) follows from (3.65) by applying to it
the following inequality:

k—1
[1 - [Ja- za—“)] <1—(1-2Fw, (3.68)

a=0
which is a consequence of [[;(1 —bjz) > 1 — > . bz (for b; > 0 and z > 0).

In this way, (3.66) demonstrates that the DT bound (3.62) results in a tighter bound
on probability of error compared to the bounds in [25]. However, the additional
advantage of Prrc and Proyp is that they upper-bound the block erasure probability,
and thus for those codes all errors are detected.

. For a random ensemble of (non-linear) codebooks of size M and blocklength n, the
average block erasure probability can be easily computed in closed form:

u

Pre(M) =) <"> ST =8 [1— (1 —27M) . (3.69)

u=0

To compare Prrc(2F) and Prc(2%) we apply

1-(1-29" <1-TJ - M2, (3.70)
J
which holds as long as ) M; = M, to (3.69) to obtain:
Prc(2%) < Prro(2F) (3.71)

and, therefore, in this case random coding over all codebooks is strictly better than
random coding over linear codebooks only.
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Figure 3.5: Comparison of the DT-bound (3.62) and the combinatorial bound of
Ashikhmin (3.4) for the BEC with erasure probability 6 = 0.5 and probability of block
error € = 1073,

5. Finally, a comparison with the BEC-specific bound of Ashikhmin (3.4) is given on
Fig. 3.5. The bounds are within one bit of each other, the winner depending on a
particular value of n. The zigzagging of the plot of (3.4) is a behavior common to
all bounds that are restricted to integer values of log, M. Again, computation-wise
the DT bound is much more preferable: the complexity of (3.4) is O(n3), compared
to O(n) for the DT bound (3.62). Analytical comparison of the bound (3.4) and the
DT bound is complicated, since the random ensembles are different (in particular, the
random ensemble in Ashikhmin’s bound does not contain codebooks with repeated
codewords).

The upper bound on code size given by Theorem 34 (with capacity achieving output
distribution) is improved by the following theorem, which is also stronger than a related
bound, sometimes called a singleton bound, such as in [5].

Similar to Section 3.2.1, upper bounds on probability of error can be converted to lower
bounds on log M*(n, €); see (3.15).

Theorem 43 For the BEC with erasure probability §, the average error probability of an
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(n, M, €) code satisfies

> En: <Z> s(1 — oyt <1 - 2;:;) , (3.72)

{=|n—logy M |+1

even if the encoder knows the location of the erasures non-causally® .

Proof: The main idea is to apply the following, self-evident result: Suppose that X,Y
and {error} are, as usual, the input codeword, the channel output and the error event.
Denote by Z a random variable (possibly dependent on X andY ). If there exists a function
A(z) such that for any z € Z

Plerror|Z = z] > \(z), (3.73)
then we have
€= A2)P[Z =2, (3.74)
z€Z

We define Z to be the number of erasures in the output Y. Then, Z takes values from
0 to n. The conditional channel Pﬁ(/z‘)x
uses (erasures essentially only decrease blocklength). Thus, the following bound holds for

the code with M codewords even if it knows the locations of the erasures non-causally:

is then simply a noiseless channel of n — z channel

gn—z\ t
P Z=z>1- . .
[error| z] > < Y > (3.75)

Indeed, when 2% > M the bound is obvious. Otherwise, there are M — 2% messages
whose conditional probability of error is 1.

Finally, we do not need to find a lower-bound measure p because we can calculate
P[Z = z| X = x] exactly for any z:

PlZ=2X=2a] = (:) 55 (1 — 6" . (3.76)
The application of (3.74) yields the result. |

3.3.2 Asymptotic expansion
Theorem 44 For the BEC with erasure probability §, we have

log M*(n,e) =n(l — ) log2 — /nd(1 — 6)Q *(e)log2 + O(1), (3.77)

regardless of whether € is mazximal or average probability of error.

11—

5The same result holds for a g-ary erasure channel with 2"~ replaced by ¢"~'~*; also such a g-ary

extension is achievable by g-ary maximum distance separable, MDS, codes.
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Figure 3.6: Rate-blocklength tradeoff for the BEC with erasure probability § = 0.5 and
maximal block error rate e = 1073: comparison of the bounds.

Proof: Any (n,M,e€) code (average probability of error) must satisfy (3.72). Thus we
must simply find M so large that the left-hand side of (3.72) is larger than a given e. We
can then conclude that M*(n,¢€) is upper-bounded by such M.

First, we observe that by (3.40)

3 (Z) 5(1 — gyn—ton—t-togd o 2G1 (3.78)
{=|n—log M |+1 \/ﬁ

Then, denote by B the usual Berry-Esseen constant for a binomial distribution and set

log M = n(1 — ) — /nd(1 =3)Q"" <e + %) . (3.79)

Then from the Berry-Esseen Theorem we obtain

N\l s\n—l ¢ Z_Gl
> <l>5(1 st > +f’ (3.80)

n
[>n—log M

Finally from (3.78) we conclude that

n

3 <Z> 51— o)t (1 - zn—f—bgM) > € (3.81)

{=|n—log M |+1
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Figure 3.7: Rate-blocklength tradeoff for the BEC with erasure probability § = 0.5 and
maximal block error rate e = 107%: comparison of the bounds.

and hence

log M*(n,¢) < n(1—6) — \/ud(l —8)Q! ( N B%GH) _
n(1—0) —/né(1=6)Q () +O(1), (3.82)

where the last step is by Taylor’s formula.
For the achievability part we use (3.64), which gives the bound on the maximal proba-
bility of error. We rewrite the left-hand side (3.64) as follows:

) (Z) (1—d)ke*mar 4 Y <Z> (1—0)ks"". (3.83)

k>log M k<log M

Again, by using (3.40) we note that the first term is less than &; then by setting

n

log M = n(1 — 8) — /nd(L = 5)Q~ <e - B%ﬁ) (3.84)
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Figure 3.8: Rate-blocklength tradeoff for the BEC with erasure probability § = 0.5 and
maximal block error rate e = 1073: normal approximation.

we make the entire expression (3.83), by Berry-Esseen, smaller than e. In this way, we have
established that

log M*(n, ) > n(1 — §) — \/nd(1 = 0)Q"! <e _ B%Gl) . (3.85)

After applying Taylor’s formula to Q! we prove the theorem. |

3.3.3 Numerical comparison

The numerical evaluation of the RCU bound (3.61), the DT bound (3.62), Feinstein’s bound,
Gallager’s bound and the converse bound (3.72) is shown in Figs. 3.6 and 3.7. As discussed
previously, the DT bound uniformly beats all other bounds.

According to Theorem 44, as n — oo the fundamental limit log M*(n, €) behaves as

logy M*(n,€) = n(1 —6) — /né(1 —6)QL(e) + O(1). (3.86)

Similarly to the BSC, for the BEC Gallager’s bound does not give a correct lower-order
term at all; Feinstein’s bound yields the correct y/n term but a suboptimal log n term; both
the RCU (3.61) and the DT (3.62) bounds achieve an optimal logn term.
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Figure 3.9: Rate-blocklength tradeoff for the BEC with erasure probability § = 0.5 and
maximal block error rate e = 107%: normal approximation.

The value of Theorem 44 for non-asymptotic analysis is in providing an estimate of the
fundamental limit at finite n (normal approximation):

logy M*(n,€) = n(l —08) — /né(1 —6)Q (). (3.87)

The comparison of this approximation with the sharp bounds discussed above is given in
Figs 3.8 and 3.9. Again, we notice a remarkable precision of the simple formula (3.87).

3.4 General discrete memoryless channel (DMCQC)

The DMC has finite input alphabet A, finite output alphabet B, and the conditional prob-

abilities are defined as .

Pyaixn(y™la") = [[W (wila:) (3.88)
i=1
where W (y|z) is a conditional probability mass function from A to B; for convenience we

denote N
W, =W(|x). (3.89)
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The following functions describe the fundamental limits of the DMC:
M*(n,e) = max{M :3 (n,M,e)-code (maximal probability of error)}, (3.90)
M}, . (ne) = max{M :3 (n,M,e)-code (average probability of error)}. (3.91)

avg

Note that the input probability distributions are elements of RMI constrained to an
(|A| — 1)-dimensional simplex. We denote this simplex by P. In this way P is a compact
metric space. We also emphasize its subsets (“n-types”) indexed by n = 1,...:

Po2{PeP: nP(x) e Z, Yo e A}. (3.92)
For each fixed P € P define:
e output distribution PW as PW(y) = >, P(z)W (y|x).

e for an arbitrary @ € P s.t. P < @ recall from (2.5), that the divergence variance is

given by
2
VIPIQ) = 32 P flos g |~ DIPIQ) (3.93)
e for an arbitrary Qy on B define the conditional divergence variance as
V(WIQy|P) = ZP V(Wal|Qv) - (3.94)

Note that V(W||Qy|P) is defined only provided that W, < Qy for P-almost all z.
o mutual information, I(P,W) =E[i(X;Y)], or

ZP W (ylz) log ng(ui (3.95)

It is known that I(P, W) is continuous on P so that

1(P, .
C = max (P,W) (3.96)

is a well-defined, finite quantity.

o unconditional information variance U(P, W) = Var(i(X;Y")), or

2
UPW) — ZP W ylz) [ %f(';ﬂ CH(P,W)P (3.97)
_ V(P X W||P x PW). (3.98)

e conditional information variance V(P,W) =E [Var(i(X;Y) | X)], or

view) = Y Pa {Zwm [1g (y"’“")} [D(WxIIPW)]Q} (3.99)

Wi(y)
— V(W|[PW|P) (3.100)
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Since in general
> PEIDOVIIPWP # [P WP (3.101)

values of U(P,W) and V(P,W) do not necessarily coincide. For example, take a

binary-input binary-output noiseless channel and P = [ I 4] then V(P,WW) = 0
while U(P,W) =~ 0.47 bit?>. We always have

V(P,W)<U(/PW), (3.102)
with the equality if and only if

D(W,||PW) =I(P,W) for P-almost all z . (3.103)

third absolute moment of the information density

Z P (o) [log Y2 b 1wy ’ (3.104)
PW(y)
third unconditional absolute moment of the information density
W (y|x) ’
P(x)W (y|x) |log —I(P,W 3.105
= X Wyl |l s~ 1PY) (3.105)
a subset of capacity achieving distributions 11 by
L2{PeP: I(P,W)=C}. (3.106)
Note that IT = I~!(C) is a compact subset of P.
maximal and minimal conditional variances as
Vinae = max V(P,W) = maxU(P,W), (3.107)
Pell Pell
Vinin = min V(P,W) = min U (P, W) . (3.108)
Pell Pell

The reason for writing max and min instead of sup and inf, as well as the right-most
equalities in (3.107) and (3.108) is to be explained shortly (see Lemma 46). Note that
for the purpose of defining V4, and V,,;, both quantities V (P, W) and U(P, W) are
equivalent. We introduce both since one appears naturally in the achievability bound
and the other in the converse.

Define the (unique) capacity achieving output distribution Py by Py = P*W, where
P* is any capacity achieving input distribution.

W is an exotic DMC' if V4, = 0 and there exists an input letter xy such that: a) for
any capacity achieving P: P(zg) =0, b) D(Wy,||Py) = C, and ¢) V(Wy,|| Py ) > 0.
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As usual, we take 0log0 = 0, 0log?0 = 0 and 0 - D(W,||PW) = 0 (note that D(W,||PW)
maybe infinite).
The purpose of this Section is to give a proof of the following result:%

Theorem 45 The e-dispersion of the DMC W is

S 100
More specifically, as n — oo we have
log M*(n —/nV.Q7 (e) + O(logn) , (3.110)
log M, (n,e) = —/nV.Q7 (e) + O(log n), (3.111)
unless the DMC'is exotic and € > 1/2. In any case, we have’
log M*(n,€) > nC — /nV.Q (e) + O(1) . (3.112)
For the exotic DMC and € > 1/2 we have
log M*(n,¢) = nC + O (nS) , (3.113)

and the estimate of the order ns cannot be improved in general.

3.4.1 Comparison to Strassen [1]

Strassen [1] claims the validity of (3.110), (3.111) and (3.112) for all DMCs. For example,
n [1, (1.15)] Strassen states that for any DMC and n sufficiently large we have

log M*(n,e) <nC — \/nVe+ |B|logn. (3.114)

This cannot be true for e > 1/2 as (3.113) and the counter-example in Theorem 51 show. So
the converse part for € > 1/2 in [1] is flawed. For the case of € < 1/2 the result in Theorem 45
coincides with Strassen’s result. In the rest of the Section we use the bounds we derived in
Chapter 2 to give an alternative proof that clearly demonstrates that the expansions up to
o(y/n) are significantly easier to obtain than O(logn) expansions (the difference being that
of using Lemma 49 instead of Lemma 48; see discussion below). In particular, with the
approach of restricting to constant composition subcodes, the O(logn) converse results are
impossible to obtain without precise analysis of the second-order derivatives (Hessian) of
the mutual information function (see the counter-example after Lemma 48). Note that the
sufficient condition given in [32, Theorem 49] is in fact unnecessary according to Strassen [1].
Also, Strassen does indeed allude to the average error probability analysis in the discussion
on p. 31, contrary to what is claimed in [32, p. 2332].

5Recall the Definition 8 for e-dispersion.
"This estimate of the logn term cannot be improved without additional assumptions, because the BEC
has zero logn term; see Theorem 44.
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3.4.2 Achievability bound
We start by showing some properties of U(P, W), V(P,W) and T'(P,W):

Lemma 46 The functions U(P,W), V(P,W), T(P,W) and T, (P,W) are continuous on
P. Functions U(P,W) and V(P,W) coincide on II.

Note that Lemma 46 justifies taking min and max in (3.108) and (3.107), as well as the
right-most equalities therein.

Proof: First, note that U(P,W), V(P,W) and T(P,W) are well-defined and finite.
Indeed, each one is a sum of finitely many terms. We must show that every term is well-
defined. This is true since, whenever W (y|z) = 0 or PW(y) = 0 or P(x) = 0, we have
P(z)W (y|x) = 0 and thus

2
P(z)W (yl|z) [log Z/I;/l{('i;] (3.115)
and . ,
P(2)W (y|z) |log PV(%; — D(W,||[PW) (3.116)

are both equal to zero by convention. On the other hand, if P(x) > 0 then W, < PW and
thus D(W,||PW) is a well-defined finite quantity.

Second, take a sequence P, — P. Then we want to prove that each term in U(P, W) is
continuous. In other words

W (ylz) W(ylx)} ? (3.117)

2
P,(x)W(y|x) |log =———F—=| — P(x)W(y|x) |log ==
LW le) [log B = P (o) [log
If W(y|x) = 0 then this is obvious. If P,(z) # 0 then this is also true since the argument
of the logarithm is bounded away from 0 and +o0. So, we assume P, (x) — 0 and we must
show that then the complete quantity also tends to 0. For P,(x) > 0 we notice that

log{ P, (x)W (y|x)} <log P,W(y) <0. (3.118)
Thus,
| log W (y|z) — log P, W (y)|* < 2(log® W (y|a) + log{ P (z)W (yl2)}) - (3.119)
But then,
2
0 < P (ylo) 1o L] < 2P (W (olo) 1082 W (410) + Tog* (P, @)W (410))
(3.120)

This is also true for P,(z) = 0 assuming the convention 0log®0. Now continuity follows
from the fact that xlog?{ax} is continuous for = € [0, 1] when defined as 0 for # = 0. Thus,
continuity of U (P, W) is established.

To establish continuity of V(P, W) we are left to prove that

Y P(x)D(W,||PW)? (3.121)
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is continuous in P. Let us expand a single term here:

2
P(z) | 3 Wyl log %f}g . (3.122)

First notice that if P,(x) + 0 then continuity of this term follows from the fact that the
argument of the logarithm is bounded away from 0 and +oo for all y with W (y|z) > 0. So
we are left with the case P, (xz) — 0. To that end let us prove the inequality for P(z) > 0:

1
D(W,||PW) < 2H(W,) + log —— . (3.123)
P(x)
From here continuity follows as we can see that P,(x)D(W,||P,W)? — 0 because z log x
and xlog? z are continuous at zero.
We now prove inequality (3.123). From (3.118) we see that

W(y|ac)‘ 1 1 1
lo <log ———+4log ————+— =2log—— +log ——. 3.124
ot Bty | <% i+ W =2 T 12
Then,
W(ylx)‘ 1
D(W,||PW) < W (y|z) 1o <2H(W,)+1lo . 3.125
(VLAIPIV) < 32 (ole)[log | < 2H(WL) +log s (3.125)
Thus V (P, W) is continuous in P.
To establish continuity of T'(P, W), we again consider a single term:
W (ylz) ’
P(x)W (y|x) |lo — D(W,||PW 3.126
(@)W (ylz) &P (y) (We|[PW) (3.126)

If W(y|x) = 0 then this term is equal to zero regardless of P, and thus is continuous in P.
Assume W (y|x) > 0. Take P, — P. If P(x) # 0 then P,W(y) is bounded away from 0 and
thus log IZZ ‘(,[y,‘g; )) tends to log %}55; . Similarly, for any 3 such that W(y'|x) > 0 we have
that P, W (y’) is also bounded away from 0. Thus, D(W,||P,W) tends to D(W,||PW).
We now assume that P,(z) — 0 and must prove that (3.126) tends to 0. Using the

inequality |a + b]> < 4(|a|® + |b]?), we obtain

W (ylz) ’

P, (x)W (y|x) |log () D(W,||P,W)| < (3.127)
3
4P, ()W (y]2) [log l‘.f/ ;y,‘(”j) AP @)W () DWW PaW) . (3.128)

Application of (3.123) immediately proves that the second term in the last inequality tends
to zero. Continuity of the first term is established exactly like (3.117) with (3.119) replaced
by

| log W (y|a) —log W (y)[* < 4(—log® W (y|z) — log®{ P, ()W (y|z)}) . (3.129)
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This proves continuity of T'(P, W'). A completely similar proof shows continuity of T;,(P, W).
Finally, V(P,W) and U (P, W) coincide on II for the reason that, under any capacity-
achieving distribution it is known that

D(W,||PW) =E[i(X;Y)|X =2] =C P-as.. (3.130)
Indeed, then

UP,W)2E [(i—Ei)2] =E [(i-C)?] =E [(i—E[i|X])]] 2V(P,W).  (3.131)

The last equality is by the definition of V(P, W) as the average conditional variance. |

The fact that U(P, W) and V (P, W) coincide on II is very important. Indeed, remember
the classical proof of capacity and the strong converse. First, we use Feinstein’s lemma to
prove that Llog M* > E[i(X;Y)]. Then, following Wolfowitz, Theorem 6, we establish
that in fact the upper bound on rate depends on E [i(X;Y)| X]. However, thanks to the
fact (3.130) the conditional expectation is almost surely a constant.

The next result is needed (in particular) to show the achievability part of Strassen’s
theorem.

Theorem 47 For any P € P, we have

log Myy,(n,e) > nl(P,W)—+/nU(P,W) Q™! 0(1), (3.132)
if UP,W) >0 and
log M*(n,e) > nl(P,W) + loge, (3.133)
if UP,W) =0. If V(P,W) >0 then we have

log M*(n,€) > nI(P,W) — /nU(P,W)Q ! O(1). (3.134)

Remark: Note that the only case when result (3.132) is not implied by (3.134) is V(P, W) =
0 and U(P,IW) >0

Proof: To show (3.132) select P € P. Let A = A", and choose the product measure P"
as the distribution of X™. Passing this distribution through W™ induces a joint probability
distribution on (X™,Y™), and the information density is the sum of independent identically

distributed Zj:

n

i(X"Y™) Zl Y’“|X’“ sz (3.135)

The random variable Zy, has the distribution of ¢(X;Y") when (X, Y) is distributed according
to P x W. Accordingly, it has mean I(P, W) and variance U(P, W), and its third absolute
moment (being a continuous function of P, see Lemma 46) is uniformly bounded on P:

k= sup T,(P,W) < c0. (3.136)
PeP

Suppose that U(P,W) = 0, and therefore i(X™;Y™) = nI(P,W). Then Theorem 23
asserts that there exists an (n, M, €) code (maximal probability of error) for any M and

e < (M —1)exp{—nI(P,W)}. (3.137)
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In particular, by taking M = [exp{—nI(P,W)}e] we get (3.133).
Now, assume that U(P, W) > 0 and denote

6k
U(p,w)3/2-

(1>

B (3.138)

To use the DT bound, Theorem 18, we need to prove that for some v the following inequality
holds:

e > E [exp{—[i(X";Y")—logy]"}] (3.139)
= PE(X™Y") <log~] (3.140)
+1E [exp{_i(Xn;Yn)} 1{2'(X”;Y”)>log'y}] : (3141)

Denote for an arbitrary

logy =nl(P,W)—7/nU(P,W). (3.142)

According to Theorem 13, we have

Pli(X™;Y™) <logn] — Q(1)] < (3.143)

s

For sufficiently large n, let

ot (.. 21log 2 1
T=0Q ( ( 27rU(P,W)+5B> \/ﬁ)' (314

Then, from (3.143) we obtain

log 2 1
Pli(X™"Y") <logy]|<e—2| ————=+2B | —. 3.145
(X5 Y") < log ( o ) NT (3.145)
To bound the second term (3.141) we use Lemma 20, to obtain
. log 2 1
E [exp {—i(X™;Y™)} Lixn.yn)sio 2| ———=+2B| —. 3.146
VE [exp {—i( )} L{i(xn:ym)>log ] ( SO > NG (3.146)

Summing (3.145) and (3.146) we prove inequality (3.139). Hence, by Theorem 18 we get

log My (n,e) > log~y (3.147)
= nI(P,W)—7y/nU(P,W) (3.148)
= nI(P,W) — /nU(P,W)Q (e) + O(1), (3.149)

because according to (3.144) and the differentiability of Q! we have

=0 ()10 <%> , (3.150)
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To prove (3.134) we apply Theorem 22 with ~(2™) chosen as follows®

/ V. (XY X" = ] > nV(P,W)
v(a:”)z{v’ arli(X”; )] S (3.151)

400, otherwise,

where similar to (3.142) and (3.144) we choose

logy' =nI(P,W) —\/nU(P,W)Q ! (6 — (ﬂoigﬂ) + 7B'> %) , (3.152)

where

A 2326k
B=_- " 3.153
V (P, W)3/2 ( )

Theorem 22 guarantees existence of the (n, M, ¢’') code (maximal probability of error) with

¢ <PE(X™Y") <logvy(X™)] + MsupP[i(z",Y") > log~y(z")]. (3.154)

xn

The first term is upper-bounded as follows:

P[i(X™, V") < logv(X™)] (3.155)
< Pl(X",Y") <logy/] + Py(X") = o0 (3.156)
log 2 1 ") — oo
< o292 L ap) L epi—om) (3.158)
- TV (P,W) n '
log 2 ,
< 6—2<W+23> , (3.159)

where (3.157) follows similar to (3.145) after noticing that B’ > B since V(P,W) < U(P,W)
and (3.158) is by Chernoff bound applied to a sum of bounded i.i.d. random variables:

Var[i( X" Y™ X" = 3 V(W |[PW), (3.160)
j=1

and (3.159) holds for all n sufficiently large.
For the second term in (3.154) we have by Lemma 20

M log 2 1
MsupPli(z", Y") > logy(z")] < =2 (L) +ZB’> = (316
™ n

8A similar idea of restricting the codewords to inputs with very small conditional variance appears in
Strassen’s [1] proof of the achievability part of his theorem.
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Thus summing (3.158) and (3.161) we obtain from (3.154) an (n, M, €’) code with ¢ < e.
Therefore, for all n sufficiently large

log M*(n,€) > log~ (3.162)

from which (3.134) follows after invoking Taylor’s expansion in (3.152). |
Note that by using the Feinstein bound (2.31) we would not be able to derive such
a strong estimate on logn term. This suboptimality in the logn term is an analytical
illustration of the fact that we have already observed in Sections 3.2.3 and 3.3.3: the
Feinstein bound is not tight enough for the refined analysis of log M*(n,€) for finite n.

3.4.3 Converse bound

The following results are concerned with the behavior of the maximum of nf(z) + /ng(x)
for large n. We need them for the proof of the converse bound.

Lemma 48 Let D be a compact metric space. Suppose f : D — R and g : D — R are
continuous, then we have

max [nf(z) +v/ng(x)] = nf* +Vng" +o(vn), (3.163)
where
= max f(z), (3.164)
g-= sup g(z). (3.165)
{z: f(=)=f"}
Proof: Denote
F(z,n) =nf(z) + vng(z) (3.166)
F*(n) = max F(z,n). (3.167)

Then (3.163) is equivalent to a pair of statements:

1
lim = F*(n) = f* (3.168)
lim 2 (3.169)

n—oo \/ﬁ

which we are going to prove.
First we note that because of the compactness of D both f and g are bounded. Now

1 1 1
F(z,n) <nf*+vVngme = —F*(n) < f*+ ——=0gmaz = limsup —F*(n) < f*. (3.170)
n n

N

On the other hand, if we take z* to be any x € D maximizing f(z) then

F*(n) = mgXF(a:,n) > F(x*,n) =nf*+ Vng(z"). (3.171)
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Thus )
liminf —F*(n) > f*, (3.172)
n
and the first statement is proved.
Now define
Dy={x€D: f(x)=[f"}, (3.173)

which is also compact. Thus there exists a (possibly non-unique) maximum z** of g(z) on
Dy:

2™ = argmax g(z) and g(z™) = ¢* (3.174)
€Dy
Now by definition
F*(n) —nf* > F(z™,n) —nf* = /ng"*. (3.175)
Thus o .
fim inf 200 =0 (3.176)
vn
On the other hand, F'(x,n) is continuous on D, so that
F*(n) = F(x,,n). (3.177)
Then notice that
F*(n) — nf* = n(f(x5) — [) + Vagle}) < vVag(a), (3.178)
where the last inequality follows because f(x}) < f*. Now we see that
F*(n) —nf*
— - < . 3.179
Ut <o) (3.179)
On denoting
F* _ *
h(n) = M, (3.180)
NLD
there exists a sequence {ny} such that
h(ng) — limsuph(n), ask— oco. (3.181)
For that sequence we have
h(ni) < g(a ) - (3.182)
Since the 7, ’s all lie in the compact D, there exists a convergent subsequence? :
y = Ty = T0- (3.183)

We will now argue that f(xo) = f*.

9This is the only place where we used the metric-space nature of D. Namely we need sequential compact-
ness to follow from compactness. Thus, in complete generality Lemma 48 holds for an arbitrary topological
space D that is compact and satisfies the first axiom of countability.
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As we have just shown,

LF*(nkl) = [ (3.184)
nkl
where
F*(ni,) = Fyi, ) = ne f () + /e g (i) - (3.185)
Thus, since g(x) is bounded
lim niklmnkl) = lm () = f(z0) (3.186)

where the last step follows from the continuity of f. So indeed
flxo)=f" <<= wx0€Dy = g(xo)<g". (3.187)

Now we recall that
h(ng,) < g(ui) » (3.188)

and by taking the limit as [ — oo we obtain
limsup h(n) = llim h(ng,) < llim g(yr) = g(zo) < g*. (3.189)

So we have shown
F*(n) —nf* g*

lim " (3.190)
|
Remarks:
1. The message of this lemma is that, for continuous f and g,
max | nf() + Vigle)| ~nf(a”) + Vigla™) 3191

where 2** is found by first maximizing f(z) and then maximizing g(z) over the set of
maximizers of f(x).

2. Lemma 48 can be generalized to any finite set of “basis terms”, instead of {n,/n}.
In this case, the only requirement would be that u;1(n) = o(u;(n)).

3. Lemma 48 is tight in the sense that term o(y/n) can not be improved without further
assumptions. Indeed, take f(z) = —z? and g(z) = z'/* for some k € Z, on [-1,1].
Then simple calculation shows that

xg[l—afcl} [nf(z)+ v/ng(z)] = const - =1 (3.192)

and the power of n can be arbitrary close to \/n.

If we assume more about f and g then a stronger result can be stated. The assumptions
below essentially mean that f is twice differentiable near f* with negative-definite Hessian
and g is differentiable. As the example (3.192) shows, without these additional assumptions
Lemma 48 is the best possible result.
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Lemma 49 In the notation of previous lemma, denote
A . A
Dy ={x: f(x)=f"},and Ds = {x : d(x, Dy) < ¢}, (3.193)

where d(-,-) is a metric. Suppose that for some 6 > 0 and some constants f1 > 0 and fo we
have

flx) = f* < —frd(z, Do)?, and (3.194)
l9(x) — g7 < fad(z, Do). (3.195)

Then,
max [nf(z) + vng(z)] = nf* +vng* + O(1). (3.196)

zeD
Proof: Because of the boundedness of g(x), the points x) must all lie in Ds for n

sufficiently large. So, for such n we have

max F'(x,n) = max F(x,n) (3.197)
zeD x€Ds

(we use the notation from the above proof).
Continue as follows:

max F(a,n) = nf* + Vag" + [n(f(x}) — ) + Valgal) — g")] - (3.198)

ze€Dys

We can now bound the term in brackets by using conditions in the lemma:
2 *
0 < [n(f(zy) = f) +Vnlglay) — g)] < —fi (Vnd(;,, D))" + fa (Vnd(zy,, D)) -
(3.199)
Now we see that we have a quadratic polynomial in variable y 2 vnd(x}, Dy). Since f1 >0

it has a maximum equal to ;2. Then,

f1
3
0 < [n(f(zy) = f) +Vnlg(ay) —g)] < el (3.200)
1
and we see that residual term is O(1). This establishes (3.196). [ |
To prove the converse bound we introduce the following definitions:
e For any Py € P,, denote a type of elements 2™ € A™ by
A n
Tp ={a": Vae A: Y 1 a0y = Pola)}. (3.201)
i=1
e For any n and Py € P,, define:
MFp,(n,€) = max{M : 3(n, M, ¢)-code with codewords € Tp }, (3.202)

where € is the maximal probability of error
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Now we are ready to prove the following theorem.

Theorem 50 Fiz a channel W. If € € (0,1/2] then there exist a number Ny > 1 and a
constant F' > 0 such that for alln > Ny and Py € P,, we have

1
log Mp, (n,€) < nC — /nVpinQ™" 5 logn + F'. (3.203)

If e € (1/2,1) then there exist a number No > 1 and a constant F > 0 such that for all
n > Ny and Py € P, we have

log M, (n,€) < nC — \/nVima Q1 ( %logn +F (3.204)
unless the channel is an exotic DMC' in which case we have only
log M}, (n,€) < nC + Fn'/3. (3.205)
Proof: We must consider four cases separately:
1. € <1/2 and V;, > 0.
2. € <1/2 and Vi, = 0.
3. €>1/2 and V4 > 0.
4. € >1/2 and V. = 0.

It is instructive to begin with some general remarks. For simplicity of notation we
denote elements of A = A™ and B = B"™ by x and y without superscripts. The aim is to
use Theorem 34 with F,, = TIELO. To do so we need to select a distribution Py» on A™ and
compute infmeT};O Ba(x, Py). Notice that the theorem is concerned only with codebooks
over some fixed type. So, if Py» is a product distribution then 87 (z, Py) does not depend
on z € Tp and thus

Balz, Py) = Bo(FPy) - (3.206)

For this reason we will simply write 8% (Py ), and even 3, since the distribution Py will be
apparent. After these remarks, treatment of the regular case (Case 1) becomes a straight-
forward application of Theorem 34, while for Case 2 we need an original method proposed
by Strassen.

Case 1. Denote the closed §-neighborhood of II as

s 2 {PeP:dPI) <4} (3.207)

Here d(-,-) denotes Euclidean distance between vectors of RMI.
We fix some § > 0 to be determined. First, we find §; small enough so that everywhere
on Il5, we have V(P,W) > Vi, /2. This is possible by the continuity of V (P, W).
Without loss of generality, we can assume that B does not have inaccessible outputs, i.e.
for every yo € B there is an xy € A such that W (yg|zo) > 0. Then, it is well known that
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for any Pp, P> € II the output distributions coincide, i.e. Pi{W = P,W = Py, and also that
this unique Py dominates all W (-|z). Since all outputs are accessible, this implies that

Pi(y) >0, VyecB. (3.208)

Now for each y, the function PW (y) is linear in the input distribution P, and thus there is
some 3 > 0 such that in the closed ds-neighborhood of IT we have PW (y) > 0 for all y € B.
Set 0 = min(dy, d2).

Fix n and Py € P,,. Choose the distribution Py on A" as the n-fold product of PyWW.
Also set @« =1 — €. Then by Theorem 34 and the argument above we have

log M}, (n,€) < —log By (x, Py) (3.209)

where x is any element of T3 .

The idea for lower-bounding 3]} is to apply Lemma 14 if Py € II; and Lemma 15 other-
wise. In both cases, P, = Qy|X:mi and Q; = PyW. Note that there are nPy(1) occurrences
of Pyx—; among the P;’s, nPy(2) occurrences of Py|x_y etc. Thus, the quantities defined
in Lemma 14 become

D, =I(Py,W), and V,, = V(Py,W). (3.210)

Suppose that Py € Py, \ Ils; then, applying Lemma 15 we obtain

2nV (Py, W 1-—
log Mp, (n,€) < —log By < nl(Py, W)+ % + log TE . (3.211)
—€
Denote,
C'= sup I(PW)<C, My=maxV(P,W)<c. (3.212)
PeP\I; Pep
Then, continuing the bound, we have
2 M- 1-—
log Mp,(n,e) < nC'+ \/1—_‘2\/5 + log 5 ‘ (3.213)

Since ¢’ < C' we can see that, even with F' = 0, there exists N7 such that for all n > Ny
the right-hand side of (3.213) is below the right-hand side of (3.203). So this proves the
theorem for Py € Py, \ Ils.

Now, consider Py € Ils. Remember, that T}, in Lemma 14 is in fact

3

W (y|x) =T(P),W). (3.214)

PoW (y)

T, = Po(z)W(y|z) [log — D(Wy||[RW)

As shown in Lemma 46 function T'(Py, W) is continuous on P and thus has a finite upper-
bound:
T, < Mp < oco. (3.215)

On the other hand, over Il we have V(Py, W) > V,;;,/2 > 0. In summary, we can upper
bound B,, in Lemma 14 as

T, A 6232 My
e SMe =g

n min

1>

B, =6

(3.216)
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Thus we are ready to apply Lemma 14, namely to use (2.87) with A = Mp — B, +1>1
and to conclude that, for n sufficiently large,

Mp+1\ 1
log M3, (n,€) < nl(Py, W) + /nV (Py, W)Q~ ( BT:>+§logn. (3.217)

For n large, depending on Mp, we can expand Q! using Taylor’s formula. In this way, we
can conclude that there is a constant Fj such that

Q! <a— Mf/;l> <Q7 Yo )+% (3:218)

Then for such n and a constant Fy (remember V (P, W) < My ), we have

1
log Mp, (n,€) <nl(Po, W)+ /nV(P,W Q! 5 logn + F;. (3.219)

To conclude the proof we must maximize the right-hand side over Py € Il;. Note that
this is exactly the case treated in Lemmas 48 and 49. We want to use the latter one and
need to check its conditions. From the definitions of I(P, W) and V (P, W) we can see that
on Ils they are infinitely differentiable functions. This is because all terms log P( (‘ )) have
argument bounded away from 0 and +oo by the choice of II5. Consequently, the conditions
of Lemma 49 on g are automatically satisfied. We must now check the conditions on f.

For this we can think of I(P, W) as a function of P only, and we write VI(P) and H(P)
for the gradient vector and Hessian matrix correspondingly.

To check conditions on f in Lemma 49 it is sufficient to prove that for any P* € II:

1. ker H(P*) = ker W. By ker W we understand all |A|-vectors v such that ) , v(x)W (y|z) =
0; and

2. the largest non-zero eigenvalue of H(P*) is negative and bounded away from zero
uniformly in the choice of P* € II.

We first show why these two conditions are sufficient. It is known that II consists of
all distributions P that satisfy two conditions: 1) PW = Py; and 2) P(x) > 0 only when
D(W,||Py) = C. Now take some P’ ¢ II and denote by P* the projection of P’ onto a
compact II. Then write

P =P'+v=P'+uv+uv, (3.220)

where vy is projection of v = (P’ — P*) onto ker W and v, is orthogonal to ker W. Note
that d(P',II) = ||v|| < 6. By Taylor’s expansion we have
1
I(P') = I(P*) + (VI(P"),v0 + v1) + 5 (H(P")v,v1) + o(|[v][*) (3.221)

Here we used the assumed fact that (H(P*)vg,vp) = 0. Since vy € ker W but P* + avy
is not in II for any o > 0, we conclude that shifting along vy must involve inputs with
D(W,||Py) < C. But then I(P,W) decays linearly along this direction, i.e. there is some
constant f3 > 0 such that

I(P* +w) = I(P*) = (VI(P*),v0) < —f3llvol| < —Ffllvol? (3.222)
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(the last inequality assumes 6 < 1). Then, substituting this into expansion for I(P’) and
upper-bounding (VI,v, ) by zero we obtain

I(P) = I(P*) < = fyllwol? = Al I + o(llel?), (3.223)

where A is the absolute value of the maximal non-zero eigenvalue of H(P*). We will show
that A is uniformly bounded away from zero for any P* € II. So we see that indeed I(P, W)
decays not slower than quadratically in d(P,II).

Now we need to prove the assumed facts about the Hessian H(P). The differentiation
can be performed without complications since on IIs we always have PW (y) > 0. After
some algebra we get

2[(p
My & 87() “loge - Z yylj) (3.224)

Thus, for any vector v we have

;W (yli 2 oW |2
(Ho,v) Z%Hm% Z (EZPW((yy)| ) <_ (JTLW)LLM 7 (3.225)

where we have denoted formally oW = 3" _ , v(x)W (y|z), which is a vector of dimension

|B|. From (3.225) we can see that indeed (Hwv,v) = 0 if and only if vW = 0. In addition,

the maximal non-zero eigenvalue of H(P) is always smaller than %;’ZZT) for all P € II.
So Lemma 49 applies to (3.219), and thus

1
log Mp, (n,€) < nC + /nVpin@Q () + 3 logn + O(1). (3.226)

This implies (3.203) if we note that Q~(a) = —Q ! (e).

Case 3. The proof for this case is analogous to that for Case 1, except that when
applying Lemma 49 we must choose g* = \/Vjue: because the sign of Q7 !(a) is negative
this time. An additional difficulty is that it might be possible that Vj,.. > 0 but V,,,;, = 0.
In this case the bound (3.216) is no longer applicable. What needs to be done is to eliminate
types inside II5 with small variance:

Iy ={Pelly: V(P,W)< A}. (3.227)

Here A is chosen so that
— <=V VmazQ_l(E) . (3228>

Since € > 1/2 it is possible to find such an A. Then, for types in IIyy we can apply the firm
bound in Lemma 15. For remaining types in IIs \ IIyy the reasoning argument of Case 1
works, after V,,;, is replaced by A in (3.216).

Case 2. The idea is to apply Theorem 34, but this time we fix the output distribution
to be Pyn = (Py)" for all types Py (before we chose Pyn = (PyW)™ different for each type
Py). Tt is well-known that

D(W||P;|Py) < D(W||P;|P*) = C. (3.229)
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This fact is crucial for proving the bound.
Note that V(W,||P§) is defined and finite since all W, < Py. Denote a special subset
of nonzero-variance inputs as

A S {re A VIW,||IPE) >0}, (3.230)

And also for every Py € P,, denote m(FPy) = nPy(A4) which is the number of nonzero-

variance letters in any x € Tp . Also note that there are minimal and maximal variances
Vi > Vi > 0 such that Vi, < V(W,||Py) < Vi for all z € Ay
Since Py~ is a product distribution, it is true that

log M}, (n,€) < —log B (x, Pyn) (3.231)

for all z € T3 . We are going to apply Lemmas 14 and 15 and so need to compute D, V),
and an upper-bound on B,. We have

D,, = D(W||Py|Py) and V,, = V(W|| Py | Po) - (3.232)
To upper-bound B,, we must lower-bound V,, and upper-bound 7;,. Note that

P
vw||p Ry > 0

Vi . (3.233)

For T,,, we can write

1 £ 32 R )| o8 S~ ow,15)| = A (3.234)

Here, the T'(x)’s are all finite and T'(z) = 0 iff ¢ Ay. Thus, for x € A, there is one
maximal 7 = maxyze 4 T'(z), and we have

P
T, < ") 1 (3.235)
n
Then, we see that
AT, n T A n
B, = < = Mp. 3.236
i S\ By v\ mE (3:236)
So we apply Lemma 14 with
n n
A=, /—Mp+1)—B,>,/]——>1. 3.237
oty (4 1) i (3.237)

Using (2.87) and lower-bounding log A via the above bound yields

Mp+1
m(Fp)

Now, it is an elementary analytical fact that for any o € (0,1) it is possible to pick an
xog < a and f > 0 such that

Q ' a—2)<Q Y a) + fx,Vr €0,z (3.239)

1
log B > —nD(W||P§|Py) — \/nV(W|| P | Po)Q (a - ) ~3 logn. (3.238)
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(for o > 1/2 just take f to be a slope of Q7 1(y) at y = a for a < 1/2 simply join the point
(a, Q7! ()) with any (6, Q~1(9)) for small § and set xg = o — §). We now split types in P,
into two classes, P4 and Pg:

PyePy <= m(Py)>my, Pp=Pp\Pa. (3.240)
Here m, is chosen so that ]\i[/%—tl < zg. Then, for all types in P4 we have
M 1 !
O a-2BE ) <o)+ S (3.241)
m(Fp) m(Fp)

Notice also that with this choice of x¢ and m., the argument of Q1 in (3.238) is positive and
the bound is applicable to all types in P4. Substituting (3.229) we have, for any Py € Pa,

V(W||P:Py) 1
nWVWIR IR Ly (3.242)

log B > —nC — \/nV (W||P{| Py)Q (o) — f/\/ m(F) 2

Now notice that Q~1(a) > 0 (this is the key difference with Case 4) and also that

F,
V)P Ry < ")y, (3.243)
n
Finally, for Py € P4 we have
1
log Mp, (n,e) <nC+ f'\/Vir + 3 logn . (3.244)

Now for types in Pp we have m(FP) < m, and thus,

nV (WP By) < miVas . (3.245)

[2my
log M}, (n,e) <nC + maVM — log % . (3.246)

In summary, we see that in both cases, P4 and Pp, inequalities (3.244) and (3.246) im-
ply (3.203) for n > 1.

Case 4. Fix a type Py € P,, and use Pyn = [[(PyW). Then, a similar argument to that
for Case 2 and Lemma 15 yield

So Lemma 15 yields

IV W) | 1og & (3.247)
o 2

for all n > 1. We need to maximize the right-hand side of this bound over Py € P. This

can be done similarly to Lemma 49. The problem here, however, is that V(P,W) = 0

for P € II. Thus, even though V(P,W) is differentiable in some neighborhood of II, the
V(P,W) is not. This is how a term of order n'/3 can appear. Indeed, suppose that there

is some direction h along which I(P + ah) decays quadratically, while V(P + «h) is linear.

ILe.,

log M, (. €) < nl(Po, W) +

I(P +ah) = C — fio® 4+ o(a?) ,and V(P + ah) = faah + o(a). (3.248)
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Then it is not hard to see that
max[nl (P + ah) + /nV (P + ah)] = nC + fsn'/3 + o(n'/?). (3.249)
(0%
Such a direction can only exist if all the conditions of the exotic DMC are satisfied. This

can be proved by computing gradients of I(P, W) and V (P, W). |
Some notes about the proof are of interest:

e As a by-product of Lemma 15 we can derive a certain converse bound for DMC.
Indeed, denote My = maxp V (P, W). Then

1
M*(e,n) < _— (3.250)
12zt Pl )
and
2n M 1-—
log M*(e,n) < nC + el A |Allog(n + 1) — log 5 ‘ , (3.251)
—€

which are valid for all n and € € (0,1). The latter bound does not even yield the
right sign of the y/n term. However, it holds for all n > 1 and also My can be upper-
bounded so that it depends on |A| but not on W. The resulting bound is better than
Fano’s inequality.

e The method used in the proof of Case 2 is quite useful for symmetric channels. Indeed,
if we take the BSC with parameter d, then Py is equiprobable. As we have seen in
Section 3.2.1, 8% (x, Py,) is the same for all x € A™. So, we can lower-bound M*(n, €)
directly without resorting to a type-by-type analysis:

log M*(n,e) < —log 3 . (3.252)

Calculation of the parameters in Lemma 14 yields
D, =C(), V,=wv(d),and T,, = (), (3.253)
where C(§),v(d) and t(J) are the capacity, dispersion and third moment, respectively,

defined as

C(6) =log2+dlogd+ (1 —9)log(l —9), (3.254)
v(8) = 6(1 —6)log*(6 " — 1), (3.255)
t(6) = 6(1 — 8)(6% + (1 — 0)*) [log*(6 7' — 1)] . (3.256)

Substituting these expressions into Lemma 14 and using A = 1 we have the following
firm bound for the BSC

log M*(n,e) < nC(8) — /nv(0)Q " (e + M

1
+ —logn. 3.257
O ) 5 log (3.257)

The only requirement for validity of this bound is that the argument of Q! be less
than 1. Note that we dropped the 6 in the definition of B,,, because the components
are identically distributed; see the remark after the Berry-Esseen Theorem 13. Even
though this bound gives the right asymptotic behavior of log M*(n,¢€), it is much
worse than the direct computation of 57 that we did in Section 3.2.1. Still it is much
better than using Fano’s inequality.
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3.4.4 Asymptotic expansion

Proof of Theorem 45: Theorem 47 yields, by taking P € P to be the distribution
that achieves capacity and V., the bound (3.112). Indeed, if V, = 0 then the bound (3.133)
applies and if V. > 0 then we have U(P,W) = V(P,W) > 0 and thus (3.134) yields the
needed result.

For the lower bound, assume that either DMC is not exotic or € < 1/2 and take n > Ny
for Ny from Theorem 50. Then any (n,M,¢) is composed of subcodes over types T'p, for
Py € P,. If we remove all codewords except those in T'p, and leave the decoding regions
untouched, then we obtain an (n, M 1’30, €) code over T, - But then Theorem 50 states that

1
log Mp, < log Mp (n,e) <nC —+/nV.Q™" 5 logn + F. (3.258)

Since M is a sum of M 1,:’0 over all Py € P, and the cardinality of P, is no more than
(n + 1)A=1 we conclude

log M*(n,€) <nC — /nV.Q ! <|.A| - —) logn + F'. (3.259)

This completes the proof of (3.110).
To show (3.111) we use the traditional idea of dropping all codewords whose probability
of error is above Te. In this way, we have

Mg (n,€) <

M* . 3.260
Carefully following the proof of the converse we can conclude that the O(logn) term in the
upper bound (3.259) does not have any singularities in a neighborhood of any € € (0,1). So
we can claim that, for 7 sufficiently close to 1, the expansion

log M*(n,7¢) = nC — \/nV.Q ' (r€) + O(logn) (3.261)

holds uniformly in 7. Now, setting 7, = 1 + ﬁ, we obtain

log My,,(n,€) <nC —/nV.Q™ <e + %) + O(logn). (3.262)

Expanding Q! in (3.262) by Taylor’s formula and using the obvious lower bound Mgyy >
M* we obtain (3.111).

Finally, for the case of an exotic DMC and € > 1/2, bound (3.205) in Theorem 50
proves (3.113). Together, (3.110) and (3.113) cover all possible cases and by (2.25) prove
that V; is indeed the e-dispersion of t%le DMC.

Finally the claim that the order n3 cannot be improved in general follows from the next
result. |
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Theorem 51 There exists an exotic DMC with

1/3 0 0 1/3 004
0 1/3 0 1/3 0.04
Wa~| 0 0 1/3 1/3 0.04 (3.263)
1/3 1/3 1/3 0 038
1/3 1/3 1/3 0 0.50

Moreover, for every e > 1/2 there exists a constant F, > 0 such that
log M*(n,€) > nC + F.n3 , (3.264)
for all n sufficiently large, where C = log% is the capacity of DMC W'

Proof: First take
1/3 0 0 1/3 2/13
0o 1/3 0 1/3 2/13
W =10 0 1/3 1/3 2/13 (3.265)
1/3 1/3 1/3 0 3/13
1/3 1/3 1/3 0 4/13

Now denote by x* the unique negative root of the equation

1 7
(x—1) <log % — Tlog(1 — a:)) + (6 + 7x) log 6 —:;9733 = —13log3. (3.266)
Then, replace the last column of W’ with the column
R=W'000z"1- m*]T ~ [0.04 0.04 0.04 0.38 0.5O]T . (3.267)

The resulting channel matrix W is of full rank, since W’ is such and operation (3.267)
preserves the rank. Therefore, the capacity achieving distribution is unique. A simple
observation shows that equiprobable Py is achievable by taking

P*=11,1,1,2,017/5. (3.268)

Finally, the conditional entropies H(Y |X = x) are all equal to log 3. This is the consequence
of the choice of z* in (3.266). It follows that P* is the capacity achieving distribution
(unique). Moreover, we also have

V(P*,W)=0. (3.269)

but at the same time
V(Ws||P5) > 0. (3.270)

So this is an exotic channel.
It remains to show (3.264). On the simplex P we have differentiable functions P, =
P(x),z =1,...,5 which satisfy

5
> P=1, (3.271)
r=1
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and therefore their differentials satisfy
> dP. =0. (3.272)

Differentiating the I(P, W) as a function of P yields'? :

dI(P,W) =Y D(W,||PW)dP, . (3.273)
z€EA

For P = P* we obtain that dI = 0 and for the Hessian, according to (3.224) and since
Py (y) = %, we get

H(P*) = —5loge - WIW , (3.274)
and therefore by Taylor’s formula:
I(P,W)=C —5loge- ||(P— P )W|[> 4+ o(||P — P*||*). (3.275)
For U(P,W) we have
dU(P,W) =Y (V(W,||[PW) + D*(W,||[PW) — 2loge - D(Pxy||[P|W,)) dP., (3.276)
€A

where we have denoted by Pxy the following conditional distribution (note that it is a
function of P):
s P(a)W(bla)

W) (3.277)

Px|y(alb)
Similarly, for V' (P, W) we have

dV(P,W) =Y (V(We||PW) + 2loge - [D(W,||PW|Q,) — D(Pxy||P|[W,)]) dP; ,

€A
(3.278)
where the distribution @), on A is given by
Qa(a) = ) Pxjy(aly)W (ylz). (3.279)
yeB
For the points where V (P, W) = 0 expressions (3.276) and (3.278) simplify to:

dU(P,W) = > (V(W,||[PW) + D*(W,||[PW)) dP, (3.280)

€A
dV(P,W) = > V(W,||PW)dP,. (3.281)

€A

Finally, in the present case of W given by (3.263) and P = P* we also have D(W,||PW) = C
for all x € A and V(W,||PW) =0 for all  # 5. Therefore, we get (using (3.272) again):

dU(P*, W) = V(Ws|| P)dPs , (3.282)

OHenceforth we use (3.272) to simplify the expressions for the differentials; equivalently we write the
pullback of differentials from RI*! to P.



88

and from Taylor’s formula we obtain then
U(P,W) =V (Ws||Py)P(5) + o(||[P — P*[]). (3.283)

Finally, we choose the following sequence of input distributions

A
P, = P*+ =-10,0,0,-1,1]T, (3.284)

1
ns3

where A > 0 is to be determined. From (3.275) and (3.283) we get for some constant F; > 0
2 2

I(P,W) = C—Fiin~%+o (n—z) , (3.285)

U(P,, W) = V(Ws||PE)An5 +o (n—%) . (3.286)

Next, from the definition (3.105) of T,,(P, W) and (3.285) we get for some F5 > 0

Fy\
T (B, W) = -2 +o(n—%) . (3.287)

ns
Now we proceed as in the proof of Theorem 47 except that instead of (3.138) we define
B as a function of n:

Tu Pna 1 1
= LlBuW) _ p sk +o(né) , (3.288)
[U(Fn, W)]2
where F3 = — 2~ (0. Then following the proof of Theorem 47 we can show that for
[V(Ws||Py)] 2
all n such that D los 2 .
og
€— +5B)—>0, 3.289
( V2m > vn (3.289)
we have
_ 2log 2 1
log M7, (n,€) > nI(P,, W) — /nU(P,, W)Q™* <e — < + 5B> —> . 3.290
g Mgyy(n,€) = nl( ) — V/nU( )Q oz NG (3.290)
Note that the argument of Q1 according to (3.288) satisfies
2log 2 1 _1 _1
e— (= +5B)—==€e-5RBVIn"s +o(n3). 3.291
< \ 21 > \/ﬁ 3 < ) ( )

and, therefore, we have

_ 2log 2 1 _ _1
! e—< +5B>—>: "e)+O0(n73). 3.292
Q ( ik =) =a@+o(n) (3.202)
Finally, continuing (3.290) we get

log M,y (n,€) > nI(Py, W) — /nU (P, W) (Q—l(e)+o(n-%)) (3.293)

= nO—<F1)\+w/V(W5HP§’;))\Q_1(e)> ni+0(1), (3.294)
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where (3.293) follows from (3.292) and (3.294) from (3.285) and (3.286).
Now, observe that for € > 1/2 we have Q!(¢) < 0 and therefore for sufficiently small A

the coefficient in front of n3 becomes negative. Choosing such A\, we have therefore shown
that for some constant F’ > 0 and all n sufficiently large we have

/ l
log M,,(n,€) > nC + F'n3 . (3.295)
Finally, as explained in the proof of Theorem 47, changing M, (n,€) to M*(n, €) results in
a O(log n) penalty factor, and therefore, for some constant 0 < F, < F’ and all n sufficiently

large (3.264) holds. [ |
As Theorem 51 demonstrates the conditions for exotic channels are quite hard to satisfy
(especially, making D(W,||Py) = C but so that  does not participate in capacity achieving
distributions); hence the name exotic.

3.4.5 Refined results on the logn term
We define the following quantity

VI(P,W) 2 Varli(X;Y)|Y] (3.296)
= ZP W (y|x) [log PV([g(p:;
2
W(ylz")P(z'),  W(ylz')
~ (; P G) log - (y)> } (3.297)

Some of its properties relevant for this section are given below:

Lemma 52 All of the following hold:

VI(P,W)=0 <= Va,y,y : W/ |z)=W(ylz) or P(x)W(y|x) = 0(3.298)
VIP,W)>0 = U([P,W)>0 (3.299)
Ve,y : W(yle) >0 = V" (P,W)>0o0rI(P,W)=0. (3.300)

In words, (3.298) gives a neccesary and sufficient condition for V" (P, W) = 0 which means
that restricted to columns with P(x) > 0 submatrix W has each row composed of two
elements only: zero and a (row-specific) constant; (3.299) and (3.300) give simpler necessary
and a sufficient conditions, respectively, for V" (P, W) > 0.

Proof: Without loss of generality we may assume that all outputs y € B are reachable
from at least one input. Then to show (3.298) notice that Var[i(X;Y)|Y] = 0 holds if and

only if for all (z,y) with P(x)W(y|z) > 0 we have that log P( (‘ )) is a function of y only.

This is precisely the condition (3.298). Next, (3.299) follows trivially from

Vi(P,W) <U(P,W), (3.301)
which in turn follows from the definition and

Var[A|B] < Var[A]. (3.302)
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Finally, for (3.300) notice that if W (y|z) > 0 for all z,y and we had V"(P,W) = 0 then
by (3.298) we should have W (y/|x) = W (y|z) for all  with P(z) > 0. But then we have
D(W,||PW) = 0 and thus I(P,W) = 0. [ ]

Next we show that the RCU bound, Theorem 17, implies a stronger achievability bound
that the one in Theorem 47 (for average probability of error formalism).

Theorem 53 For any input distribution P with V" (P,W) > 0 we have

1
log My (n.€) = nI(P,W) = /nU(P.W)Q™"(e) + 5 logn +O(1). (3.303)

The immediate corollary of this result is

Corollary 54 Suppose that there exists a distribution P achieving Ve in (3.109) with V" (P, W) >

0 then we have
1
log Mg (n,€) > nC — VnVe.Q™! 5 logn+ O(1). (3.304)

In particular, any channel with W (y|z) > 0 for all x,y satisfies (3.304) unless C' = 0.
Proof of Theorem 53: We define random variables (X", Y™, X™) distributed as

Pxnynga(a",y", 2" H W (yjla;) P(Z;) .- (3.305)

Then according to the RCU bound, Theorem 17 there exists an (n, M, €') code with

¢ <E [min {1, MP [, > I, | X",Y"]}] , (3.306)
where
N _
L 2 Y X1, (3.307)
k=1
L 2 Y Xy (3.308)
k=1
lo W(ylz) , W > 0’
iy & (osPw e Wl (3.309)
—0o0, W(ylz) =0,

and thus I, > —oo almost surely. Introduce the following function
flt,y") = P[I >tYy" =y"] . (3.310)
Then since X" is independent of X™ we have

P L, > I,| X" Y"] = f(I,,Y"). (3.311)
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Notice that for any realization " of X™ such that I,, > —oo we have
PX" =z"Y"] = PX"=2"] (3.312)
n
= P[X" =z"|Y"]exp {— > i, Yk)} (3.313)
k=1
and thus summing over all Z" such that I,, > t we obtain
P[L, >t|Y"] =E [exp{—I,}1{I, > t}|Y"] . (3.314)

Now observe that conditioned on Y random variable I,, is a sum of independent (non
identically distributed) random variables; its variance is given by

Var[l,|[Y" =y"] = ) S, (3.315)
k=1
S, £ Varli(Xy, )|V = o] (3.316)
Notice that
E[Sy,] =V"(P,W) > 0. (3.317)
Denote by F' the following event:
Fe {zn: Sy. > Syr(p W)} . (3.318)
k — 2 ?
k=1
Then, on the one hand by Chernoff bound we have for some K; > 0
P[F€] < exp{—Kin}, (3.319)
while on the other hand by Lemma 20 we have for some K5 > 0 on the event F'
K
E [exp{—I,}1{I,, > t}|Y"] < 7% exp{—t} (on F). (3.320)
Thus, we have
E [min{1, M f(1,,Y"™)}] (3.321)
< PFI+E [min {1, % exp{—[n}}] (3.322)
MK
< exp{—Kin}+E [min{l, WQ exp{—In}] (3.323)
MK
< exp{—Kin}+P [In <log 2}
MKQ MK2
E (141, >log——— —I, 3.324
e
MK K
< exp{—Kin}+P [In < log \/52} + 7% (3.325)
nI(P,W) — log ME&> Kat K
) vn 3+ £y
< exp{—-Kin}+ , 3.326
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where (3.322) is by (3.314) and (3.320), (3.323) is by (3.319), (3.324) simply expands the
min, (3.325) holds for a suitable K3 > 0 by Lemma 20 and (3.326) holds for a suitable K4 > 0
by Berry-Esseen inequality (Theorem 13) both of which are applicable since U(P, W) > 0.
Equating the right-hand side of (3.326) to € and solving for M, we obtain for all sufficiently
large n existence of an (n, M, €) code with

logM = nI(P,W)—/nU(P,W)Q! <e - % — exp{—Kln}>

1
+ 3 log n — log K2 (3.327)
1
= nI(P,W) —/nUP,W)Q " (¢) + Flogn+0(1), (3.328)
where (3.328) is by Taylor’s expansion applied to Q~!(-). This proves (3.303). [ |

Remarks:

1.

The estimate of %logn cannot be improved without further assumptions, as the ex-
ample of the BSC shows; see Theorem 41.

. According to (3.299) the right-hand side of (3.304) can never be of the form nC +

$logn + O(1).

As we mentioned in the discussion of the BSC, Section 3.2.3, other bounds from
Chapter 2 fail to achieve % log n term. In particular, using techniques from Chapter 2 it
is not possible via our techniques to give an extension of Theorem 53 and Corollary 54
to maximal probability of error formalism (unless in some special cases). The reason
we could give such result for the BSC is because of the appeal to random linear code
method, which requires strong assumptions on the cardinalities of |A|, |B] and the
structure of W.

. According to (3.298) the situation V" (P, W) = 0 requires rather special structure of W

and thus Corollary 54 holds for almost all channels (BEC being a notable exception).

. In the case when V" (P, W) = 0, we have

i(z,y) = E[i(X1,Y1)|Y1 = y] = —log P[W (y|X1) > 0], (3.329)

which implies that I, is a function of Y™ and I,, = I, (unless I,, = —o0, but this case
is irrelevant: see (3.314)). Thus, the RCU bound in this case yields

¢ <E[min{l, M exp{—1I,}}] = P[, <log M]+ O (%) . (3.330)

Therefore, we can only achieve:

log M, (n,€) > nl(P,W) — /nU(P,W)Q " (e) + O(1), (3.331)

which is not interesting, since it is implied by (3.112).
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6. To summarize, for the average probability of error Theorem 53 and Corollary 54 give
the strongest possible results that can be derived using any bounds from Chapter 2.

We give a matching converse bound on logn term under an assumption of symmetry.

Definition 9 A DMC W is called weakly input-symmetric if there exists an xg € A and a
random transformation T, : B — B for each x € A such that T, o Wy, = W, and T, o Py,
where Py is the capacity achieving output distribution.

Note that the composition T, o Py with a distribution Py on B, according to (2.2), is given
by
(T o Py)(y) = Y Tulyly)Pr(y) . (3.332)
y'eB
Thus, in other words, T, is a stochastic matrix which upon multiplication by the column
Wo, yields the column W,.
Examples:

1. Recall that Gallager [9, p. 94| defines the channel to be symmetric if the space of out-
puts B can be partitioned into disjoint subsets B = U;-lzl B; such that each restriction
of W to A x B; has rows which are all permutations of each other and columns which
are permutations of each other. It is easy to see that Gallager-symmetric channels are
weakly input-symmetric.

2. However, not all weakly input-symmetric channels are Gallager-symmetric. Indeed,
consider the following channel

1/7 4)7 1)7 17

W 47 1)7 0 4)7 | 5333
0 0 4/7 2/7

2/7 2/7 2/T 0

Since det W # 0, the capacity achieving input distribution is unique. Since H(Y|X =
x) is independent of z and Px = [1/4,1/4,3/8,1/8] achieves uniform Py it must be
the unique optimum. Clearly any permutation T} fixes a uniform Py and thus the
channel is weakly input-symmetric. At the same time it is not Gallager-symmetric
since no row is a permutation of another.

3. Allowing randomized (i.e. not induced by functional maps) kernels T, in the Defini-
tion 9 is essential. Indeed, consider the channel

1/2 1/2 1/2
w=|[1/2 0 1/4 (3.334)
0 1/2 1/4

Clearly this channel is not Gallager-symmetric. To show it is weakly input-symmetric
notice that by interchanging first two inputs (columns 1,2) and last two outputs (rows
2,3) we do not change the matrix. Thus Py (2) = Py (3). Now take zp =1 (corresp.,
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first column), 75 to be induced by the permutation that maps 1,2,3 to 1,3 and 2,
respectively. Finally, for T35 we take the following matrix

1 0 0
Ty=(0 1/2 1/2 (3.335)
0 1/2 1/2

To check that T5 0 W (-|1) = W(+|3) simply write

1 0 0 1/2 1/2
0 1/2 172 [1/2] =|1/4 (3.336)
0 1/2 1/2) \ 0 1/4

Finally, we have shown that P (2) = Py (3) and thus T30 Py = Py and Tho Py = Py
as required.

4. At the same time not all channels are weakly input-symmetric. Indeed, composition
with a kernel yields a distribution dominated by the original: T, 0 W, < W, (partial
order is that of majorization). Thus to obtain a non weakly input-symmetric channel
it is sufficient to take any channel without a column that dominates all others. A
simpler example is the Z-channel:

W = (155 ?) , 6€(0,1) (3.337)

Indeed, clearly we cannot take input 1 as zp (since then 75 would have to map both
outputs to the second output and thus Tho P> = [0 1] — a contradiction). By computing
Py it can be shown that taking xo = 2 there is no stochastic matrix 7 that fixes Py
and maps [0,1] to [1 — 9, d].

Some of the crucial properties of weakly input-symmetric channels are summarized be-
low:

Theorem 55 For any weakly input-symmetric DMC W all of the following hold:

1. The capacity C satisfies:
C = D(Wy,||P¥), (3.338)

2. The e-dispersion V. equals the dispersion V and satisfies

Vo= V(W) (3.339)
= V(W,||Py) (Vx:D(W,||Py)=C). (3.340)

3. The following bound holds"!

log M, (n,e) < —log Br—e(Wyo)", (Py)") . (3.341)

avg

H11n Section 6.5 we will also show that (3.341) holds (for each n and €) even in the presence of instanteneous
noiseless feedback. Consequently (3.342) (or (3.343)) is also valid even with feedback.
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4. In particular, if V> 0 then as n — oo we have

1
log My, (n,¢€) < nC — VaVQ 1 (e) + 5 logn + O(1). (3.342)
If V=0 then we have
log My, (n,€) <nC —log(l —e). (3.343)

Proof: To show (3.338) notice that a transformation 7, maps pair of distributions
(Way, Py ) to (W, Py) and therefore by the data processing for divergence we get

DW||Py) < D(Wa||Py) (3.344)
from which (3.338) follows via
C = max D(Wg||Py) . (3.345)

Similarly, for any distribution Px» on A" we have
Ba(Pxnyn, Pxn(Py)") 2 Ba((Wao)", (Py)") - (3.346)

Indeed, for each x™ define a random transformation T,» : B" — B" as follows:

n

(="[y") H o (2 lyn) (3.347)

Then T,» maps pair of distributions (W, (Py+)") to (Pyn|xn—gn, (FPy)") and thus by the

o’
data-processing for (3, we obtain

Ba(Pynixr=an, (F7)") 2 Ba(Wyy, (Fy=)") - (3.348)

Therefore, (3.346) follows by Lemma 32 and convexity of 8, in a. Consequently, (3.341)
then follows from Theorem 29 and (3.346), while (3.342) and (3.343) follow from (2.89)
and (2.90), respectively.

Finally, to show (3.339) notice that by Lemma (14) we have for any = € A:

log Ba (Wa)", (PY)") = —nD(W||PY) — \/nV (Wo||PF)Q™ a) +o(v/n) . (3.349)
But by (3.348) we must have
log fa (W)™, (Fy)") = log Ba((Wa,)", (Py)") - (3.350)

Now assuming that = € A is such that D(W,||Py) = C and applying (3.349) to both sides
of (3.350) for > 1/2 we obtain

V(We||Py) = V(Wao| [Py ), (3.351)
whereas taking o < 1/2 we show
V(Wel[Py) <V (Weo||Fy) (3.352)

and consequently (3.339) follows. [ |
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Corollary 56 Consider a weakly input-symmetric channel W with V- > 0. If there exists
a capacity achieving input distribution with V' (P,W) > 0 then we have

log Mz, (1, €) = nC — VaVQ () + %log n+0(1). (3.353)

In particular, by (3.300) any Gallager-symmetric channel without zeros in W and positive
capacity satisfies conditions of Corollary 56. Note that there exist weakly input-symmetric
channels with V' > 0 but V" (P, W) = 0 (for example, the BEC or the g-ary erasure channel).
For such channels, a converse bound different from Theorem 55 is likely to be needed in
order to pin down the logn term.

Corollary 57 Consider a weakly input-symmetric channel W with V= 0. Then we have

(3.354)

avg

1 1
nC —log — <log M*(n,¢) < log M (n,e)§n0+logl
B _

Proof: Apply (3.133) and (3.343). [ |
Somewhat unexpectedly, this corollary shows that we can obtain an almost exact value for
log M*(n, €) for some non-trivial channels, such as

12 1/2 0
w=1|12 0 1/2]. (3.355)
0 1/2 1/2

3.4.6 Applications to other questions

In this section we discuss application of the methods developed in Chapter 2: the k3 bound
and the meta-converse — to some other questions of channel coding for the DMC.

As we have mentioned, the crucial fact for proving Theorem 45 was that V (P, W)
coincides with U(P, W) for the capacity achieving distributions: the DT bound yields a
lower bound on /n term as /nU(P,W), while Theorem 34 upper-bounds the \/n term
by /nV(P,W); since they coincide we are able to obtain the exact coefficient for the
v/n term. The situation, however, is different if we want to obtain a lower-bound on
log MI*DO (n,€) for the cardinality of the best constant-composition code, since in general
V(Py, W) # U(Py,W).

The problem is resolved by using the x3 bound, Theorem 27. Here we briefly sketch
how to apply Theorem 27. We choose F,, = Tp for a fixed type Py € P,. We also choose
Py(y) = PyW. Then, all the work reduces to lower-bounding (A, Py) and analyzing
Bl(x, Py). The analysis of the latter has already been done in the proof of Theorem 50;
specifically, we have shown

log B(z, Py) = —nI(Py, W) + v/nV (Py, W)Q *(e) + O(log n) (3.356)
for any x € T . For «7 the lower bound is obtained by applying (2.93):

KM(TE  Py) > Py [TR] . (3.357)
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Since the right-hand side is polynomial in n, see [16], this bound is sufficient for our purposes.
So, by k8 bound we conclude that at least

log Mp, (n,€) > nl(Py, W) — /nV(Py, W)Q ' (€) + O(log n) (3.358)
codewords from type T . Together with Theorem 50, we have then

log M}, (n,€) = nl(Py, W) — /nV (P, W)Q ' (€) + O(logn) . (3.359)

So we see that k(3 bound gives the \/ﬁ term with V (P, W) compared to a generally looser
U(Py, W) for the DT bound. However, for the case when Py is capacity achieving (and
U(Py, W) =V(Fy,W)), the DT bound is tighter due to a better logn term.

An argument entirely similar to (3.359) applies to other cases of channels with input
constraints, and shows that k(G bound emerges as a natural candidate for the dispersion
achievability bounds in such cases (see the treatment of Gaussian channels in Chapter 4
and Section 4.2 in particular).

Another application concerns the converse bound. Suppose that we are given informa-
tion regarding the number of codewords inside each type Py € P,, that is we know the
value of Pxn(Tp,) for each Py € P, where Pxn» denotes the distribution on A" induced by
the code.'> Can we upper-bound the average probability of error for such a code?

We aim to apply the meta-converse, Theorem 28, with the following ()-channel:

Qyn|xn=gn = (PenW)", (3.360)

where P, is the type of sequence z". Notice that the output distribution depends only on
the type of the input. Therefore, we cannot distinguish more than |P,| alternatives and we
have:

Pl
'>1- [Pnl . .361
=1t (3.361)
Then following the derivation of the Fano’s inequality (2.251) in Section 2.7.3, we obtain
logM 1 1 h(e)  log|Py|
Pxn(Tp,)I(Py, W) + . 3.362
- 1_62 xn (T I(Po, W) + — 15—+ — (3.362)
PoePn
A standard bound on the cardinality |P,|, see [16], states
Pal < (n+ 1ML (3.363)
Therefore, from (3.362) we obtain the following:
log M 1 1 h(e) log(n + 1)
Pxn(Tp,)I(Py, W o e —1)—. 3.364
DS T X P IW) + (A-)E (3.364
0 n

Inequality (3.364) bounds possible parameters of (n, M, €) codes with a given type-distribution
of codewords. In particular, we see that the “capacity” for the codes with a given type-
distribution is limited by

> Pxa(Te)I(Py, W) < C. (3.365)
PoePn

2The motivation is clear: for linear codes over binary-input channels, Pxn(Tp,) is simply a weight
distribution of the code, which is frequently known from algebraic considerations.
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In other words, the code under consideration can have a small probability of error only for
those channels W : A — B that have é(W) > R, where R is the rate of the code. This
gives a rough estimate of what is possible with a given type-distribution.

Recall that in Section 2.7.3 we obtained stronger bounds (such as sphere packing) by
replacing a simple data-processing lower-bound on 3, (that lead to Fano’s inequality) with
better bounds. Similarly, it is simple to obtain stronger versions of the bound (3.364).

3.5 Gilbert-Elliott channel (GEC)

In this section we discuss a binary symmetric channel, with crossover probability being
determined by a binary Markov chain. This channel with memory is known as the Gilbert-
Elliott channel (GEC); see [62,63].

This channel is particularly interesting because the dynamics of the crossover probability
can be viewed as a simplified model of a fading channel, where fading coefficients evolve
as a Markov process. It is known [67], that for coherent channels behaving ergodically,
channel capacity is independent of the fading dynamics since a sufficiently long codeword
sees a channel realization whose empirical statistics have no randomness. The natural
question arises: does the channel dispersion depend on channel dynamics? And if so, does
it correctly predict the dependence of fundamental limits on channel dynamics? In this
section we answer both questions affirmatively, thereby demonstrating how knowledge of
channel dispersion can qualitatively extend our understanding of the channel, and enable
the analysis of questions for which the capacity alone is insufficient.

3.5.1 Channel capacity

At blocklength n the channel GEC(n,T,61,02,p1), depending on 0 < 7,61,02,p1 < 1 is
defined as follows. The input and output alphabets are A = B = {0,1}" and the channel
acts on an input binary vector X" by adding (modulo 2) the vector Z™:

Y= X"+ 2", (3.366)

where the distribution of Z" is specified as follows.
Let {S;}72, be a homogeneous Markov process with states {1,2} and transition proba-
bilities!3
P[Sy = 1|S; = 1] =P[Sy = 2|, = 2] =1 — 7, (3.367)
Now for 0 < 61,02 < 1 we define {Z;}32; as conditionally independent given {S;}52,; and

P[Z; =0S;=s] = 1-4,, (3.369)
P[Z; =1|S;=s] = 6. (3.370)

13The results in this section can be readily generalized at the expense of more cumbersome expressions to
Gilbert-Elliott channels with asymmetric Markov chains.
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The description of the channel model is incomplete without specifying the distribution
of Sli

P[S1=1] = pi, (3.371)
P[Sl = 2] = P2 = 1-— P1- (3372)

In this way the Gilbert-Elliott channel is completely specified by the parameters (7, d1, 2, p1)-

When 7 > 0 the chain 5] is ergodic and for this reason we consider only the stationary
case p; = 1/2. On the other hand, when 7 = 0 the mode of operation changes drasti-
cally (channel becomes non-ergodic). This special case (and arbitrary p;) is considered in
Section 3.6.

In addition, there are two practically possible scenarios: 1) the state sequence S™ is
known perfectly at the receiver and 2) no state information. The capacity C; of a Gilbert-
Elliott channel 7 > 0 and state S™ known perfectly at the receiver depends only on the
stationary distribution Ps, and is given by

Ci = log2—E[h(ds,)] (3.373)
= log2 —P[S; = 1]h(61) — P[S1 = 2]h(d2), (3.374)
where h(z) = —xlogz — (1 —x)log(1 —x) is the binary entropy function. In the symmetric-

chain special case considered in this section, both states are equally likely and
1 1
C1 = log2-— Eh(él) — Eh(ég). (3.375)

When 7 > 0 and state S™ is not known at the receiver, the capacity is given by [64]
Co = log2—E [n(P[Zy=1|Z_1])] (3.376)
= log2— lim E [w(P[Z, =1|Z_}])] . (3.377)

Throughout the section we use subscripts 1 and 0 for capacity and dispersion to denote
the cases when the state S™ is known and is not known, respectively.

3.5.2 Asymptotic expansion

Theorem 58 Suppose that the state sequence S™ is stationary, P[S1 = 1] = 1/2, and
ergodic, 0 < 7 < 1. Then the dispersion of the Gilbert-Elliott channel with state S™ known
at the recetver is

Vo= 004V + 3 e - ne? (1), (3.378)

where V (9) is the dispersion of the BSC; see (3.30). Furthermore, provided that Vi > 0 and
regardless of whether 0 < e < 1 is a maximal or average probability of error we have

log M*(n,€) = nCq — /nV1iQ '(e) + O(logn), (3.379)

where Cy is given in (3.375). Moreover, (3.379) holds even if the transmitter knows the full
state sequence S™ in advance (i.e., non-causally).
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Note that the condition Vi3 > 0 for (3.379) to hold excludes only some degenerate
cases for which we have: M*(n,e) = 2" (when both crossover probabilities are 0 or 1) or
M*(n,€) = | =] (when & = & = 1/2).

To formulate the result for the case of no state information at the receiver, we define
the following stationary process:

i—1

F; = —log PZj‘Z]_';(Zj‘ZJ_OO). (3.380)
Theorem 59 Suppose that 0 < 7 < 1 and the state sequence S™ is started at the stationary
distribution. Then the dispersion of the Gilbert-Elliott channel with no state information is

Vo = Var [Fo] +2) E [(F; — E[F])(Fo ~ E[F])] . (3.381)
i=1

Furthermore, provided that Vi > 0 and regardless of whether € is a maximal or average
probability of error, we have

log M*(n,€) = nCo — \/nVoQ ' (¢) + o(v/n) , (3.382)
where Cy is given by (3.376).
It can be shown that the process Fj has a spectral density Sg(f), and that [68]
Vo = Sr(0), (3.383)

which provides a way of computing Vp by Monte Carlo simulation paired with a spectral es-
timator. Alternatively, since the terms in the series (3.381) decay as (1—27)/, it is sufficient
to compute only finitely many terms in (3.381) to achieve any prescribed approximation
accuracy. In this regard note that each term in (3.381) can in turn be computed with arbi-
trary precision by noting that PZj 7 (1127 ;}] is a Markov process with a simple transition
kernel.

Regarding the computation of Cp it was shown in [64] that

log2 — E [W(P[Z; = 1|Z771])] < Co < log2 — E[h(P[Z; = 1|27, So))], (3.384)

where the bounds are asymptotically tight as j — oo. The computation of the bounds
in (3.384) is challenging because the distributions of P[Z; = 1|2 ~'] and P[Z; = 1|2 ", Sy]
consist of 2/ atoms and therefore are impractical to store exactly. Rounding off the locations
of the atoms to fixed quantization levels inside interval [0, 1], as proposed in [64], leads in
general to unspecified precision. However, for the special case of 61,y < 1/2 the function
h(-) is monotonically increasing in the range of values of its argument and it can be shown
that rounding down (up) the locations of the atoms shifts the locations of all the atoms
on subsequent iterations down (up). Therefore, if rounding is performed this way, the
quantized versions of the bounds in (3.384) are also guaranteed to sandwich Cj.

Proofs of Theorems 58 and 59 are given in Appendix E, respectively. Here we only make
a few remarks:
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Figure 3.10: Rate-blocklength tradeoff at block error rate e = 1072 for the Gilbert-Elliott
channel with parameters 6; = 1/2, d, = 0 and state transition probability 7 = 0.1.

1. Proofs rely on the DT bound, Theorem 18, as their main achievability tool. In-
deed, among the available achievability bounds, Gallager’s random coding bound,
Theorem 3, does not yield the correct dispersion term even for memoryless channels;
Shannon’s (or Feinstein’s) bound, Theorem 2 is always weaker than the DT bound;
and the RCU bound, Theorem 17, is harder to specialize to the channels considered
in this section.

2. The converse bounds are given by the meta-converse, Theorem 28. It is interesting
to notice that it is the generality of Theorem 28 (namely the fact that it holds for
randomized encoders) that enables the extension to the case of state known at the
transmitter.

3. We were unable to pin down the pre-log coefficient in (3.379). It is likely that doing so
will require advances in the field of Berry-Esseen inequalities for the mixing processes.

3.5.3 Discussion and numerical comparisons

The natural application of expansions (2.22) is in approximating the maximal achievable
rate according to (2.23). Unlike the BSC case, Theorem 41, the coefficient of the logn term
(or “prelog”) for the GEC is unknown. However, due to the fact that %logn in (3.59) is
robust to variation in crossover probability, it is natural to conjecture that the unknown
prelog for GEC is also % With this choice, we arrive to the following approximation which
will be used for numerical comparison:

1
logM* (n,e) — 4/ Q %logn, (3.385)
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Table 3.1: Capacity and dispersion for the Gilbert-Elliott channels in Fig. 3.10

State information | Capacity | Dispersion
known 0.5 bit | 2.25 bit?
unknown 0.280 bit | 2.173 bit?

Parameters: 6; = 1/2,9o = 0,7 = 0.1.

with (C,V) = (C1,V1), when the state is known at the receiver, and (C,V) = (Co, Vo),
when the state is unknown.

The approximation in (3.385) is obtained through new non-asymptotic upper and lower
bounds on the quantity %log M*(n,e€), which are given in Appendix E for both cases.
The asymptotic analysis of those bounds led to the approximation (3.385). It is natural
to compare those bounds with the analytical two-parameter approximation (3.385). Such
comparison is shown in Fig. 3.10. For the case of state known at the receiver, Fig. 3.10(a),
the achievability bound is (E.48) and the converse bound is (E.65). For the case of unknown
state, Fig. 3.10(b), the achievability bound is (E.102) and the converse is (E.118). The
achievability bounds are computed for the maximal probability of error criterion, whereas
the converse bounds are for the average probability of error. The values of capacity and
dispersion, needed to evaluate (3.385), are summarized in Table 3.1.

Two main conclusions can be drawn from Fig. 3.10. First, we see that our bounds are
tight enough to get an accurate estimate of %log M*(n,e€) even for moderate blocklengths
n. Second, knowing only two parameters, capacity and dispersion, leads to approxima-
tion (3.385), which is precise enough for addressing the finite-blocklength fundamental lim-
its even for rather short blocklengths. Both of these conclusions have already been observed
in Sections 3.2.3 and 3.3.3 for memoryless channels.

In general, as 7 — 0 the state availability at the receiver does not affect either the
capacity or the dispersion too much as the following result demonstrates.

Theorem 60 Assuming 0 < d1,02 < 1/2 and 7 — 0 we have

Co(r) > C1—OK—rIn7), (3.386)

Co(r) < C1—O0(1), (3.387)
—InT 3/4

Vo(r) = Vi(r)+ O ([ - ] ) (3.388)

= Vi(r)+o(1/7). (3.389)

The proof is provided in Appendix E. Theorem 60 is useful for two related reasons. First,
the evaluation of Vg based on the definition (3.381) is quite challenging!® , whereas the proof
of Theorem 60 develops upper and lower bounds on Vj; see Lemma 123 in Appendix E.
Second, Theorem 60 shows that for small values of 7 one can approximate the unknown value
of Vo with V; given by (3.378) in closed form. Table 3.1 illustrates that such approximation
happens to be rather accurate even for moderate values of 7.

Observe that even analyzing E[F}], the entropy rate of the hidden Markov process Z;, is nontrivial;
whereas Vj requires the knowledge of the spectrum of the process F' for zero frequency.
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3.6 Non-ergodic mixture of BSCs

In this section we investigate the behavior of log M*(n,€) for the case when the channel is
a non-ergodic mixture of two memoryless channels. To keep the presentation simple, we
focus on the example of a pair of BSCs, but similar to Section 3.4 the results in this section
can be readily generalized to finite sums of arbitrary DMCs.

One way to motivate the interest in such channels is the following. Consider the Gilbert-
Elliott channel with very small 7 (“slow fading”). If the range of blocklengths of interest
is much smaller than 1, we cannot expect (3.379) or (3.382) to give a good approximation
of log M*(n,e€). In fact, in this case, a model with 7 = 0 is intuitively much more suitable.
Taking 7 = 0 the GEC becomes a mixture of a pair of BSCs.

To define a non-ergodic BSC, we define a state random variable S, which is generated
before the start of the transmission according to:

P[S=1=1-P[S=2=p. (3.390)

The input and output alphabets of the channel are binary, A = B = {0,1}", and the channel
is defined as

"

Pynn (y"|2") = 677" (1 = 5g)nlv"—e (3.391)

where |2"| denotes the Hamming weight of the binary vector z™ and 0 < 61,2 < 1/2 are
crossover probabilities. The function M*(n,€) is defined as usual.

For non-ergodic channels, the role of capacity is replaced by a more general e-capacity,
see (2.18), since the latter becomes a non-constant function of € > 0 (typically). In the case
of the mixture of BSCs and regardless of the state knowledge at the transmitter or receiver,
the e-capacity is given by (assuming h(dy) > h(d2))

_ {logZ—h(51)7 €<DP1, (3.392)

log2 — h(d2), €>p1.

Other than the case of small |62 — 1], solved in [65], the value of the e-capacity at the
breakpoint € = p; is in general unknown (see also [26]).

3.6.1 Asymptotic expansion

Recall that the main idea behind the asymptotic expansion (2.22) is in approximating the
distribution of an information density by a Gaussian distribution. For non-ergodic channels,
it is natural to use an approximation via a mixture of Gaussian distributions. This motivates
the next definition'® .

Definition 10 For a pair of channels with capacities C1,Cy and channel dispersions Vi, Vo >
0 we define a normal approximation R,,(n,€) of their non-ergodic sum with respective prob-
abilities p1,p2 (p2 = 1 — p1) as the solution to

1@ ((01 - RN/%) + p2@ ((02 —R) %) —c. (3.393)

15This way of defining R4 (n, €) has been suggested by S. Verdd.
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Note that for any n > 1 and 0 < € < 1 the solution exists and is unique; see Fig. 3.11 for
an illustration. To understand better the behavior of R, (n,€) with n we assume C7 < Cy
and then it can be shown easily that'®

C nott(£ 1/n),
Rua(ne) =4 = Q7 () ro/m. e<m (3.304)

Co—/2Q7! (6 )—I—O(l/n) €>p1.

In fact, even more is true:

Lemma 61 Assume C; < Cy and € € {0,p1,1}. Then the following holds:

Rya (n,e +O0(1/v/n)) = Rpa(n,€) + O(1/n). (3.395)

Proof: Denote
f(R) = piQ <<01 - R>\/§1 ) +p2Q <<02 ~R) %) (3.396)
Ry 2 Rua(n,e) = fl(e). (3.397)

It is clear that f,,(R) is a monotonically increasing function, and that our goal is to show
that

e+ 0(1/y/n)) = R, +O(1/n). (3.398)

Assume € < pi; then for any 0 < 6 < (Cy — C1) we have f,(Cy +d) — p; and
fn(Cy —8) — 0. Therefore,
R, =Cy +o(1). (3.399)

This implies, in particular, that for large enough n we have

0 < ;@ <(02 - Rn)\/%> < % . (3.400)

Then, from the definition of R, we conclude that

n
€— — < R/ — ) <e. 3.401
After applying Q! to this inequality we get
. n 1 [e— 1/\/ﬁ>
Co—R — < —r . 3.402
@ () <-r)fi <@ () (3.402)

By Taylor’s formula we conclude

R,=C — \/fQ‘l <pi1> +O(1/n). (3.403)

16GQee the proof of Lemma 61 below.
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Figure 3.11: Tllustration to the Definition 10: R,,(n,€) is found as the unique point R at
which the weighted sum of two shaded areas equals e.

Note that the same argument works for € that depends on n, provided that ¢, < p; for all
sufficiently large n. This is indeed the case when €, = € + O(1/y/n). Therefore, similarly
to (3.403), we can show

e roum) = Gy R <M> Lo(/m).  (3.404)
- O - %Q—l <pil> +0(1/n), (3.405)
= R,+O0O(1/n), (3.406)

where (3.405) follows by applying Taylor’s expansion and (3.406) follows from (3.403). The
case € > pp is treated similarly. |
We now state our main result in this section.

Theorem 62 Consider a non-ergodic BSC whose transition probability is 0 < 61 < 1/2
with probability p1 and 0 < 6 < 1/2 with probability 1 — pi. Take C; = log2 — h(d;),
V; =V(9;) and define Ryq(n,€) as the solution to (3.393). Then for e ¢ {0,p1,1} we have

1
log M™*(n,€) = nRyq(n,e) + 3 logn + O(1) (3.407)

regardless of whether € is a maximal or average probability of error, and regardless of whether
the state S is known at the transmitter, receiver or both.

Proof: First of all, notice that p; = 0 and p; = 1 are treated by Theorem 41. So,
everywhere below we assume 0 < p; < 1.

Achievability: Since the proof of the achievability part closely follows the steps of the
proof of Theorem 41, we adopt the notation used therein. In particular, from (3.35), we
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have that for all n and M there exists an (n, M, p.) code with
=~ (n k n—k k n—k\ . k
< — — .
pe < k§:0: <k> (1% (1 = 01)"* + pod§ (1 = 8)" % ) min {1, M8} } (3.408)

where S¥ is
k
VAN n
=2 E . A4
Sy 2. <l> (3.409)

Fix € ¢ {0,p1,1} and for each n select K as a solution to

K —né; K — ndy o E
Q@ <m> + p2@Q <m) =€ Nk (3.410)

where G > 0 is some constant. Application of the Berry-Esseen theorem shows that there
exists a choice of G such that for all sufficiently large n we have

P[W > K] <, (3.411)

where .
W=> 1{z;=1}. (3.412)

j=1

The distribution of W is a mixture of two Bernoulli distributions:
PW = w] = (n) (pléi”(l —01)"Y + pady’ (1 — 52)”_“’) . (3.413)
w

Repeating the steps (3.35)-(3.57) we can now prove that as n — oo we have
log M*(n,e) > —logSk (3.414)

K 1
> nlog2—nh <E> + 3 logn + O(1), (3.415)

where h is the binary entropy function. Thus we only need to analyze the asymptotics of
h (%) First, notice that the definition of K as the solution to (3.410) is entirely analogous
to the definition of nR,4(n,€). Assuming without loss of generality dy < ;1 (the case of
09 = 47 is treated in Theorem 41), in parallel to (3.394) we have as n — oo

)0 (<
K ndy ++/nd1 (1 —61)Q pl) +OM),  e<m (3.416)

ndy + \/nb (1= 5)Q 7 (S2) +0(1). e >p.

From Taylor’s expansion applied to h (%) as n — oo we get

. ( K) k) + VaVEIR () 0. e<p s

n nh(d2) +/nV(52)Q 7! %) +0(1), e>p.

n
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Comparing (3.417) with (3.394) we notice that for € # p; we have

K
n —nh (—) =nRp(n,e) +O(1). (3.418)
n

Finally, after substituting (3.418) in (3.415) we obtain the required lower-bound of the
expansion:

1
log M™*(n,€) > nRyq(n,€) + 3 logn + O(1). (3.419)

Before proceeding to the converse part we also need to specify the non-asymptotic
bounds that have been used to numerically compute the achievability curves in Fig. 3.12
and 3.13. For this purpose we use Theorem 18 with equiprobable Px». Without state
knowledge at the receiver we have

(XY™ = gn(W), (3.420)
gn(w) = nlog2+log (p1dy’ (1 —01)" " +p2dy’ (1 —62)" "), (3.421)

where W is defined in (3.412). Theorem 18 guarantees that for every M there exists a code
with (average) probability of error p. satisfying

pe <E [exp {_ [on(7) ~t0g * | +H . (3.422)

In addition, by application of the random linear code method, the same can be seen to be
true for maximal probability of error, provided that logy M is an integer (see Appendix C).
Therefore, the numerical computation of the achievability bounds in Fig. 3.12 and 3.13
amounts to finding the largest integer k such that right-hand side of (3.422) with M = 2F
is still smaller than a prescribed e.

With state knowledge at the receiver we can assume that the output of the channel is
(Y™, S1) instead of Y. Thus, i(X™;Y") needs to be replaced by i(X™;Y",S;) and then
expressions (3.420), (3.421) and (3.413) become

W(X™Y"S1) = go(W,51), (3.423)
gn(w,s) = nlog2+log (62(1—6,)"""), (3.424)
PW =w,S1=s] = ps (Z) FU(1 — 5,)" Y. (3.425)

Again, in parallel to (3.422) Theorem 18 constructs a code with M codewords and proba-
bility of error p. satisfying

pe <E [exp {— [n(W,51) ~log *| +H . (3.426)

Converse: In the converse part we will assume that the transmitter has access to the
state realization 57 and then generates X" based on both the input message and S;. Take
the best such code with M*(n, €) codewords and average probability of error no greater than
e. We now propose to treat the pair (X™,S1) as a combined input to the channel (but the
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Sy part is independent of the input message) and the pair (Y™, S;) as a combined output,
available to the decoder. Note that in this situation, the encoder induces a distribution
Pxng, and is necessarily randomized, because the distribution of S} is not controlled by the
input message and is given by

P[Sl = 1] =Pp1. (3427)

To apply Theorem 28 we select the auxiliary )-channel as follows:
Qyng | xn(y",s]z") =P[S) = s]27" for all y",s,2". (3.428)

Then it is easy to see that under this channel, the output (Y, S7) is independent of X™.

Hence, we have
1
1—é < ——. 3.429
€= M*(n,e) ( )
To compute fB1_¢(Pxnyns,, @xnyns,) we need to find the likelihood ratio:

A PXnyngl(Xn,Yn,Sl)

PXSYTS) S o R S (3.430)
1 ) 9
= log 3.431
Qyn|xns@xns, ( )
1-9
= nlog2(1 —6g,) — Wlog — =L | (3.433)

ds,
where (3.431) is because Pxng, = Qxns, (we omitted the obvious arguments for simplic-
ity), (3.432) is by (3.428) and in (3.433) random variable W is defined in (3.412) and its

distribution is given by (3.413).
Now, choose

B B 1
p1B1 + paBa + >’ (3.434)

R, = R, <n,e+ NG
T = nRy, (3.435)

where By and By are the Berry-Esseen constants for the sum of independent Bernoulli(d;)
random variables. Then, we have

Pir(X™Y"S1) < v|S1 = 1]

= ]P’[nlogZ(l—él)—Wlog (1551) < Yn 51:1} (3.436)
1
Yn — nCh By
> _ ) 2L 3.437
) Q( i > Vi A5

- Q <(01 - Rn)\/%> - %, (3.438)

where (3.437) is by the Berry-Esseen theorem and (3.438) is just the definition of 7.
Analogously, we have

Pr(X™Y"S1) < lS1 = 2] > Q ((02 - Rn)\/%> -2 (3.439)
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Together (3.438) and (3.439) imply

Plr(X™Y™S) < ]

> pQ ((cl - Rn>\/§l> +;Q ((02 - Rn>\/§2> - % (3.440)

1
= — 3.441
e+ T ( )
where (3.441) follows from (3.434). Then by using the bound (2.67) we obtain
1
Br—e(Pxnyns;, @xnyns,) > NG exp{—7n} - (3.442)
Finally, by Theorem 28 and (3.429) we obtain
N 1
log M*(n,e) < log 3 (3.443)
1—e
1
< At glogn (3.444)
B By +1 1
= nRpa <n,e+p1 1+j% 2 >+§logn (3.445)
1
= nRy.(n,e) + 3 logn +0(1), (3.446)
where (3.446) is by Lemma 61. |

As noted before, for € = py even the capacity term is unknown. However, application of
Theorem 28 with Qy|x = BSC(dnax) Where 6pqx = max(dy, d2), yields the following upper
bound:

Cp, <1—nh(s"), (3.447)

where s* is found as the solution of
d(s"|[d2) = d(s™|[61) - (3.448)

To get (3.447), take any rate R > 1 — h(d,q4z) and apply a well-known above-the-capacity
error estimate for the @-channel [16]:

1—¢ S exp (—nd(s|[dmaz)) » (3.449)
where s < §; satisfies R = 1 — h(s). Then it is not hard to obtain that

ﬁl—l’l (PY|X7 QY|X) ~ €xXp (—’I’Ld(S* | |5mar)) . (3450)

The upper bound (3.447) then follows from Theorem 28 immediately. Note that the same
upper-bound was derived in [65] (and there it was also shown to be tight in the special case
of |61 — d2| being small enough), but the proof we have outlined above is more general since
it also applies to the average probability of error criterion and various state-availability
scenarios.
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3.6.2 Discussion and numerical comparison

Comparing (3.407) and (3.394) we see that, on one hand, there is the usual ﬁ type of
convergence to capacity. On the other hand, because the capacity in this case depends on e,
the argument of Q! has also changed accordingly. Moreover, we see that for p;/2 < € < p1
we have that capacity is equal to 1 — h(d1) but the maximal rate approaches it from above.
In other words, we see that in non-ergodic cases it is possible to communicate at rates above
the e-capacity at finite blocklength.

In view of (3.407) it is natural to choose the following expression as the normal approx-
imation for the 7 = 0 case:

1
Rya(n,e) + o logn . (3.451)

We compare converse and achievability bounds against the normal approximation (3.451)
in Fig. 3.12 and Fig. 3.13. On the latter we also demonstrate numerically the phenomenon
of the possibility of transmitting above capacity. The achievability bounds are computed
for the maximal probability of error criterion using (3.422) with (X";Y™) given by ex-
pression (3.420) in the case of no state knowledge at the receiver; and using (3.426) with
i(X™Y™S)) given by the (3.423) in the case when S is available at the receiver. The
converse bounds are computed using (3.443), that is for the average probability of error
criterion, and with the assumption of state availability at both the transmitter and the
receiver. Note that the “jaggedness” of the curves is a property of the respective bounds,
and not of the computational precision.

On comparing the converse bound and the achievability bound in Fig. 3.13, we conclude
that the maximal rate, % log M*(n, €) cannot be monotonically increasing with blocklength.
In fact, the bounds and approximation hint that it achieves a global maximum at around
n = 200. We have already observed that for certain ergodic channels and values of €, the
supremum of %log M*(n,€) need not be its asymptotic value. Although this conflicts with
the principal teaching of the error exponent asymptotic analysis (the lower the required
error probability, the higher the required blocklength), it does not contradict the fact that
for a memoryless channel and any positive integer ¢

1 1
—log M (nf,1— (1 - e)f) > —log M*(n,e), (3.452)

since a system with blocklength nf can be constructed by ¢ independent encoder/decoders
with blocklength n.

The “typical sequence” approach fails to explain the behavior in Fig. 3.13, as it neglects
the possibility that the two BSCs may be affected by an atypical number of errors. Indeed,
typicality only holds asymptotically (and the maximal rate converges to the e-capacity,
which is equal to the capacity of the bad channel). In the short-run the stochastic variability
of the channel is nonneglible, and in fact we see in Fig. 3.13 that atypically low numbers of
errors for the bad channel (even in conjunction with atypically high numbers of errors for
the good channel) allow a 20% decrease from the error probability (slightly more than 0.1)
that would ensue from transmitting at a rate strictly between the capacities of the bad and
good channels.
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Figure 3.12: Rate-blocklength tradeoff at block error rate e = 0.03 for the non-ergodic BSC
whose transition probability is 4; = 0.11 with probability p; = 0.1 and d2 = 0.05 with
probability po = 0.9.

Before closing this section, we also point out that Fano’s inequality is very uninformative
in the non-ergodic case. For example, for the setup of Fig. 3.12 we have

log M'* 1 I(X"S;Y" log 2
lim sup log M*(n, ¢) < limsupsup — (X755 V75 + log (3.453)
n—oo n n—oo Xn N 1-— €
1—e¢ ’
— 0.71 bit (3.455)

which is a very loose bound.
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Figure 3.13: Rate-blocklength tradeoff at block error rate e = 0.08 for the non-ergodic BSC
whose transition probability is 4; = 0.11 with probability p; = 0.1 and d2 = 0.05 with
probability ps = 0.9.



Chapter 4

Gaussian channels

This chapter presents the main results regarding channels subject to Gaussian noise. Namely,
a previous work on such channels is overviewed in Section 4.1. Particularization of the gen-
eral bounds of Chapter 2 is undertaken in Section 4.2. Asymptotic analysis of these bounds
in Section 4.3 derives a closed-form expression for the channel dispersion of the AWGN
channel. Evaluation of both classical bounds and new bounds demonstrates (Section 4.4)
that for the AWGN channel, the value of the fundamental limit log M*(n, €) can be deter-
mined with good precision, and furthermore, the two-term approximation (2.23) involving
the capacity and dispersion turns out to be surprisingly tight even at rather small block-
lengths. Section 4.5 computes the channel dispersion for the parallel AWGN channel subject
to a joint power constraint. Finally, the question of minimal achievable energy per bit over
Gaussian channels, which has been previously addressed in the limit when then number of
information bits goes to infinity, is studied non-asymptotically in Section 4.6. A significant
improvement in energy efficiency is demonstrated in the presence of feedback. In addition, a
method of feedback communication with zero-error and finite energy per bit is constructed.
The material in this chapter has been presented in part in [32,69-71]. The material of
Section 4.3.3 — an asymptotic expansion and the formula for the e-capacity of the AWGN
under the average probability of error and average power constraint — appears here for the
first time.

4.1 Previous work

4.1.1 Bounds

By the AWGN channel AW GN (n, P) we understand a triple: two alphabets and a collection
of conditional probability kernels Py« yn». For blocklength n, we take the alphabets A = R"
and B = R" as n-fold Cartesian products, their elements are denoted by ™ and y". The
channel acts by adding a white Gaussian noise:

where I, is the n x n identity covariance matrix. Finally, codewords are subject to one of

three different power constraints:

113
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1. The code satisfies an equal-power constraint, if for each codeword ¢; € X",i =
1,..., M we have
|\ci|\2 =nP. (4.2)

The fundamental limit for equal-power constrained codes is defined as

M (n,e, P) = max{M : 3(n, M, €)-code satisfying (4.2)}. (4.3)

2. The code satisfies a mazimum (per-codeword) power constraint, if for each codeword
¢; € X™ we have
lei|* < nP. (4.4)

The fundamental limit for maximum power constrained codes is defined as

M (n,e, P) = max{M : 3(n, M, €)-code satisfying (4.4)}. (4.5)

3. The code satisfies an average power constraint, if the codewords of the code {¢;,i =
1,..., M} satisfy

M
MZHQH? <nP. (4.6)
i=1
The fundamental limit for average power constrained codes is defined as

M (n,e, P) = max{M : 3(n, M, €)-code satisfying (4.6)} . (4.7)
The capacity of the AWGN has been computed already in [2], where Shannon shows

lim lim ! log M*(n,e, P) = L log(1+ P), (4.8)
e—=0n—oon 2
regardless of the power constraint.

Ever since Shannon computed the capacity of the AWGN channel (4.8), there has been
some work devoted to the assessment of the penalty incurred by finite blocklength. Fore-
most, Shannon [4] provided the “cone-packing” bounds (both achievability and converse)
that were numerically studied by Slepian [20] (cf. also [23,61]). Recently, with the advent
of sparse-graph codes, a number of works [11, 18,19, 22] have studied the signal-to-noise
ration (SNR) penalty as a function of blocklength in order to improve the assessment of
the suboptimality of a given code with respect to the fundamental limit at that particular
blocklength rather than the asymptotic limit embodied in the channel capacity. The bounds
used for such analysis in all of the quoted work are given as follows [4]:

Theorem 63 (Shannon) Let
Y,=x;+ Z; (4.9)

where Z; are i.i.d. standard normal random variables. Assume that each codeword satisfies

> aj=nP. (4.10)
=1
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Define for 0 < 0 < /2

_ w/2
an(0) = Q <\/ nP) + n—\/;e_”P/Q/Q (sin )" =2 f,,(V'nP cos ¢) dop (4.11)
where

_ 1 o n—1_—t2 \/_tm
fn(a;)_m/o etV gy (4.12)

Then, any (n, M, €) code for equal-power constraint (4.2) satisfies

an(0(M)) < € (4.13)
with O(M) defined as
M, (0(M)) = Qn(r) (4.14)
with
(n=1)/2 0
Q,(0) = m /0 (sin )" 2 do, (4.15)

which is equal to the area of the unit sphere in R™ cut out by a cone with semiangle 6.
Furthermore, there exists an (n, M, €) code satisfying equal-power constraint (4.2) with

0(M)

< a0 g [ o) ds (4.16)
B I(n/2)M o(M) )2
- g ) w@sner . (.17

Computation of the bounds in Theorem 63 is challenging. Various methods [18-20] were
proposed in the literature to address this problem; see also [21,23,61] for numerical evalu-
ation.

Applying Theorem 4 to the AWGN channel with Px» = N (0, PI,,) and optimizing over
r and A, one obtains the following (see [9], Theorem 7.4.4).

Theorem 64 (Gallager, AWGN) Consider the AWGN channel with noise power 1, and
signal power A. Then for block length n, every 0 < R < 1/2log(14+P) and every § € (0,nP],
there exists an (exp(nR),n,€) code (mazximal probability of error) satisfying mazimal power

constraint (4.4) with
2
s(R)d
€< (26 ) e B (R) (4.18)

()
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where
P 46
ET(R)_@ B+1)—(B-1) 1+P(5—1) + (4.19)
1 P(p-1 4
iloge{ﬁ_% 1+]3(Tﬁ—)_1 } fOTRE[RC,C], (420)
ET(R):l—ﬁ+§+%loge (ﬁ—§> —l—%logeﬁ—RlogeZ, for Re[0,R.], (4.21)
B = exp(max{2R,2R.}), (4.22)
C= %log(l + P, (4.23)
1 1 P 1] p2
N S PR N A 7 it
u(o) =P [n s n} -/ R (4.25)
___rP
P
p=55 |1t 1+P(§75_1)]—1. (4.27)

Other bounds on the reliability function have appeared recently, e.g. [72]. However, those
bounds provide an improvement only for rates well below capacity.
Regarding the asymptotic expansions, the following expansion

%log M (n,e) = %log(l +P)— %Q‘l(e) loge +o (%) (4.28)

was conjectured by Baron et al. in [28] after analyzing error-exponent formulas of Shan-
non [4]. Similarly, analyzing the achievability bounds of Rice [73], [28] conjectures that the
following lower bound must hold:

1

P
- IOg Mr*n,(nv 6) >
n

log(1 + P) — TP

1 1
Q (e)loge+o (ﬁ) . (4.29)
Clearly taking € > 1/2 the bound (4.29) contradicts the conjecture in (4.28) and thus both
cannot be true. In this chapter we will prove a strengthening of (4.28) thus resolving the
inconsistency with (4.29).

Moreover, we mention that Shannon’s approach in [4] was based on the geometric ap-
proach that is hard to generalize to non-AWGN channels. We arrive at the same expansion
using a quite general approach. Comparing with the discrete channels, we recall that
Strassen [1] obtained (3.110) for the DMC by applying Feinstein’s Theorem 1, which, as
we demonstrate below, is not tight enough to obtain the expansion for the AWGN. In this
case, however, the method of the k3 bound, Theorem 27, succeeds.

N —
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For the parallel AWGN, the extensive study of the reliability function in different regimes
has been given in [74], based on a number of previous publications (see the references
therein).

4.1.2 Energy per bit

So far, we have considered power-constrained communication. In many practical situations,
however, the communication engineer faces the problem of transmitting a certain message
with the smallest possible energy per bit. In such situations the key parameters of the code
are: the number of degrees of freedom n, the number of information bits k, the probability
of block error € and the total energy budget E. Of course, it is not possible to construct
a code with arbitrary values of n, k, e and E. Determining the boundary of the achievable
(n,k, e, E) is one of the most widely studied problems in information theory.

The first asymptotic result dates back to [30], where Shannon demonstrates that in the

- . . A
limit of € — 0, k — oo, n — oo and % — 0 the smallest achievable energy per bit Ey, = %

converges to
(%)mm ~log,2 = —1.59 dB, (4.30)

where % is the noise power per degree of freedom. The limit does not change if € is fixed,

if noiseless causal feedback is available at the encoder, or even if the modulation is suitably
restricted.

Alternatively, if one fixes € > 0 and rate % = R then as k — oo and n — o0 as a
consequence of (4.8) we have (e.g., [9]):

E, 22F_1
_—
Ny 2R

(4.31)

Thus in this case the minimum energy per bit becomes a function of R; this function being
sensitive to modulation and fading scenarios; see [75].

Non-asymptotically, in the regime of fixed rate R and ¢, the bounds on the minimum FEj,
follow immediately from Theorem 63 of Shannon [4]; such bounds were studied numerically
in [14,20,21,23,61]. An optimal scheduling algorithm to minimize energy per bit is proposed
in [76] for the purpose of transmitting a stream of buffered packets.

4.2 Computation of the bounds

Note that Theorem 63 yields a bound on M} (n, €), while practically we are more interested
in My (n,e). Following the ideas of Shannon [4] we can compare fundamental limits for
different power constraints, as follows:

Lemma 65 For any 0 < P < P’ the following inequalities hold (maximal probability of
error formalism):

M?(n,e, P) < MY (n,e, P) < M*(n+1,¢, P) (4.32)

1
M (n,e, P) < Mj(n,e, P) < mM,’%(n,e,P’). (4.33)
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Moreover, in the average probability of error formalism (4.32) holds without change, while (4.33)
becomes

1 €
* < * < * / .
M (n,e, P) < Mj(n,e, P) < 71—P/P’Mm <n, 71—P/P”P> ; (4.34)

which holds provided that #/P, <1.

Proof: The left-hand bounds are obvious. The right-hand bound in (4.32) follows
from the fact that we can always take the M) -code and add an (n + 1)-th coordinate
to each codeword to equalize the total power to nP. The right-hand bound in (4.33) is
obtained as follows. Take an arbitrary (n, M,¢€) code satisfying average power constraint.
By definition (4.6), we have

1 M
37 2 el <np, (4.35)
=1

which by Chebyshev inequality implies that the number of codewords with ||c;||? > nP’ is
at most

P
#{i:||ci]|* > nP'} < M=, (4.36)

and hence the remaining codewords constitute a subcode satisfying maximal power con-
straint (4.4) with power P’. This results in an inequality:

P *
M (1 - ﬁ) < M (n,e, P'). (4.37)
Since every code satisfies (4.37), so does the one achieving M} (n, ¢, P).

Finally, to obtain (4.34) we proceed as in the proof of (4.33), but notice that the subcode
obtained by dropping codewords in (4.36) might have a probability of error that is larger
than e. However, we have the following inequality:

2 |e| |2 > nP! e |2 < P!
Bl > 0Py il <P
M M
where €1 and e, are the average probabilities of error for the subcode with codewords

satisfying ||c;||> > nP’ and its complement, respectively. However, since €; > 0 and by the
bound (4.36) we obtain

(4.38)

€
< -
2=1"p/p
and then (4.34) follows. |
By Lemma 65 it is enough to consider the fundamental limit M} (n, ¢, P), or the equal-
power constraint. Since this is a per-codeword constraint, for each blocklength n there is a
set F,, of permissible inputs, namely, the power sphere:

(4.39)

Fo 2 {z": ||lz"|] = nP} C R". (4.40)

This is a natural setting for the k8 bound, Theorem 27 and the meta-converse, The-
orem 34. To apply these bound to the AWGN channel we need to complete three steps:
choose the auxiliary output distribution Py» on R", compute (8, and compute x,. These
steps are detailed below.
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4.2.1 Choosing the output distribution

First of all, since in the end we aim to apply the central limit theorem (or Berry-Esseen
inequality) it is necessary require that Py~ be a product distribution:

Pyn:PyX~~~XPy. (441)

On the other hand, because of the spherical symmetry of the problem, it is natural to
require that Py~ be also spherically symmetric on R”, i.e. for any unitary U : R™ — R" we
must have:

PynoU™ ' = Pyn. (4.42)

From (4.42) we deduce that Y7 and —Y; must be identically distributed. Thus the charac-
teristic function of Y7 must be positive, symmetric and upper-bounded by 1:

0<y(r) 2K [™] <1. (4.43)

Additionally, from isotropy it follows that vY7 + BY> must be distributed identically to Y7,
whenever 72 + 3% = 1. Translated to t(r) this implies that

VB =1 = ) =B (4.44)

holds. In particular, suppose that for some rg, ¥ (r9) = 0. Then on taking v = 3 = % we

find that ¢ (Q_k/ 27“0) = 0. But this is impossible since ¥(0) = 1 and 1) is continuous. Thus
¥(r) > 0 for all r € R.

Let us introduce f(r) = logt(y/r). Then, for any A € [0,1] and all » € R, we have
from isotropy (4.44) that

f(r) = fr) + f((1L=XN)r). (4.45)
Or, equivalently,
fle+y) = f(z)+ fy). (4.46)
This implies that for every rational ¢ € Q we have
flaz) = qf(z). (4.47)

In particular, taking = 1 we find from the continuity of f(r) that!
f(r) = const - r. (4.48)

Thus the characteristic function of Py is (1) = exp(—const - r2). This leaves the only
possibility: choose Py~ to be Gaussian,

Pyn = N(0,0%1,) (4.49)

with 032/ to be chosen later.

!Note that, condition (4.46) alone, without continuity, does not imply that f(x) has the form (4.48).
Indeed, for a counter-example, notice that over the rationals Q, R is an infinite dimensional topological
vector space; of course, on such space there exist discontinuous linear functions. Therefore, Q-linearity (4.47)
and f(1) = 1 alone do not imply that f should be of the form (4.48).
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4.2.2 Computing [

Having defined necessary distributions we must now compute the function 5} (z, Py) defined
n (2.60). For each x € F,, the value of 5 (z, Py) can be found directly from (2.66).

A key observation here is that, due to spherical symmetry, the particular choice of z € F,,
does not affect the value of 5, and thus to simplify the notation we write everywhere below:

Ba(@, Py) =0y, VreF,. (4.50)

To simplify calculations, we choose 2 = xq = (v P,\/P,...\/P).
The information density is given by

) n dPynixn_g " n log e z2
i(ro, ") = log — =R (") = 5 logod + %Z [3—2 - <yi—ﬁ>ﬂ SNCEI
" i=1 Y

It is convenient to define independent standard Gaussian variables Z; ~ A(0,1). Then,
under Py, the information density i(xg,Y™) is distributed the same as

P 1 u
G, =nlogoy — ne loge + 3 loge Z ((1 —03)Z2 + 2\/]_303/22-) (4.52)
1
and under Pyn|xn—g, it is distributed the same as

Hn—nlogay—l—n P loge—l—%logeZ(l—ay)Z2+2\/_Z) (4.53)
%
Note that distributions similar to that of G, and H,, also appear in the application of the
Feinstein’s bound, Theorem 1, to the AWGN channel [13].
It is well known that asymptotically 55 = exp{—D(Pyn|xn—z,|[Pyn)+o0(n)}. Note that
D(Pyn|xn—g,||Pyn) = E[H,]. Consequently, to have the tightest bound in (2.247) we want
to choose? % so as to maximize E [H,]. A simple exercise shows that

Oyopr =1+ P. (4.54)

Perhaps unsurprisingly, our Py~ distribution now coincides with the capacity achieving
output distribution for the AWGN channel. Notice, however, that we have not invoked a
maximization of mutual information argument.

With this choice of 032/ the equations for G, and H,, become

P 1 -
G = 2log(l+P) —n7 loge — 5 loge (PZZ? —o/P2 ¢ PZZ-) (4.55)
2 2 2 g
and
H, lo 1+ P)+ log e — log e (PZ2 —92/P Z) 456
g( )+ (1+P) g (1+P g E (4.56)

Now by using the Neyman-Pearson lemma (2.66) we find that we have proved the following
result.

2A question that we have not studied is whether the bounds can benefit if oy is allowed to vary with n
rather than being fixed to an asymptotically optimal value (4.54).
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Theorem 66 For any 0 < a <1 we have

By = Balx, Py) = P[Gy > 1], (4.57)

where v is chosen to satisfy
P[H, > 7] =«a. (4.58)

Computation of the distributions of G,, and H,, is simplified by noting that both can be
reduced to the form Cy+Co > (Z; —6)?, so that they both have non-central x? distributions.
However, for large n the value of P(G,, > 7) must be of the order of exp(—nC). For such
a low quantile, traditional series expansions of the non-central y? distribution do not work
very well and a number of other techniques must be used to evaluate these probabilities,
including Chernoff bounding and using (2.67) and (2.69).

Theorem 67 For the AWGN channel with SNR P, for any n and € we have

1
My (n = 1,6, P) < M(n,e,P) < = (4.59)

[Gn > ’Yn] ’
regardless of whether € is an average or maximal probability of error, where 7, is chosen to

satisfy
P[H, > v] =1—F¢, (4.60)

and the variables Gy, and H,, are defined in (4.55) and (4.56).

Proof: Applying Theorem 34 and Lemma 65 we reduce the problem to that of 37" (x, Pyn).
However, Theorem 66 gives a precise value and no further lower-bounding is necessary. W
Theorem 67 provides a basis for plotting a bound on log M} (n, €, P) (see below).

4.2.3 Computing

According to the definition (2.92), we need to find the distribution P§|Y which, for every
x € F,,, satisfies

[ Pa ) Progxocaliy) = 7 (4.61)

and which has the smallest possible value of

[ P il P (a). (4.62)

In general this is a complex problem. In this case, however, the situation is greatly
simplified by the spherical symmetry. Intuitively, we feel that the optimum in the definition
of k7' should be spherically symmetric. Below we are going to establish this fact rigorously
and also suggest how to find symmetries in other (non-AWGN) problems of interest.

We start by noting that any distribution Pz)y is completely determined by defining a
function f : B+ [0, 1], namely,

fy) = Pzy(1y). (4.63)
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If we define the following class of functions on B

_ ~ fmeasurable, f(y) € [0,1],
f’T - {f T Ve A" an fdPY"|X":m >r 5 (464)

then

w'(7) = inf | fdpe. (4.65)

Now we define another class, the sub-class of spherically symmetric functions:
Fm ={h e Fr:h(y) = hy (Hsz) for some hy } . (4.66)
We can then state the following.

Lemma 68 For every 0 < 7 <1 we have

KE(FuP) = inf / hdPy (4.67)

Proof: Since ;'™ C F,, the inequality

» < inf /thy (4.68)
heFvm
is obvious. It remains to show that
k> inf /thy. (4.69)
heFLy™

We will show that for every f € F; there is a function h € F7" with [ fdPy = [hdPy.
The claim (4.69) then follows trivially.

Define G to be the isometry group of a unit sphere S*~!. Then G = O(n), the orthogonal
group. Define a function on G x G by

d(g,g") = sup |lg(y) =g Wl (4.70)
yesSn—1

Since S*~! is compact, d(g,g’) is finite. Moreover, it defines a distance on G' and makes G
a topological group. The group action H : G x R"™ — R" defined as

H(g,y) = g(y) (4.71)

is continuous in the product topology on G x R™. Also, G is a separable metric space.
Thus, as a topological space, it has a countable basis. Consequently, the Borel o-algebra
on G x R™ coincides with the product of Borel g-algebras on G and R":

B(G x R") = B(G) x B(R"). (4.72)

Finally, H(g,y) is continuous and hence is measurable with respect to B(G x R™) and thus
is also a measurable mapping with respect to a product o-algebra.
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It is also known that G is compact. On a compact topological group there exists a
unique (right Haar) probability measure p compatible with the Borel o-algebra B(G), and
such that

w(Ag) = u(A), Vge G,AecB(G). (4.73)

Now take any f € F, and define an averaged function h(y) as

A

h(y) & /G (f o H)(g, ) p(dg) (4.74)

Note that as shown above fo H is a positive measurable mapping G x B — R, with respect
to corresponding Borel o-algebras. Then by Fubini’s theorem, the function A : B — Ry is
also positive measurable. Moreover,

0< hiy) < / 1u(dg) = 1. (4.75)
G
Define for convenience N
QY = Pyix=z- (4.76)

Then

/ h(y) Q4 (dy) = / Q% (dy) / (f o H)(g,y) u(dg) =
B B G
/ u(dg) / (f o H)(g,y)Q% (dy). (4.77)
G B

Change of the order is possible by Fubini’s theorem because f o H is a bounded function.
By the change of variable formula,

/Gu(dg)/B(fog)(y)Q?(dy) Z/Gu(dg) /Bf (Q%0g7") (dy). (4.78)

By the definition of Q% we have, for every set E, Q% (E) = Q) (E — x) and the measure
Qg), is fixed under all isometries of R":

Vg€ G QY (F) = Qy(g(F)). (4.79)

But then
Q4 oa™) (B)2 Q% (57 (E)) = QY (s (B) — ) = Q?z{g‘l(E - g<x>>} — QI(E).

This proves that
Q4 ogt = QI (4.81)

It is important that x € F,, implies g(x) € F,,. In general terms, without AWGN specifics,
the above argument shows that in the space of all measures on B the subset {Q,, x € F,,}
is invariant under the action of G.
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But f € F; and thus [ fdQ} > 7 for every z € F,,. So, from (4.78) and (4.81) we
conclude

/ hdQy > / Tu(dg) =T. (4.82)
B G
Together with (4.75) this establishes that
heF:. (4.83)
Now the Py measure is also fixed under any g € G:
Pyogl="n. (4.84)

Then replacing Q3 with Py in (4.78) we obtain

ey = [ udp) [ 1) (Pog™) @) = [ rary. (4:85)

The only thing that we have not shown yet is that h € F;/". But, this is a simple
consequence of the choice of u. Indeed for any ¢’ € G,

(hog')(y) = /G (f o H)(g,d' () nu(dg) =
/ (f o H)(gg' ) u(dg) = / (f o H)(g".y) n(dg") = h(y). (486)
€ (€]

In the last equality we used a change of measure and invariance of p under right translations.
Thus, h must be constant on the orbits of G and hence, depends only on the norm of y. To
summarize, we have shown that h belongs to 2" and

/h&y:/fﬂ&. (4.87)

The statement of the lemma then follows. |

Theorem 69 For any 0 < 7 <1 we have

W (Fu Py) = Py {zOU > 7} , (4.89)

where py and py being are the probability density functions (PDF) of Py and Py to be defined,

and v is chosen to satisfy:
pi(r) }
P > =T. 4.89
{25 20 (4.8

Proof: By Lemma 68 we obtain a value of x!' by optimizing over spherically symmetric
functions.

First, we will simplify the constraints on the functions in F7¥"". Define Q} and G as

in the proof of Lemma 68. As we saw in that proof, each transformation g € G carries
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one measure )5 into another Q%”,/. Also 2/ = g(x) in this particular case, but this is not
important. What is important, however, is that if z € F,, then 2/ € F,,. If we define

Q={Qy,xeF,} (4.90)

then, additionally, the action of G on Q is transitive. This enables us to hope that the system
of constraints on h € F;Y" might be overdetermined. Indeed, suppose that h satisfies

/ hdQo > T (4.91)
B
for some @y € Q. Then for any measure @) € Q there is a transformation g € G such that

Q=Qpog ". (4.92)

/Bth:/Bhongoz/Btho. (4.93)

Here the last equality follows from the fact that all members of F;Y"" are spherically sym-
metric functions and as such are fixed under G: ho g = h.
That is, once a symmetric h satisfies

But then

/ hde\X:xo Z T (494)
B

for one zy € F,,, it automatically satisfies the same inequality for all x € F,,. So we are free
to check (4.94) at one arbitrary xo and then conclude that h € F;¥™. For convenience we

will choose xg to be
zo = (\/F, \/J_D,...,\/ﬁ) . (4.95)

Since all functions in ;Y™ are spherically symmetric we will work with their radial parts:

h(y) = he (Ilyl?) - (4.96)

Note that Py induces a certain distribution on R = ||Y[|?, namely,

n

P~ Y1+ P22 (497)
1

(as above the Z;’s denote i.i.d. standard Gaussian random variables). Similarly, Py x=z,
induces a distribution on R = ||Y||?, namely,

n

2
P~y (Zi+VP) . (4.98)
1
Finally, we see that s is
Kl = inf /hr dPy (4.99)
{hrzf hrdP1>7}
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— a randomized binary hypothesis testing problem with Pj(decide P;) > 7.

Finally, we are left to note that the existence of a unique optimal solution A} is guaran-
teed by the Neyman-Pearson lemma. To conclude the proof we must show that the solution
of (4.89) exists and thus that A} is an indicator function (i.e., there is no “randomization
on the boundary” of a likelihood ratio test). For that we need to show that for any ~ the

set
_ [p(r)
Ay = {po(r) B 7} (4.100)

satisfies P; (A,) = 0.

To show this we will first show that each set {A, N[0, K]} is finite. Then, the Lebesgue
measure of {4, N[0, K]} is zero. And since P is absolutely continuous with respect to
Lebesgue measure we conclude from monotone convergence theorem that

P (Ay) = Klim P (A,U]0,K]) =0. (4.101)
Note that the distribution Py is a scaled y2-distribution with n degrees of freedom; thus
(e.g., (26.4.1) of [77]) the PDF of Py is
pn/2=1o—r/(2+2P)

(2+2P)"/2T'(n/2)

po(r) = (4.102)
The distribution P; is the non-central y2-distribution with n degrees of freedom and non-
centrality parameter, A, equal to nP. Then (see (26.4.25) in [77]) we can write the PDF of
P, as

1 —(r+nP)/2 r n/4-1/2
pi(r) = € (rnP)/ (ﬁ) Ija-1(VnPr), (4.103)
where I,(y) is a modified Bessel function of a first kind:
ax~ (yP/4)
I,(y) = 2 _ . 4.104
=02 e (4104)
Using these expressions we obtain
APr) e
f(r)= =e ¥ a;rt. 4.105
MERE =Y (4.105)

The coefficients a; are such that the series converges for any r < co. Thus, we can extend
f(r) to be an analytic function F'(z) over the entire complex plane. Now fix a K € (0, 00)
and denote

S=A,Nn[0,K]=fy}n[0,K]. (4.106)

By the continuity of f the set .S is closed. Thus S is compact. Suppose that S is infinite;
then there is sequence r; € S converging to some r* € S. But then from the uniqueness
theorem of complex analysis, we conclude that F'(z) = 7 over the entire disk |z| < K. Since
f(r) cannot be constant, we conclude that S is finite. This completes the proof. |

We have attempted to make the proofs of this section as general as possible so that
they can be applied to other situations as well. Indeed, as can be seen from the above
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argument, in general one needs to find a group G of transformations of B that permutes
elements of the family of measures { Py|x—,, = € Fy,} and that fixes Py. Then the optimum
in the definition of k” can be sought as a function B — [0, 1] that is constant on the orbits
of G (this was the class F7Y"™). Moreover, if it happens that action of G on {Pyix=z} is
transitive, then a set of conditions on h € F;Y"™ can be replaced by just one:

/thYX:xo >T (4107)

for any zg, chosen to be the most convenient one. In this way, computing £ is a matter of
solving a single randomized binary hypothesis testing problem.

4.3 Asymptotic expansions

The results of applying Theorems 27 and 34 summarized for the AWGN channel give

K N 1
sup —- SMm(mEaP)Sn—_H
7€(0,¢) ﬁl—e—i-‘r 1—e¢

(4.108)

with (7 and ' given by Theorems 66 and 69. To analyze the asymptotic behavior of
log M (n,e, P) with n we need to analyze the asymptotics of 82 and x”. Since 7, by
Theorem 66, is found by solving a binary hypothesis testing problem between product
distributions, its asymptotics is given by Lemma 14. For <7 a different approach is needed.

4.3.1 Asymptotic analysis of «

We first return the index n to definitions (4.97) and (4.98) and will write Pén) and Pl(n).

Then, from (4.97) we see that each term in the sum for Pén) has the characteristic function

o0(t) = E [exp {it(1 + P)2*)] = —— 2(11 5 (4.109)

with y/z : C — C denoting the principal branch.
Analogously, for terms in Pl(n) we have

$1(t) =E [exp {z’t (Z + \/5)2}] = &P {ij/_(ig; 2i)} (4.110)

(n)

Define two new distributions, which are shifted and scaled versions of Poq :

o ~ % [zn:u Y PYZ2 —n(1+ P)|, (4.111)
1

o % Zn: (ZZ- + \/F)2 —n(1+P) (4.112)
1
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Note that we shifted both by the same amount, namely their mean n(1 4+ P). Since the
transformation applied is the same for both, we conclude that binary hypothesis testing
problem Pén) V8. Pl(n) is equivalent to Q(()n) V8. Qg").

From the central limit theorem,

(()n) — N(0,Vp), Vo= Var ((1 + P)ZZZ) , and

2 4.113

The variances Vj 1 are, of course, trivially computed as
Vo =2(1+ P)? and Vi = 2(1 +2P). (4.114)
It is not hard to see that both |pg(¢)|* and |¢1(t)|* are integrable on (—oco,00). But

~—

n

S>>~
—

then the local limit theorem applies and a) both @
densities converge uniformly on r € R:

have densities ggj,(r), and b) those

)

q0(r) = g, (1), and (4.115)

q?(?") = gvi (T) > (4116)
where g,2(r) denotes the PDF of the normal distribution with zero mean and variance o2.

We summarize this result in the following lemma.

Lemma 70 In the statement of Theorem 69, Py, Py can be replaced with Q(()"), gn) and
densities po,p1 with qff,qy defined by (4.111) and (4.112). Additionally, limits (4.113)-
(4.116) hold.

Lemma 71 Under the conditions of Theorem 69,
R — Q(=r2) — Q(r2), and

o EQ—l 1— 7 ' (4.117)
Vo 2

Proof: Denote

4, = {QZ“) > 7} (4118)

and suppose that we have computed two limits

Ty(7) = lim Q) (4,), and (4.119)
Ti(y) = lim Q" (4,). (4.120)

Assume that both functions Ty and 717 are continuous and monotonically decreasing from
1 to 0 for 7y € [0,00). Then, the inverse functions 7, * : (0,1] — [0,00) are also continuous
and decreasing.
Choose € > 0 and set 7 to be
=T (1 +e). (4.121)
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Then for all sufficiently large n we have an)(Ay) > 7+ €/2, and thus for such n
K< R s < Q0 (A). (4.122)
Taking the limit as n — oo we find
limsup k7 < Tp(7) . (4.123)
n
In this last equation v is a continuous function of €. Then, on taking ¢ — 0, we have
lim sup &7 < To(T, (7). (4.124)
n
Using the same argument for 7 — €, we get the same lower bound on lim inf. Thus, finally,
lim 7 = To(Ty (7)) (4.125)
n

The rest of the proof is devoted to finding Ty and 73. In view of Lemma 70, the sequence

_at)
fa(r) = aw " 1,2,... (4.126)

converges uniformly on compacts to

9vi (T) Vo —pr?
() = AL 4.127
) = ) VW -
where p = (V' — V5 1)/2 is positive. We denote
Dy ={r: fo(r) 2 }. (4.128)
Chose another € > 0 and denote Rx = [—K, K|. Then for sufficiently large n and all
r € Rk, we have
foo(r) —€ < fu(r) < foolr) + €. (4.129)
Consequently,
Dy cNRg C {fn > ’y} NRkg C Dy_cNRk. (4.130)
It follows that
Q[ > 7] < QI [Ri] + @Y [Dy—e N Ric] (4.131)

Now note that for K large enough D,_. C Rp. Using this and the central limit theorem
for ()1 we conclude

timsup Q") [f > 7] < 2Q(K) + Ti(y — ). (4.132)

Here Ty () is defined as
Ti(v) =@ <—PWV1_1/2) -Q (Pwvl_lm) ) (4.133)

\/Tl Vo 1
= —_ n _
pﬂy I Vivy

(4.134)
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In (4.132) we are also free to take K — oo and € — 0 due to continuity. We can also make
the same argument for D, . and liminf an). Consequently,

im Q1" [fn > ] = Ti(7). (4.135)
Similarly, for Qg
lim Q" [fa > 7] = To() (4.136)
with Ty(vy) defined as
To(v) =@ (—pon_m) -Q (pon_W) : (4.137)

This proves assumptions (4.119) and (4.120).
Finally, to obtain (4.117) from (4.125) one must merely use the identity Q(z)+Q(—x) =
1. |
In addition to precise asymptotic value, given by Lemma 70, we also will need a lower-
bound that is uniform in 7.

Lemma 72 For every P > 0 there are constants C1 > 0 and Co > 0 such that for all
sufficiently large n and all T € [0, 1],
1
e (e (4.138)
1
Proof: Remember that 7 is determined by a binary hypothesis testing problem be-
tween Po(n) and Pl("), as defined by (4.97) and (4.98). We will omit indices (n) where it does
not cause confusion. Also in this proof all exp exponents are to the base e. The argument

consists of two steps.
(n)

Step 1. There is a § > 0 such that for all n > 1 the Radon-Nikodym derivative %(r)
is upper-bounded by a constant Cj on the set ’
r€ Ry 2 [n(1+P—06),nl+P+96). (4.139)

Step 2. Since the measures Pl(n) have mean n(1+ P), by the Chernoff bound there is a
constant C9 such that
P [{Ry}¢] < e (4.140)

Now choose any set A such that P;(A) > 7. Then
PI[ANR,] > Pi(A) — P [{R,}¢] > 7 — e ", (4.141)

But then
Po[A] > Po[Aﬂ Rn] = / lang, dPy =

Ry

AP, 1 / 1 »
= —dP, > — dP; > — (7t —e “2™) . (4.142
/AmRn ap, "t T Oy ANRn "= ( ) )
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This establishes the required inequality. The rest is devoted to proving Step 1, namely,

dP
fn(r) 2o <(C; onR, Vn. (4.143)
dP,
We have already discussed some properties of f,,(r) in (4.105). Here, however, we will need
a precise expression for it, easily obtainable via (4.102) and (4.103):

P P
_ YCT NS S
fo(r) =1+ P) eXp{ "3 T2P+2}X
—n/4+1/2 on/2p (T
x (nPr) 2 r(z)fm_l (\/npr), (4.144)

where I,, 51 (z) is the modified Bessel function of the first kind.
We will consider only the case in which n is even. This is possible because in [78] it is
shown that
p>v>0 = I,(x) <I,(x), (4.145)

for all z > 0. Thus if n is odd then an upper bound is obtained by replacing I,,/5_; with

Lja-3/2-
Now for integer index k = n/2 — 1 the following bound is shown in [79]:

2\ —1/4 2
Ix(z) < \/262% <1+%> exp{—ksinh_lg—kz (\/1—1—%—1)} . (4.146)

Note that we only need to establish the bound for r’s that are of the same order as n,
r = O(n). Thus we will change the variable

r=nt (4.147)

and seek an upper bound on f,(nt) for all ¢ inside some interval containing (1 + P).
Using (4.146) and the expression

lnr<ﬁ>_n—l n o n

5) =5 Ing 5 +0), (4.148)

fn(r) in (4.144) can be upper-bounded, after some algebra, as
Fa(nt) < exp {—%K(t, P) + 0(1)} . (4.149)
Here the O(1) term is uniform in ¢ for all ¢ on any finite interval not containing zero, and

Pt

K(t,P) = —ln{1+\/1+4Pt}+\/1 FAPE 4 In(1+ P)— P~ 55 —1+In2. (4150)

A straightforward exercise shows that a maximum of K (¢, P) is attained at t* = 1+ P and

Koz = K(t*,P) =0. (4.151)
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Thus
falnt) <OQ1), tea,b],a>0. (4.152)

In particular (4.143) holds if we take, for example,a = (1+P)—landb=(1+P)+1. B
In fact, the Radon-Nikodym derivative is bounded for all 7, not only r € R,, and, hence
Kl > ! (4.153)
—T .
T = Cl
instead of the weaker (4.138). But showing that this holds for all » complicates the proof
unnecessarily.
4.3.2 Expansion for the additive white Gaussian noise (AWGN) channel

The main result of this section is the following:

Theorem 73 For the AWGN channel with SNR P, 0 < ¢ < 1 and for equal-power,
mazximal-power and average-power constraints, the capacity and dispersion are given by

1
cpP) = 3 log(1+ P), (4.154)
P P+2

respectively. Moreover, for any power constraint we have (mazimal probability of error)
log M*(n,e, P) = nC — vVnVQ *(¢) + O(logn). (4.156)

More precisely, for equal-power and maximal-power constraints, the O(logn) term in (4.156)
can be bounded by

O(1) < log M, (n,e, P) — [nc - \/n_VQ_l(e)] < Zlogn+O(1), (4.157)

N =

and this holds in both mazimal and average probability of error formalism. For average-
power constraint we have (only for mazximal probability of error)

3
O(1) < log M (n,e, P) — [nc - \/nVQ_l(e)] < Slogn +0(1). (4.158)
The proof of Theorem 73 depends on a number of results of independent interest.

Theorem 74 (Converse) Consider the AWGN channel with SNR P and choose € € (0,1).
Then there are No(P,€) and g.(P,€) such that, for all n > N.(P,¢€), we have

log M (n,e, P) < nC(P) — /nV(P)Q ' (e) + %logn + g.(P,€) (4.159)

regardless of whether € is a mazximal or average probability of error. Moreover, N.(P,€) and
9c(Py€) are continuous functions of P and e.
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Proof: Denote « =1 — € > 0. As we have shown in Section 4.2.2 for any = € F,, the
distribution of i(x,Y) is the same as that of H,, in (4.56). Thus, (2.67), for any ~, > 0, we
have

inf G°(z) = B2(x) > — (o — P[H, > log 7)) (4.160)

wEFn ’Yn

If we redefine ], = —(log 7y, — nC(P)), then

PH, > ] =P [Z h; < 7,’1} (4.161)
with :
__loge 2 _ o
hi = 5+ ) (P22~ 2vVPZ - P) (4.162)

and the Z;’s are i.i.d. standard normal. Note that E [h;] = 0 and define

61(P)

- . - |3 — v/

V(P) = Var(h;), T(P)=E [|h]°], and B(P)= Ve (4.163)
Explicit expressions for T'(P) and B(P) are not important. We mention only that all are
positive continuous functions of P > 0.

Set )
2B(P
N.(P,e) = < ( )> . (4.164)
1—e
Then for n > N.(P,€) we have
2B(P
Qp = o — (P) >0. (4.165)
vn
For such n set
v, = —/nV(P)Q (o). (4.166)
Then from the Berry-Esseen inequality, Theorem 13, we have
B(P)
<A = < ) .
‘]P’ [Z hi < %] | <= (4.167)
Hence,
B(P) B(P)
<A< <oa-— . .
P{Zhl_fyn}_an—i- s (4.168)
On substituting this bound into (4.160) we obtain
B(P
6 2 explr) — nC(P) 2 (4.169)

From Theorem 34 this then implies

1
log M} (n,e, P) < nC(P) — ., + 3 logn — log B(P). (4.170)
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From Taylor’s theorem, for some 6 € [a — 2?/(;) , a], we have

dQ—1
S (0).

7l = —/nV(P)Q 1 (a) + 2B(P)\/V(P) (4.171)

Without loss of generality, we assume that [a = 2?/%3),04} C (0,1) for all n > N.(P,e€)

(otherwise just increase N.(P,¢) until this is true).

Since d%; is a continuous function on (0, 1), we can lower bound %(0) by
dQ—!
P e) = mi 4.172
gl( 76) [21172} dr ( )
where a; = o — %. Note that g1 (P, €) is a continuous function of P and e. This
results in
! > —/nV(P)Q () + g1(P,€)2B(P)\/V(P). (4.173)
Substituting this bound into (4.170) and deﬁnmg
ge(P,€) = =2B(P)\/V(P)g1(P,¢) — log B(P) (4.174)
we arrive at
log M*(n,e, P) < nC(P) + /nV(P)Q () + g.(Pe). (4.175)
Trivial computation of Var(h;) concludes the proof. |

Corollary 75 For the AWGN channel with SNR P and for each € € (0,1), we have (maz-
imal probability of error)

M?(n,e, P) < nC(P) — \/nV(P)Q ™! —logn +0(1). (4.176)
Proof: Set
N(e, P) = N.(e, P 4.177
(e, P) = P c(€& P1), (4.177)
g(e, P) = i ge(e, P1). (4.178)

Now set P, = (1+1/n)P and use (4.33) in Lemma 65. Then for all n > N (e, P) according
to Theorem 74 we have

P
log M (n,e, P) < —log <1 - P_> +log M, (n, €, P,) <

<log(n+1)+log M (n+1,¢, P, ) <
<(n+1)C —/(n+1)V(P)Q ! log(n+ 1)+g(e, P). (4.179)

After repeated use of Taylor’s theorem we can collect all O(1), O(1/n) and O(1/y/n) terms
into O(logn), and the statement of Corollary 75 follows. [ |
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Theorem 76 (Achievability) For the AWGN channel with SNR P and for each € €
(0, 1], we have (mazimal probability of error)

log M*(n,e, P) > nC(P) — /nV(P)Q ™! o(1). (4.180)

Proof: We will use all the notation of the proof of Theorem 74, but redefine
2B(P)
vn

Note that for n sufficiently large® a,, < 1 and the definition of 4/, in (4.166) is meaningful.
From the Berry-Esseen inequality (4.167) we conclude that

P {Z hi < 7;} > o — B\(/? > o+ B\(/? . (4.182)

ap =a+ (4.181)

In other words, we have proven that, on setting

log ¥, = nC(P) —~, = nC(P) + \/nV(P)Q~! (4.183)

we obtain B
Py x—a [i@0,Y) > log ] = B[S b <4 =+ &H) (4.184)
for sufficiently large n and any x¢ € F,. Therefore, by setting
B(P
n 2B (4.185)
N
we have
log 31y, < Pynli(z™Y") >1ogv,) (4.186)
= E [exp{—i(z";Y"™") M {i@@nym)>log ) | X" = "] (4.187)
1
< —logy, — §logn+0(l) (4.188)
1
= —nC(P)+~7), — 5 logn + O(1), (4.189)
where the (4.188) is by Lemma 20.
Finally, we use general Theorem 27 with 7 = 7, to obtain
log M} (n, P, e) > log (4.190)
a-+Tn
For the chosen 7,, Lemma 72 gives
1
logk? > 5 logn+ O(1). (4.191)

3The magnitude of n required for this to hold is practically unrealistic. Indeed, having o, < 1 requires
taking n > [2B(P)/e]* which makes n ~ 10'2 for ¢ ~ 107°. This implies that an expansion should be
informative only for values of n irrelevant for practice. It is therefore somewhat unexpected how tight in
reality the approximation (4.180) is; see Figs. 4.3 and 4.4 in Section 4.4. This observation suggests that
Berry-Esseen inequality is too conservative to explain the tightness of the normal approximations.
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This inequality, together with (4.189), yields
log M} (n,P,e) > nC(P) —~,, +O(1). (4.192)
It is easy to see that @ (ay,) = Q@ 1(a) + O(1/y/n) and thus, for v/, we have

Al =/nV(P)Q 1 (e) + 0O(1). (4.193)

This concludes the proof. |

Obtaining this expansion with the term o(y/n) is much easier (and amounts to the appli-
cation of Lemma 71 to (4.108)). Refining the remaining term to O(1) required application
of Lemma 72. This is needed because the key difference in obtaining the O(1) estimate is
to set 7, = O(1/4/n) instead of 7 = O(1).

Proof of Theorem 73:  Since (4.157) and (4.158) imply all other statements, it is
sufficient to prove the former. Lower bounds in (4.157) and (4.158) follow from Theorem 76.
Upper bound in (4.157) is a consequence of Theorem 74 and (4.32). Finally, the upper bound
in (4.158) is given by Corollary 75. |

As discussed in Section 4.1, the expression for channel dispersion of the AWGN was
conjectured by Baron et al. in [28], see (4.28), after analyzing asymptotic formulas of
Shannon [4]. The reasoning given in [28] relied on expressions (9) and (73) in [4]. However,
the latter are not directly applicable here because they are asymptotic, n — oo, equivalence
relations under a fixed rate R, whereas in Theorem 73 the rate is changing with n. Similarly,
an asymptotic expansion up to the o(y/n) term is put forward in [80]. The proof given there
reduces the AWGN problem to that of the cost-constrained DMC by a method of fine
quantization of the input/output alphabets. However, the proof of the DMC case given
there implicitly assumes a fixed alphabet size and makes heuristic appeals to the central-
limit theorem.

4.3.3 A special case: average power constraint and average probability
of error

The only case not covered by Theorem 73 is the case of the average power constraint and
average probability of error. In this Section we demonstrate that this case is drastically
different from all the rest. The main result is the following:

Theorem 77 For the AWGN channel with SNR P and average probability of error 0 <
€ < 1 we have

P

log M (n,e, P) = glog <1 + 1—) +0 (ng) , (4.194)
—€

as n — o00. In other words, in the setup of average power constraint (4.6) and average

probability of error, the strong converse does mot hold and the e-capacity of the AWGN

channel is given by

1 P
Ce = Elog <1+ 1—e> . (4.195)
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Proof:
First, we show the upper (converse) bound. By Lemma 65 from (4.34) we have:
1
log M (n, e, P) < log TP/ + log M (n, €', P'), (4.196)
where ¢ = ﬁ/P, we chose P’ so that

¢ = 1-n3, (4.197)

/ P —1
P= < +O(n s) , (4.198)

—€
1 P

C(P') = Flog <1+ : > +0 (n—%) : (4.199)

—€

<

V(P) =

<1Li€> o (n—%) , (4.200)

where (4.199) and (4.200) are possibly by Taylor’s expansion applied to smooth functions
C(P) and V(P), as defined in (4.154) and (4.155), resp. Then, as in the proof of Theorem 67
we have

log M (n,é',P") < —logf}_ . (4.201)
< nO(P) + an _(]:) log 2 o ¢ (4.202)
P _1 2 P _1
= n[C’(l_E)—FO(n 3)]+n3 V<1_6>+O(n s)]
+ O(log n) (4.203)
P .
= nC <1 - 6) +0 (ns) , (4.204)

where (4.202) follows by Lemma 15, and (4.203) holds by the Taylor’s expansion.
Next we show the lower (achievability) bound. Denote

— €

P
My 2 M <n,2n—%, - (1 . zn—%)> , (4.205)

and assume that

P
log M, ZnC’<
1—¢

> +0 (ng) . (4.206)

Denote )
M= iz (4.207)

1—e
For sufficiently large n we know that M > M;. Then consider a code with M; codewords
chosen from the maximal power constraint code achieving M, in the definition (4.205), and
(M — M) all-zero codewords. According to (4.207), the average probability of error of such

a code is upper-bounded by
1 M,y M — M,

1 M MM .
2n"3 M+1 T (4.208)
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as required. At the same time, the average power is given by

L io0——L<p. (4.209)

P (1 9 _%) M1 M—M1
" M M

1—c¢

Therefore, we constructed an (n, M, e€) code satisfying average power constraint (4.6) for
the power P, which together with (4.206) and (4.207) implies

log M (n, ¢, P) > nC <1P ) +0 <n§> . (4.210)
— €

1

We are left to prove (4.206). Choosing 7, = n~3 in (4.108) we get together with
Lemma 72
log M7 > —log ﬁ? 3t O(logn), (4.211)
—n

where 57! is given by Theorem 66. A simple upper-bound on 3 sufficient for proving (4.206)
will follow from (2.69) if we can show that

]P’[Hn<n0<lp

— €

2 1
> - nd] <n”s, (4.212)

where H,, is defined in Theorem 66. Since according to (4.56), H,, is the sum of ii.d.
random variables, then [81, Theorem 3.7.1] implies that

P 2 —%”%
P[Hn<n0<1_€> —ng} =0 (e *Vi=o , (4.213)

which in particular means (4.212) holds for all sufficiently large n. Thus, (4.206) has been
shown* . |

4.4 Numerical comparison

In this section our goal is to compare achievability and converse bounds on log M} (n, €)
(maximal power constraint). As before, we plot the converse bounds for the average prob-
ability of error criterion and achievability bounds for the maximal. The results are found
on Figs. 4.1 and 4.2. Let us first explain how each bound was computed:

1. Converse bound is Theorem 67. Note that in [4] Shannon gives another converse
bound (4.13). However, in this case both bounds numerically coincide almost exactly,
while Theorem 67 is slightly easier to compute. For these reasons only the new one is
plotted.

4In fact this argument can be trivially changed to show that in (4.206) the residual term O (n%) can be

replaced with O (n%*"s) for any § > 0. Similarly, based on the k3 bound and [81, Theorem 3.7.1] we can

easily extend to the AWGN channel the results on the moderate deviations shown in [82] for the DMC; see
Section 5.6.
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Figure 4.1: Bounds for the AWGN channel, SNR =0 dB, e = 1073.

2. Shannon bound is Theorem 63. As suggested by [20] we first integrate [4, (20)] by
parts and then calculate Q(@) via [4, (17)]. In this way computation is reduced to
evaluation of the non-central ¢-distribution and numerical integration.

We also need to convert the codebook with a given average probability of error to
the codebook with a prescribed maximal probability of error; for the BSC and BEC
we used the random linear code method, which is not applicable to the case of the
AWGN channel. Instead, we applied the following well-known method: if there exists
an (M, 7e)-code for average probability then there must exist a (1M, ¢€)-subcode for
maximal probability. Consequently, if Mg(n,e¢) is the maximal cardinality of the
codebook guaranteed by the Shannon bound, then instead we plot

Mg (n,€) = m[%)i)u —7)Ms(n,Te). (4.214)
7€|0,

3. Feinstein’s bound is the strengthening of Feinstein’s lemma as given by Corollary 26
with

Fp={2": [|z"|]> < nP} (4.215)

and Pxn = N(0, PL,).
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Figure 4.2: Bounds for the AWGN channel, SNR = 20 dB, ¢ = 1076.

4. Gallager’s bound is Theorem 64, where we optimize the choice of § for each R, and
then select the largest R that still keeps the bound (4.18) below the required e.

5. k(B bound is an application of Theorem 27 with G, and x, given by Theorems 66
and 69. Lemma 71 is a significant help in computations. Experimentally, we have
observed that convergence in (4.117) is very fast. For example, for P = 1,n = 10 and
T €[1076,1071],

| — k2| <510 3K, (7). (4.216)

Note also that s affects the rate % only as %. So, numerically we can safely
replace k' with its asymptotic value. In that way for every n we must solve only
one binary hypothesis testing problem: the one that yields 7. A small downward
jump can be seen occurring for n =~ 400 on Fig. 4.2. That is not a property of the k(3
bound, rather this happens because the value of 3]} becomes so small that a precise

computation needs to be replaced by a numerically stable bound.

Note that Feinstein’s lemma generates codewords inside the power sphere, Gallager’s code-
book is in the thin layer around the power sphere, while Shannon’s codebook and that of
k(3 bound are both precisely on the power sphere.

As we can see, Shannon’s bound is the clear winner on both Figs. 4.1 and 4.2. It comes
very close to the converse bound: for example, on Fig. 4.1 the gap between the bounds on
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log M is smaller than 6 bits, uniformly across the blocklengths depicted. This illustrates,
that the methods of information theory allow computation of the fundamental limits of the
AWGN channel within a few bits.

The k3 bound, although slightly looser than Shannon’s, has the advantage of being more
general (Shannon’s bound is purely AWGN specific and is based on geometric arguments),
easier to compute and, most importantly, easier to analyze asymptotically. Indeed, it is k(3
bound that was used in the proof of Theorem 73. As we can see on Figs. 4.1 and 4.2 it is
also quite competitive for finite n.

Regarding the classical bound of Feinstein, we can see that, as shown analytically,
the k03 bound is uniformly better than the Feinstein bound (even in the stronger form
given by Corollary 26). Comparison with Gallager’s bound demonstrates that for large
n, the k@ bound is always more advantageous. However, for small n Gallager’s bound
can yield better performance. Informally speaking, this happens because Gallager upper-
bounds the performance of the optimal (maximum-likelihood) decoder, while in the k(3
bound we analyze a suboptimal hypothesis-testing based decoder, but we do not use further
bounds. Numerical comparison demonstrates that for small n it is crucial to use a maximum-
likelihood decoder. The effect is more pronounced as we lower the target probability of error,
see Fig. 4.2. In general we observe that Gallager’s bound improves as the channel becomes
better and as e gets smaller. On the other hand, the new k3 bound is more uniform over
both SNR and e.

Let us compare the behavior of the bounds in terms of their asymptotic expansions. As
shown by Theorem 67, the converse bound on log M}, has the behavior

nC — VnVQ (e) + %logn +0(1), (4.217)

as n — oo. Gallager’s and Feinstein’s’ bounds achieve a correct linear (capacity) term, but
not the y/n-term. Both the k3 and Shannon bounds yield a correct v/n term. Unfortunately,
no bound achieves a %logn term (for maximal probability of error), and for this reason,
the true value of the constant in front of logn in Theorem 73 remains unknown.

According to Theorem 73, we expect the following normal approximation to be describe
the behavior of the fundamental limit log M} (n, €, P) non-asymptotically:

P P+2 1
e log eQ ! (e) + 3 logn. (4.218)

. n
log M, (n, €, P) ~ Elog(l +P)— ns GESE

Although, Theorem 73 does not provide an exact value of the coefficient in log n term, based
on the bounds given there and on empirical evidence we conjecture that the true coefficient
is indeed 3. This is reflected in the approximation (4.218).

On Fig. 4.3 and Fig. 4.4 we compare this approximation with the converse and the
best achievability (Shannon’s) bounds on M, (n, €, P). It is quite clear that the approxima-
tion (4.218) is indeed very tight.

4.4.1 A remark on the k3 bound

As we noted in Section 3.4, see the discussion after Theorem 47, the k(G bound is a natural
choice for the situations with cost constraints. The detailed application of the kG bound
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Figure 4.3: Normal approximation for the AWGN channel, SNR =0 dB, € = 1073.

in this chapter, suggests the following observation. According to (4.108), the behavior
of log M*(n,e€) is determined by the exponents of 57 and k”. However, for memoryless
channels whenever we choose Py»n = Py X --- X Py, it is well-known that

Ba(Pyn|xnegn, Pyn) ~ e "Es(PY) (4.219)

where the exponent Eg(Py) = %D(PYn'Xn:anPYn).
In deriving expressions for the converse, we selected Py = Py so as to minimize the

exponent
E3(Py) = Egmin (4.220)

and thereby obtain the tightest converse.

When considering achievability, however, it seems that our goal should be different and
we must have chosen Py to mazimize Eg to obtain a better bound. However, for different
choice of Py, with a higher Eg, from the achievability Theorem 27 we immediately conclude
that k7'(F,,, Py ) should then decay exponentially " ~ exp(—nE,) with exponent such that

Eﬁ(PY) - EH(PY) < Eﬁ,min . (4221)

Otherwise achievability would contradict the converse. What makes the k3 bound useful
is that, for the choice of Py = Py , it happens that E, = 0. And then, of course, the
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Figure 4.4: Normal approximation for the AWGN channel, SNR = 20 dB, ¢ = 1075,

converse and achievability bounds meet in the exponent, giving way to the capacity and
strong converse theorems:
Ce =C = Egmin - (4.222)
Thus, the quest for proving capacity (and the strong converse) is, in our language, a
quest for attaining E,, = 0. Indeed, if we rewrite (4.221) as

E.(Py) = Eg(Py) — Egmin (4.223)

then we can immediately see that whenever E, (Py) = 0 it must be that Eg(Py) = Eg min.
It might happen that for the cases where we cannot directly minimize Ez(Py) this indirect
characterization will help.

4.5 Parallel AWGN channel

For the real-valued L-parallel AWGN channel we set A = REX" B = RLX™ and Py x is

defined by
}/i,j:Xi,j"i'UiZi,ja i=1...L,j=1...n, (4224)
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where Z; ; are independent N(0,1) random variables. Also, codewords ¢ are subject to a
(maximal) power constraint:

llc|]> = Zn: XL: lcij|* < nP. (4.225)
j=1i=1
As usual we define
M*(n,e, P) =sup{M : Fan (n, M, e, P) — code satisfying (4.225)}. (4.226)
Theorem 78 For a parallel AWGN channel and € € (0,1) we have
log M*(n, e, P) = nCr(P) — v/nVL(P)Q '(e) + O(logn) (4.227)

regardless of whether € is a maximal or average probability of error, where®

L
=) C (K;) . and (4.229)
(o
=1 4
L
=V (%) : (4.230)
i=1 i

where C and V' are the capacity and dispersion of the AWGN channel, see (4.154) and (4.155),
and {W;} are the usual waterfilling powers

W= [A—o?]" (4.231)
and X is the solution of
L
> w,=rP. (4.232)
i=1

4.5.1 Converse bound

Similarly to (4.32) in Lemma 65, by replacing n with n + 1 if needed, we can assume that
each codewords x satisfies the power constraint (4.225) with equality, that is each x belongs
to the set:

FI = {x € RI"" : ||x||* = nP}. (4.233)

! . .
To each codeword x € F,, we associate a power allocation vector

1 1 ¢
v(x) eRF: wi(x) = EHX]HQ = m?l (4.234)
i=1

®Note the following expression for Vi (P):

s (5 5[

j=1

+

)

(4.228)

SIS,
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Therefore v maps F/, to the simplex
A L
Py={v:) v;=P}CR". (4.235)

To prove the converse, we apply Theorem 33 with the following ()-channel:

n L
Qvix=x = | [ 1] @v;.x=x (4.236)
i=1j=1
where
Qv;ix=x =N (0,07 +v;(x)) . (4.237)

We need to compute the asymptotics of the following quantity:

B2(x) 2 B7(Pyx—x> Qy[X—x) - (4.238)

By spherical symmetry 57 (x) depends on x only through v(x). The Radon-Nikodym deriva-
tive between Py|x—x and Qyx—x is distributed under Py x_y as

log dPyjx_x Z Z o loge v;(x) 4+ 24/vj(x)0; Zj; — vj(x)ZJZ’Z- (4.239)
dQY\X x 2 2 vj(x) + o7 L

=1 j5=1 ]

where the Z;;’s are i.i.d. standard Gaussian. Then, from Lemma 14 we conclude:

log B (x —an (”l > - niv <%>Q‘l(a) - %logn—i— O(1). (4.240)
— ;

An important observation is that O(1) term is bounded uniformly in x € F/, as n — oo. To
establish this technical result by (2.87) and (2.88) we need only to prove that B,, defined
there can be uniformly bounded over x € F/,. But by (4.239), we have

B, =6 210 (4.241)
(E[J?])2
where
; log e Vj + 2\/0;0;Z; — v;j Z?
J:ZO(”—JQ>+°ge 1AV T (4.242)
j=1 J J
and the vector v = (vy,...,vr) € V(P). By denoting
Opyn = minos, (4.243)

J

o2 = max 0]2-, (4.244)
j
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we have

L
1 P\ 11
1<y S log <1 + ) 5 (P + 2V PO mas| Z;| + PZ}) : (4.245)
1 min min

where we have used the fact that v; < P. Now we see that the right-hand side of (4.245)
is independent of the choice of v. Thus there are constants (; > 0 and (s > 0 such that

i, (4.246)
G2, (4.247)

E[J?] =)V (%) : (4.248)

and since ) | v; = P, we must have at least one v; > % and therefore,

2 Py 2
2 loge\* (£)” +2(%) omin
E[J]22< 5 > R (4.249)

where we observe again the right-hand side does not depend on v. By the Lyapunov
inequality, (E [|X|2])1/2 < (E[|X[*])Y3, (4.249) implies a lower bound on E[|.J|*] as well.
Thus, there exist constants (3 > 0 and (4 > 0 such that

E [|J]°]
E [|J]°]

€Y (4.250)

>
> G4, (4.251)

for any choice of v € V(P). Hence, (4.246), (4.247), (4.250) and (4.251) applied to (4.241)
imply that

0 < inf B, < sup B, < c0. (4.252)
XEF;.L XEan

Thus, we have demonstrated that O(1) term in (4.240) is uniform in x € F/,. In particular,
we have

inf logflh(x) =— sup fn(v)— 1logn +0(1), (4.253)
xeF), vev(P) 2
where
A& v;(x) L v; (%)
fa(v)Eny_C < p > +an >V ( p >Q—1(a). (4.254)
i=1 i i=1 i

Since the unique maximizer of Zle C <v;(§ )> is given by the waterfilling v; = W;, Lemma 49

implies

sup fn(v) = nCL(P) + /nVL(P)Q (o) + O(1), (4.255)

veV(P)
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where Cf, and V, are defined in (4.229) and (4.229), respectively. Therefore, from (4.253)
we have

1
me log A (x) = —nCr(P) — /nVL(P)Q () — 5 logn+0(1). (4.256)
E !

To complete the application of Theorem 33, we need to establish a converse bound for
the @-channel. The following result serves this purpose:

Lemma 79 There exists a constant K3 > 0 such that for any code with M codewords the
mazimal probability of error € over a Q-channel satisfies

KgnL/2
1—-€ < . 4.257
¢ <= (4.257)
Assuming Lemma 79, we have from Theorem 33:
inf gl(x) < 1-¢ (4.258)
xeF),
KgnL/2
. 4.259
< B (4.250)
Taking the logarithms of both sides and applying (4.256) we obtain
1 L
—nCr(P) — /nVL(P)Q ™" ~3 logn+ O(1) < —log M + 5 logn+O(1), (4.260)

which after the rearrangement of terms completes the proof of the following:

Theorem 80 For the parallel AWGN channel and arbitrary 0 < € < 1, we have (mazimal
probability of error)

log M*(n, e, P) < nCp(P) — \/nV(P)Q "

Proof of Lemma 79: According to (4.237) the output Y depends only on V = v(X)
and moreover U = v(Y) is a sufficient statistic of Y for X. Therefore, an equivalent channel
Quyv is defined as

1
i logn+ O(1). (4.261)

Ui = (02 + V)= Z 2, i=1,...,L, (4.262)

where Z; ; ~ N(0,1). Note that V is requlred to belong to a certain ball in RY, and that
up to probability of order O (e_COHSt'”), U belongs to a slightly larger ball. Therefore, we
can assume that the output space has a bounded Lebesgue measure K. Then at least for

one codeword v the decoding set Dy must have a Lebesgue measure smaller than %:
K
Leb[Dg] < — . (4.263)

But Quv—v is a product of L copies of a x2-distribution and we can show that its density
is bounded everywhere by Ksn’/2. Hence, we have

K Ksnk/?

1 — € < Quv=v,[Do] < Ksn"/*Leb[Dy] < %

(4.264)
|
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4.5.2 Achievability bound
We plan to apply the kG bound, Theorem 27, with the following constraint set:

Fr 2 {x: v;(x) = W}, (4.265)

where v;(-) are the coordinates of the power allocation vector v(x) defined in (4.234) and
W; are the waterfilling powers (4.231). We choose the following output distribution on B:

n L
Py =[] P,.- (4.266)

i=1j=1

where
Py,, =N (0,07 + W) , (4.267)

Jst

Notice that Py = Qy|x—x, for some (and any) xo with v;(x¢) = W, where Q-channel was
defined in (4.236). This motivates the choice of Py and also yields by (4.240):

log B (Py|x—x, Py) = —nCL(P) — /nVL(P)Q ! (a) — %logn +0(1) (4.268)

for all x € F,,.

To analyze k. (F,, Py) notice that by the spherical symmetry of all measures in each
Y; . sub-component, we can apply the same argument as in Section 4.3.1 to show that 7' is
determined by a test between two distributions on Rf;:

Py~ (llo1Zs + vV Wael ... llonZe + v/ Weel?) (4.269)
Pi~ (03 + WOIIZal - (07 + W) IZL]?) (4.270)
where Z;,j = 1,..., L are Gaussian vectors with zero mean and covariance matrix equal to

the n x n identity, Z; ~ N (0,IL,); in (4.269) e denotes a vector of all 1’s of dimension n.
Therefore, k7 can be found as

Ky = inf P Z=1]. (4.271)
PZ‘Y:PO[Z:HZT

Then similarly to Lemma 71 it can be shown that

Ky — k>0, n— oo, (4.272)

"
and similarly to Lemma 72 it can be shown that for some constants Cy > 0 and Cy > 0, for

all sufficiently large n and for all 7 € [0, 1] we have

K> — (1 —e ). (4.273)

Q=

Finally, by Theorem 27 we obtain:

log M*(n, e, P) > log k7 — log f1_ .+ (R) . (4.274)
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Choosing 7 = % we get from (4.268) and (4.273):

log M*(n,e, P) > nCr(P)— /nVL(P)Q™! <e - %) +0(1) (4.275)
= nCp(P)— /nVy(P Q o), (4.276)

where (4.276) follows by applying Taylor’s expansion to Q. Therefore, we have shown
the following result:

Theorem 81 For the parallel AWGN channel and arbitrary 0 < € < 1, we have (mazimal
probability of error)

log M*(n, e, P) > nCr(P) — \/nVL(P)Q (a) + O(1). (4.277)

4.5.3 Proof of the main theorem

Proof of Theorem 78: After applying Theorems 80 and 81, the only remaining claim
is to show that the converse bound

log M*(n,e, P) < nCp(P) — /nVL(P)Q () + O(log n) (4.278)

holds for the average probability of error formalism. This is done completely as in the proof
of (3.111). |

Before concluding the section on the parallel AWGN, we mention that in the maximal
probability of error formalism, the expansion (4.227) still holds for the average power con-
straint. The method of deriving it is the same as in the AWGN case before: the residual
O(logn) term in the converse should be studied and shown to not have any singularities for
any P > 0 (cf. the proof of Theorem 74). Then, the upper bound for the average power
constraint follows along the same lines as the proof of Corollary 75 since the generalization
of (4.33) in Lemma 65 is straightforward.

4.5.4 Deviations from the optimal allocation in the low-power regime

Suppose that we only have a very small power budget P and want to assess the penalty
incurred by the power allocations different from the optimal (water-filling) solution. In this
section we show that in the low power regime there is virtually no penalty, provided that
the available (tiny) drop of power is distributed around the “bottom” of the noise spectrum.
Formally, suppose that o1 = 02 = ... = o, and all other o; > 01. Then, fix an arbitrary
vector j,j = 1,...,L,..., with a; =0 for j > L and ) a; = 1. Then it turns out that
the capacity under such power allocation is approximately independent of a;’s, namely,

(4.279)

where

cP) 2 i %log (1 + %) . (4.280)
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Consequently, from (4.279) we conclude that the power can be distributed arbitrarily as
far as the capacity is concerned. In other words, for very large blocklengths no penalty is
incurred by choosing « different from the o = T1{j < L}.

Using results of Theorem 78 we can argue that the same conclusion holds for the practical
blocklengths as well. Indeed, a straightforward computation shows that the second-order
term is also unaffected:

dV (P - «)
dP

B log? e

5 (4.281)
P=0 g1

where
VP)=> W (J-%) , (4.282)
i=j J
and Vj(-) is the dispersion of the scalar AWGN channel (4.155). Since the right-hand side
of (4.281) does not depend on « we see that indeed the conclusion regarding allocation-

tolerance of the fundamental limits holds not only in the capacity-term but also in the
dispersion term.

4.6 Minimum energy per bit with and without feedback

In this section we investigate the minimum energy per bit F}, required to deliver a k-bit
message with probability of error ¢ > 0 over an AWGN channel with noise level % per
degree of freedom.

The analysis is made for two different regimes. First, the regime of an apriori fixed rate
R = % and finite k is considered. Note that in the limit £ — oo, the minimum energy per
bit is given by (4.31). Non-asymptotically we use the bounds discussed in Section 4.4 to
get an estimate and a tight approximation via (4.218).

Second, we further generalize the problem by dropping the rate restriction. In other
words, we consider the minimal achievable energy per bit in the regime of infinite degrees
of freedom n = oo, fixed € > 0 and finite k. Equivalently, we determine the maximal
number of bits of information that can be transmitted with a fixed (non-asymptotic) energy
budget and an error probability constraint, but without any limitation on the number of
degrees of freedom used. Note that asymptotically, K — oo, the answer in this case is given
by (4.30). Our treatment is different from [30] in that we do not take k — oo, and from
the regime 1 (and from [14,61]) in that we do not restrict the rate % Even though the
asymptotic value (4.30) can be obtained from (4.31) (i.e. from the regime of restricted
rate) by taking R — 0, such an argument is not possible for finite k. This approach can
be viewed as a non-asymptotic extension of [83] in which we also explicitly allow infinitely
long codewords (which only serves to strengthen the applicability of our converse bound,
since our achievability constructions only use finite-length codewords).

Interestingly, for the second case we will demonstrate how feedback coding can dramat-
ically improve the energy efficiency.
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Normal approximatio
- - = Achievability
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Figure 4.5: Normal approximation for the Ey, /Ny gap for the AWGN channel, R = 1/2,¢ =
1074

4.6.1 Fixed rate

In this Section we consider the following setup. A k-bit message is to be communicated
with rate R > 0 (bits per degree of freedom) over an AWGN channel with n = % degrees
of freedom and noise level % per degree of freedom. We are interested in the minimum
energy per bit (as function of k) achievable via the best possible coding scheme. Since as
k — oo the answer is given by (4.31), an interesting figure of merit is the excess energy per
bit, AEy(k), over that predicted by channel capacity incurred by finiteness of k. AE}, as a
function of k£ for a given required bit rate and block error rate € is given by

P
ABy(k, R) = 10logy - (n, R, ¢)

SR -1 (4.283)

where P(n, R, €) is the smallest SNR required to achieve block error e at blocklength n = %
and rate R. The results of Section 4.4 suggest that a tight estimate of P(n,R,€) can be
found from the normal approximation (4.218); namely, P(n, R, €) is the solution to

C(P) —1/ @Q_l(e) + % logn =R, (4.284)
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and C and V are as in Theorem 73.

Figure 4.5 gives a representative computation of (4.283)—(4.284) along with the corre-
sponding lower® and upper bounds obtained from (4.59) and (4.214) respectively. We note
a good precision of the simple approximation (4.283), e.g., for £ = 100 bits the gap to the
achievability bound is only 0.04 dB. A similar comparison (without the normal approxima-
tion, of course) for rate 2/3 is presented in [14, Fig. 8].

Note that for the rate 1/2 the asymptotic minimal energy per bit is equal to 0dB,
see (4.31), and hence the reference level for AE} in the denominator of (4.284) is simply
equal to 1. In this way, on Fig. 4.5 the y-axis represents both the gap and the optimal %
at the same time.

4.6.2 No rate constraint

To obtain the bona fide energy-information tradeoff we must drop the restriction of the
rate, which was made in Section 4.6.1. Indeed, adding additional assumptions increases the
required energy and therefore, does not help in computing the absolutely minimal energy
needed to convey k bits to the destination.

For clarity, we first introduce complete definitions for this special case. The AWGN
channel acts between input space A = R and output space B = R* by addition:

y=x+2z, (4.285)

where R* is the vector space of real valued sequences’ (z1,22,...,Zn,...), X €Ay €B

and z is a random vector with i.i.d. Gaussian components Z; ~ N(0, Ny/2) independent
of x.

Definition 11 An (E, M, €) code is a list of codewords (c1,...,cyr) € AM, satisfying
le;|P<E,j=1,....,M, (4.286)
and a decoder g : B — {1,..., M} satisfying
Plg(y) # W] <e, (4.287)

where y is the response to x = cy, and W is the message which is equiprobable on
{1,...,M}. The fundamental energy-information tradeoff is given by

M*(E,e) = max{M : I(E, M,¢)-code} . (4.288)

FEquivalently, we define the minimum energy per bit:

Ef(k,€) = %inf{E (B, 2%, €)-code} . (4.289)

S Another lower bound is given in [61, Fig. 3] which shows [4, (15)].
In this section, boldface letters x, y etc. denote the infinite dimensional vectors with coordinates X,
Yk etc., correspondingly.
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Although, we are interested in (4.289), M*(E,€) is more suitable for expressing our results
and (4.289) is the solution to

k =log M*(Ey(k,€),¢€). (4.290)

Note that (4.285) also models an infinite-bandwidth continuous-time Gaussian channel
without feedback observed over an interval [0, 7], in which each component corresponds to
a different tone in an orthogonal frequency division representation. Then, F corresponds
to the allowed power P times T and % is the power spectral density of the white Gaussian
noise.

Definition 12 An (E, M, €) code with feedback is a sequence of encoder functions { fi}7°
determining the channel input as a function of the message W and the past channel outputs,

Xy, = (W, Y1), (4.291)

satisfying
Elx|PW=j]<E,j=1,...,M, (4.292)

and a decoder g : B — {1,..., M} satisfying (4.287). The fundamental energy-information
tradeoff with feedback is given by

M (E,€) = max{M : 3(E, M, €)-code with feedback} (4.293)

and the minimum energy per bit by
1
Ef(k,e) = z inf{E : 3(E, 2%, €)-code with feedback} . (4.294)

Similarly to the approach we have taken for studying log M*(n,€) as a function of n,
in this section we concentrate on obtaining upper and lower bounds on log M*(E,€) and
log M{ (E,€) and corresponding asymptotics for fixed e and £ — oo.

Theorem 82 For every M > 0 there exists an (E, M, €) code for the channel (4.285) with

e = E [min{MQ <\/%+Z) ,1}] , (4.295)

and Z ~ N(0,1). Conversely, any (E, M, ¢€) code without feedback satisfies

% >Q Q/%jt Q1 - e)> : (4.296)

Proof: To prove (4.295), notice that a codebook with M orthogonal codewords under
a maximum likelihood decoder has probability of error equal to

o M-1 o
\/711—]\70/_ {1—Q<@/Nioz>] e_( NJO_) dz . (4.297)

P.=1-
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A change of variables z = / Nloz and application of the bound 1— (1 —y)M~! < min{My, 1}

weakens (4.297) to (4.295).
To prove (4.296) fix an arbitrary codebook (¢q,...,cys) and adecoder g : B — {1,..., M}.

We denote the measure P/ = Pyix=c; on B =R as the infinite dimensional Gaussian dis-

tribution with mean c¢; and independent components with individual variances equal to %;
i.e.,

o N,
j 0
Pl = kl:IlN <cj,k, 7) C on=1,2,... (4.298)
where c; ;. is the k-th coordinate of the vector c;. We also define an auxiliary measure
[e.e]
N,
<I>:k]:[lj\/<o,7°> . n=12... (4.299)

Assume for now that the following holds for each j and event F' € B*:
PI(F) > a = B(F) > fa(E). (4.300)
where the right-hand side of (4.296) is denoted by

Bu(E) = Q Q/% ‘ Q-1<a>> . (4.301)

From (4.300) we complete the proof of (4.296):

= = %;wg-l(m (1302)
1 M

> M;ﬁPj(g—l(j))(E) (4.303)

> Pi-e(E), (4.304)

where (4.302) follows because g~!(j) partitions the space B, (4.303) follows from (4.300),
and (4.304) follows since the function @ — (,(E) is non-decreasing convex for any F and

M
1 1,

72 Pl =1 —e (4.305)

j=1

is equivalent to (4.287), which holds for every (E, M, ¢€) code.
To prove (4.300) we compute the Radon-Nikodym derivative

dPJ
log, —=(¥) = (=3 + ¢aYa) (4.306)

and hence log, % is distributed as

ap’ eyl
tog, 1 y) ~N< i, (4.307)
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if y ~ P7 and as

dpr’ lles I el
1 ~ — 0 Ny 4.308
og. g ) ~ a7 (<191 1 (4.308)
if y ~ ®. Then, (4.300) follows by the Neyman-Pearson lemma since ||c;||> < E for all
j € {1,...,M}. This method of proving a converse result is in the spirit of the meta-
converse, Theorem 28. |

Theorem 83 In the absence of feedback, the number of bits that can be transmitted with
energy E and error probability 0 < e < 1 behaves as

E
log M*(E,€) = —loge — \/ Q €)loge+ = logﬁ +0(1) (4.309)
0

as F — oo.

Proof: To obtain (4.309) fix 0 < € < 1 and denote

x*—,/z +Q (1—e+ Zg()). (4.310)

We now choose M = @ and observe that we have

2E

Lﬂ/_oo wmin(MQ(), e CVE) 4 (4.311)

2
1ol ?E 2 o EVE) 4o
=1 Q( \/7> \/ﬂ/ Q(x d (4.312)

= e—\/i \/%/%OQ (= \/7)2da: (4.313)

2No —l(x—,/2E)2 a2
< €e— 2 N 2 4.314
< € oh + py— / e 0 dx (4.314)
__E
N, ¢ e (VR -\ 4.315
=V E T 2/mx*Q(z*) (4:315)
2N, N
= e— TO +1/ E°(1 +o(1)), (4.316)
as E — oo, where in (4.314) and (4.316) we used [84, (3.53)]
12
e 2
Q) < “— (4.317)
and |
1
log Q(x) a: ;)ge —logz — 5 log 2w +o(1) ,2 — o0 (4.318)
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respectively. Therefore, for E large enough (4.316) falls below € and, consequently, by (4.295)
there exists an (M, E, €) code for the chose M = Q(é*)‘ In other words, for such £ we have

demonstrated
2F 2N,
log M*(E,e) > —logQ | /o= + Q' [1—e+ /=22 ) . (4.319)
Ny E

Using the expansion (4.318) in (4.319) and (4.296), we obtain (4.309). |

As discussed above, Theorems 82 and 83 may be interpreted in the context of the infinite-
bandwidth continuous-time Gaussian channel with noise spectral density %. Indeed, denote
by M} (T, ¢) the maximum number of messages that is possible to communicate over such
a channel over the time interval [0, 7] with probability of error € and power-constraint P.
According to Shannon [30] we have

1 P
Th_r}r(l)o T log M} (T,¢€) = I loge. (4.320)

Theorem 83 sharpens (4.320) to

PT 2PT 1 PT
log M (T, ¢€) = N loge — TOQ_l(E) loge + 3 log N +0(1) (4.321)

as T — oo. Furthermore, Theorem 82 provides tight non-asymptotic bounds on log M} (T, ¢).

We now proceed to the case of feedback coding.
Theorem 84 Let0 <e < 1. Any (E, M, ¢) code with feedback for the channel (4.285) must
satisfy
E
1
d(1—¢l5) < mloge, (4.322)

where d(x||y) = zlog ¥ + (1 —2x)log %_T; is the binary relative entropy.

Note that in the special case € = 0 (4.322) reduces to
E
log M < —loge. (4.323)
No

Theorem 85 For any E > 0 and positive integer M there ezists an (E, M, €) code with
feedback for the channel (4.285) satisfying

e<inf{l—a+ (M —-1)5}, (4.324)

where the infimum is over all 0 < § < a < 1 satisfying
E
d(a]|f) = —loge. (4.325)
No

Moreover, there exists an (E, M, ¢€) decision feedback code, which uses the feedback link only
once to send a “ready-to-decode” signal; its probability of error is bounded by (4.324) with

a =1, namely,
E

e< (M —1)e ™. (4.326)
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Proofs of Theorems 84 and 85 may be found in Appendix D.
The asymptotic behavior with feedback is given by

Theorem 86 I[n the presence of feedback, the number of bits that can be transmitted with
energy E and error probability 0 < € < 1 behaves as

FE loge E
log M{(E,¢e) = — log — 4.32
o8 M (E.0) = 515 +0 log - ) (4.327)
as E — oo. More precisely, we have
FE loge E
— —log — 1) < logM{!(FE 4.32
TS “lg i +0(1) < loglff(E.o) (4:328)
E loge  h(e)
— — 4.329
- Nogl—e 1—¢€’ ( )
where h(z) = —xlogx — (1 — x)log(1 — x) is the binary entropy function.
Proof: Bound (4.328) follows from (4.324) by taking
No
=1- —. 4.
o' €+ i (4.330)

Alternatively, (4.328) can be achieved by sending the all-zero codeword with probability

1-— % and otherwise using an (?:61, %, M) decision feedback code guaranteed to exist

by Theorem 85 and (4.326). Bound (4.329) follows from (4.322) and

d(a]|3) > alog% _ h(a). (4.331)

[ |

Note that as € — 0, the leading term in (4.327) coincides with the leading term in (4.309).

As we know, in the regime of arbitrarily reliable communication (and therefore k — o)
feedback does not help.

At first sight it may be plausible that infinite bandwidth may allow finite energy per bit

when zero-error is required. However, a simple consequence of [85] is that without feedback

log M*(E,0) =0 (4.332)
for all £ > 0. With noiseless feedback the situation changes.

Theorem 87 For any positive integer k and E > kN there exists an (E,2F,0)-code with
feedback. Equivalently, for all positive integers k we have

E;f(k,0) < N. (4.333)

Proof: An (E1,M;,0) code and an (Es, M>,0) code can be combined into an (E; +
E5, M1 M, 0) code by using the first one on odd channel inputs and the second one on even.
This also shows that function Ef(-,0) is non-increasing. Therefore, to prove the theorem,
it is sufficient to prove that for any E > Ny there exists an (F,2,0) code with feedback. To
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Figure 4.6: Illustration of the zero-error feedback code of Theorem 87, conditioned on
W = +1.

this end, we construct the following binary communication scheme. Fix an arbitrary d > 0,
assume W = +1 and consider the following code with feedback:

wd, i(W:Y" ) <i(=Ww;y"» 1y,
0, otherwise
where we have defined information densities
-1
w;
’LU yl Zl Y|X y]|f]( yl )) ‘ (4335)

PY |Y] 1 (y]|y1 )

Since the alternative in (4.334) depends on the difference of the information densities, it is
convenient to define

B P[W = +1[Y"]
S, = log BV =177 (4.336)
= i(+LY") —i(=LY"). (4.337)

The main observation is that assuming W = +1 and regardless of the alternative in (4.334)

we have for each n > 1
Sp=Sp_1+3d>+dZ,. (4.338)
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Fig. 4.6 represents the typical joint behavior of the channel input X,, and the process S,
when the encoder is sending W = +1. From (4.338) we see that under W = +1, S,, is a
submartingale drifting towards +o0o. Since the transmitter outputs X,, = +d only when
Sn < 0 and otherwise outputs X,, = 0, the positive drift of S,, implies that only finitely
many X,’s will be different from zero with probability one. Another conclusion is that
the measures Pyoojy—y1 and Pyoojyy—_; are mutually singular and therefore W can be
recovered from Y *° with zero error.

To finish the proof, we need to compute the average energy spent by our scheme. It is
easy to see that (again conditioning on W = +1)

x> = 11X =) d*1{S; < 0}. (4.339)
j=1 j=1

To simplify the computation of E [||x||?], we replace d Z, in (4.338) with W,z — Win—1)a2,
where W; is a standard Wiener process. In this way, we can write

S, = <§ n %m) loen? » (4.340)

i.e. S, is just a sampling of W; on a d?-spaced grid. According to (4.339), ||x||? is a total
number of negative samples multiplied by a grid step. Since every realization of Wj is
continuous, as d — 0 the |[x||* tends to the total time the Brownian motion £ + /%0 W,

spends below zero:
o0
lim || X|?=T = 1 dt. 4.341
tim | ] / (ool (4:341)

Then, taking expectations we get that the average energy spent to transmit 1 bit is

o t
E[T] = / P [5 + /W, < 0} dt (4.342)
0
1 2 [
= — ez 1 dxdt 4.343
m/o /0 {m=V/a% } -
2Ny [*° 22
= \/—2_0/ t?e"2dr =Ny, (4.344)
T J0
Hence, M{(E,0) > 2 for any E > Ny, as required. |

The weaker result that M{(E,0) > 2 for sufficiently large E follows from [86, Lemma 4.2],
which analyzes a modification of an original method of Zigangirov [87]. In contrast, our
method is motivated by the Brownian motion analysis and antipodal signaling arising in the
achievability proof of Theorem 85. At the expense of a significantly more involved analysis,
the bound in Theorem 87 can be further improved by using multidimensional constellations.
It remains to be seen whether such a method could close the gap with the upper bound
in (4.323).

Before concluding this section, we discuss implications of the results shown. As the
number of information bits, k, goes to infinity, the minimum energy per bit required for
arbitrarily reliable communication is equal to —1.59 dB with or without feedback. However,
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Figure 4.7: Bounds on the minimum energy per bit as a function of the number of infor-
mation bits with and without feedback; block error rate e = 1073.

in the non-asymptotic regime, in which the block error probability is set to €, the minimum
energy per bit may substantially reduced thanks to the availability of feedback. Comparing
Theorems 83 and 86, we observe a double benefit: feedback reduces the leading term in
the minimum energy by a factor of 1 — ¢, and the penalty due to the second-order term
in (4.309) disappears. Moreover, Theorem 87 has demonstrated that thanks to availability
of an infinite number of degrees of freedom, feedback enables zero-error transmission of any
number of bits with finite energy per bit. This complements the famous result of Schalkwijk
and Kailath [88], that in the fixed rate setup one achieves significantly better reliabilities
over the AWGN with feedback.

Our bounds enable a quantitative analysis of the dependence of the required energy on
the number of information bits. In Fig. 4.7 we take ¢ = 102 and compare the bounds on
Ef(k,e) and Ef (k,€) given by Theorem 82 and Theorems 84, 85 and 87, respectively. The
non-feedback upper (4.295) and lower (4.296) bounds are tight enough to conclude that for
messages of size k ~ 100 bits the minimum % is 0.20 dB, whereas the Shannon limit of
—1.59 dB is only approachable at k ~ 10° — 105 bits. In contrast, with feedback the upper
bound, which is the best of (4.324) and (4.333), and the lower bound (4.322) demonstrate
the significant advantages of using feedback with practical values of k; e.g., with feedback,
—1.5 dB is achievable already at k ~ 200.

Surprisingly, our results demonstrate that virtually all the benefits of feedback are re-
alized by codes that use the feedback link only to send a single “stop transmission” signal
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Figure 4.8: Comparison of the achievability bounds on the minimum energy per bit as a
function of the number of information bits with decision feedback and full feedback; block
error rate € = 1073,

(as opposed to requiring a full noiseless feedback available at the transmitter). Indeed, the
proof of Theorem 86 demonstrates that the asymptotic expansion (4.327) does not change
if we restrict attention to decision feedback codes. Moreover, in Fig. 4.8 we compare the
decision feedback achievability bound (4.326) against the bound (4.324) which requires full
feedback. It can be seen that numerically the difference between the two is insignificant
compared to the gain with respect to the non-feedback codes; see Fig. 4.7. In this way, the
results of Theorems 85 and 86 extend to noisy and/or finite capacity feedback links.

Finally, it is interesting to investigate the difference in minimum energy per bit between
the setup analyzed in this section and that of Section 4.6.1. In Fig. 4.9 we compare the
normal approximation curve taken from® Fig. 4.5 against the non-feedback achievability-
converse bounds of Theorem 82, as computed in Fig. 4.7. This comparison explicitly demon-
strates how much energy per bit is lost non-asymptotically due to restricting the rate to 1/2.
As rate goes to zero, the rate-constrained curve approaches the ultimate fundamental limit
given by (the bounds of) Theorem 82. This is a non-asymptotic version of the argument
when one takes the limit of R — 0 in (4.31) to obtain (4.30).

8Note that a slight discrepancy with Fig. 4.5 is explained by the change of € compared to the setup of
Fig. 4.9.
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Figure 4.9: Comparison of the minimum achievable energy per bit (without feedback) as
a function of the number of information bits £ in two regimes: fixed rate R = 1/2 and no

rate constraints; block error probability is € = 1073,



Chapter 5

Normal approximation

In previous chapters it was demonstrated how channel dispersion captures the behavior of
fundamental limits near capacity. This chapter considers various ramifications of this fact.
The question of attaining a given fraction of the capacity is discussed in Section 5.1. It is
demonstrated that the normal approximation (2.23) results in a significantly more precise
prediction of the coding blocklength than does error-exponent based analysis. In Section 5.2
a few practical families of codes are compared against the fundamental limits on the AWGN
channel and the BSC. The dispersion of a parallel DMC is considered in Section 5.3 and
in particular the performance loss due to coding separately on each constituent DMC is
quantified. Section 5.4 proves an order-optimal bound on the dispersion of the DMC in
terms of its alphabet sizes. The material in Sections 5.1-5.4 has been presented in part
in [32]; the discussion of classical binary codes over the BSC in Section 5.2 and the result
about the dispersion of parallel channels, Section 5.3, are new.

Based on the dispersion of the Gilbert-Elliott channel obtained before it is shown in
Section 5.5 that when the channel evolves dynamically, the capacity considerations alone
may lead to completely wrong design decisions. In such questions taking dispersion of
the channel into account becomes crucial. This material has appeared in [57]. Finally, in
Section 5.6 we apply our methods to characterize the optimal decay of the probability of
error when the rate converges to the capacity slower than —=. The investigation of such

2] (for the case of the DMC).

oo§|

questions has been recently initiated by Altug and Wagner |
Results in Section 5.6 are published here for the first time.

5.1 Comparison to the error-exponent approximation

As we discussed in the introduction, the main purpose of computing asymptotic quantities
(such as capacity and dispersion) is to obtain non-asymptotic approximations. Following
this rationale, in the previous chapters we have shown how knowledge of the capacity-
dispersion pair (and of a logn term, sometimes) yields an approximation (2.23), which com-
pares very favorably with the (bounds on the) true value; see Sections 3.2.3, 3.3.3, 3.5.3, 3.6.2
and 4.4.

Having a tight approximation to the value of the fundamental limit log M*(n, €) opens
many practical applications. For example, we may estimate the minimal blocklength n
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Table 5.1: Bounds on the minimal blocklength n needed to achieve R = 0.9C
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‘ Channel ‘ Converse ‘ RCU ‘ DT or k3 ‘ Error-exp. ‘ Norm. Ap. ‘
BEC(0.5), e = 1073 n>899 | n<1021 | n <991 n =~ 1380 n ~ 955
BSC(0.11), e = 1073 n>2985 | n <3106 | n <3548 | n=a~4730 | n = 3150

AWGN(0dB), e =103 | n.>2550 | n < 2814 | n < 3400 | n~4120 | n =~ 2750
AWGN(20dB), € = 1076 | n>147 | n <188 n < 296 n ~= 220 n ~ 190
needed to achieve a fraction n of capacity, see (2.24):
Q' V
> —. 1

Recall that the reliability function E(R) for the rate 0 < R < C'is defined as (provided
that the limit exists):

1
E(R) = lim —Elog e*(n, 2", (5.2)
where
€*(n, M) = inf{e : I(n, M, €)-code}, (5.3)

i.e. a functional inverse of the fundamental limit ¢ — M*(n,¢). For some memoryless
channels F(R) is known, at least in the region R, < R < C, where R is a so-called
critical rate of the channel.

The rationale of the definition of E(R) is in obtaining an error-exponent approrimation:

€*(n, M) ~ exp <—nE <1°gM>> .

- (5.4)

Therefore, according to the (5.4) the minimal blocklength n needed to achieve a fraction
71 of capacity with a given probability of error € should be approximately:

1
nz —
E(nC)

loge. (5.5)

Which of approximations (5.1) and (5.5) is better? To answer this question in the
Table 5.1 we show the numerical results for the blocklength required by the converse, guar-
anteed by the achievability and predicted by error-exponents and normal approximation®
for achieving rate R = 0.9C.

Clearly we can see that the normal approximation is superior in this regime. Together
with the extensive comparisons (e.g., Fig. 3.3, 3.8, 4.3 and 4.4) Table 5.1 demonstrates that
the asymptotic analysis undertaken in this thesis, such as needed for the proof of (2.22),
is not just a mathematical curiosity, but rather a tool especially useful for a practically
important range n ~ 103, e ~ 1073,

As another observation, notice that according to (5.1) the quantity % is important for
determining the “coding horizon” of a channel. Interestingly, for all (families of) channels

'For the BSC and the AWGN channel we use the approximation formula (3.59) which has an additional
%logn term. For the AWGN channel the DT bound is replaced by the k3 bound.
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considered in this thesis — including the AWGN channel and the BSC — the fraction %
blows up when the noise level increases without bound. The meaning of this fact is clear:
to achieve a fraction of a low-capacity link it is necessary to code over a large blocklength.

To give a possible reason why error-exponent asymptotics is less important for finite
blocklength recall that obtaining the value of E(R) requires a pair of bounds, for example,
Gallager’s random-coding and Shannon-Gallager-Berlekamp sphere-packing:

exp(—nE(R — 01(1)) + 02(n)) < € (n,exp{nR}) < 4dexp(—nE(R)) . (5.6)

For the BSC the expression for 01(1) and o2(n) can be taken from [9, (5.6.41),(5.8.21)].
Even neglecting the presence of 01(1) we see that ratio of the upper bound to the lower
bound is approximately

upper-bound on € 4v/8n

lower-bound on €* 1)

That is, if we take moderate n ~ 10% and § = 0.11 we get that this fraction is ~ 3 - 103.

Although the sub-exponential factor \/% is completely irrelevant for the asymptotics, for the

regime of € ~ 1073 the effect of such a factor is huge. Consequently, near the capacity such
sub-exponential (and rate dependent!) factors do more harm to the approximation (5.4)
than sub-logarithmic factors do to (2.22).

. (5.7)

5.2 Practical codes

It is interesting to compare performance of the codes actually used in practice against the
finite blocklength fundamental limits. One such comparison is given in Fig. 5.1 where the
lower curve depicts the performance of a certain family of multi-edge low-density parity-
check (ME-LDPC) codes decoded via a low-complexity belief-propagation decoder [89].
We notice that in the absence of the non-asymptotic finite-blocklength curves, one has
to compare the performance against the capacity alone. Such comparison leads to an
incorrect conclusion that a given family of codes becomes closer to optimal with increasing
blocklength. In reality we see that the relative gap to the finite blocklength fundamental
limit is approximately constant. In other words, the fraction % seems to be
largely blocklength independent.

This observation leads us to a natural way of comparing two different codes over a given
channel. Over the AWGN channel the codes have traditionally been compared in terms of
Ey/Np. Such comparison, although justified for a low-rate codes, unfairly penalizes higher
rate codes. Instead, we define a normalized rate of a code with M codewords as (this can
be extended to discrete channels parametrized by a scalar in a natural way)

B log M
B IOg M* (n7 €, ’szn(e)) ’

Rnorm(e) (58)

where Yin(€) is the smallest SNR at which the code still admits decoding with probability
of error below €. Here and below ¢ is chosen to be a fixed number representing the required
reliability level. Since the true value of M* in (5.8) is in general unknown, instead of one
value for Ry, we get an interval (by bounding M™*). However, as Fig. 5.1 demonstrates
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Figure 5.1: Normal approximation for the AWGN channel, SNR = 0 dB, € = 1073. The
LDPC curve demonstrates the performance achieved by a particular family of multi-edge
LDPC codes (designed by T. Richardson).

typically, instead of hard to compute bounds we may simply use the normal approxima-
tion (4.218) to get an approximation to (5.8) virtually no loss of precision for blocklength
as low as 100.

The evolution of the coding schemes from 1980s (Voyager) to 2009 in terms of the
normalized rate an«m(l()_ﬁ‘) is presented on Fig. 5.2. ME-LDPC is the same family as in
Fig. 4.3 [89] and the rest of the data is taken from [61]. A comparison of certain turbo codes
to Feinstein’s bound and Shannon’s converse can also be found on Fig. 6 and 7 of [14].

Of course, the definition of Ry can be extended to any other single-parameter family
of channels (ordered by degradation [90]), such as BSCs or BECs.

For the BSC a sample of popular algebraic and state-of-the-art LDPC codes is compared
in terms of Ryorm,(1072) in Fig. 5.3. One difference from Fig. 5.2 is that to approximate
M* in the definition of Ry, instead of the normal approximation (3.59) we have used
the value of the sphere packing bound, Theorem 40. This was necessary since on the BSC
many moderate-length algebraic codes approach R, =~ 1 and the precision of the normal
approximation becomes insufficient.

Another subtlety is that performance of algebraic codes was evaluated via Poltyrev
bound, Theorem 36, where the weight distribution was taken from [91-95]. Regarding how
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Figure 5.2: Normalized rates for various practical codes over AWGN, probability of block
error € = 1074,

tight Poltyrev bound might be (compared to the true probability of error under maximum
likelihood decoding) see [18,55,96]. All in all, however, taking the upper bound on e (via
Poltyrev) and an upper bound on M*(n, €) (via sphere packing) in (5.8) we guarantee that
so obtained approximation to R,.rm is a provable lower bound for the true value. This
allows to appreciate performance of some of the algebraic codes in Fig. 5.3 even better.

Unsurprisingly, perfect binary codes, i.e. Hamming 1l-error correcting and Golay, have
Ry orm = 1. Interestingly, however, that other points in Fig. 5.3 with large value of R,,opm
also correspond to high-rate codes (e.g., BCH(255,239), BC'H(255,215), BCH(127,113),
their extended versions, 4-th order Reed-Muller (64,57), etc.). At the same time, the
points at the bottom part of the graph correspond to the low rate codes such as extended
BCH(64,7) or first order Reed-Muller (64,7). However tempting, we cannot yet conclude
that achieving fundamental limits at low-rates (equivalently, high noise levels) is harder,
since tightness of the sphere packing bound in that regime is unclear.

To conclude, for the BSC known algebraic codes approach fundamental limits very
closely both for low and high noise levels. This is in contrast with the situation for the
AWGN.
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Figure 5.3: Normalized rates for various practical codes over BSC, probability of block error
e=1073.
5.3 Dispersion of parallel channels

In Section 4.5 we have observed that the capacity C', and the dispersion V7, of the L-parallel

AWGN channel satisfies:
W;
o]
Wi
o]

(%)

where C(-) and V() are capacity and dispersion for the scalar AWGN (as functions of the
SNR), and (W7y,...,Wp) is a water-filling power allocation; see Theorem 78.

Notably, we see that the dispersion of the parallel AWGN is a sum of dispersions of
constituent AWGNSs. In fact, it is easy to see that a similar conclusion holds also for the
parallel DMC (with no input constraints):

Cp = , (5.9)

Vi, = (5.10)

L
e
j=1

L
Z 1%
7j=1
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Theorem 88 Consider two DMCs (Ay,B1,W1) and (Ag, By, Ws). Then capacity C' and
e-dispersion V. of the parallel DMC (A1 x Ag, By x Bo, W1 x W3), see Definition 3, is given
by

C = Ci+0, (5.11)
‘/6 - ‘/i,e+‘/é,e7 (512)

where (Cy,Vi,¢) and (Ca,Va.) are the capacity and the e-dispersion of the DMC Wy and
DMC Wy, respectively.

Proof: Since (5.11) is self-evident, we concentrate on (5.12). We denote the input of
the parallel DMC by (X7, X3) and its output by (Y1,Y2), where X; € A;, Y; € B; and

A
PYlYg\Xng (bl, b2|a1a2) = Wl(b1|a1)W2(b2\a2) . (513)

According to Theorem 45 and following its notation, it is sufficient to prove that for a
capacity achieving Px, x, we have

Vl,mz'n + V2,min < V(PX1X2, Wl X W2) < Vl,mar + V2,mar . (514)

Indeed, the lower bounds in (5.14) is achievable by taking Px,x, = Px, Px, where Px, is
a distribution achieving Vj .., and capacity of W;, j = 1,2. Similarly, the upper bound
in (5.14) is also achievable.

To prove (5.14) observe that since capacity achieving output distribution is unique, it
must be a product distribution Py;y, = Py, Py,, where Py, is the unique capacity achieving
output distribution of Wj, j = 1,2. Therefore, we have

Cl+02 = I(PX1X27W1XW2) (515)
W1(Y1|X1)] [ W2(Y2|X2)}
= E |log———— | +E |log———=~ 5.16
[ Py, (Y1) 5 TPy, (Ys) (5.16)
Wz(Y2|X2)]

< Cy{+E |log————= 5.17

< i+ [log TR (5.17)

= i+ Z PX1(al)D(W2||PY2|PX2|X1=a1) (5'18)
a1 €A1

< Ci+ ) P, (a1)Co, (5.19)
a1 €A

where (5.17) follows since C1 is the capacity of Wy, (5.18) is a consequence of expanding the
conditional expectation E [|X;] for the second term, (5.19) follows since for any distribution
P on Ay we have D(Ws||Py,|Fy) < Cs.

Since inequality in (5.19) is in fact an equality, we must have Px, to be capacity achieving
and

D(W1(-|la1)||Py,) = Cn, (5.20)
D(W2||PY2 |PX2\X1:a1) 02 ) (521)
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for Px,-almost all a; € A;. By symmetry, P, is also capacity achieving.
Finally, for the divergence variance we have

V(PXng, W1 X WQ) =

Wi (V1] X1) Wa (V2| Xo) >2
= E I +1 — D(W1(-| X1)Wo(-| X9)|| Py, P 5.22
[(og pet) g T2ERE) DO (X)W (1) 1P P ) (522
Wi (V1] X1) Wa (V2| Xo) >2
= E I +1 —C;-C 5.23
<°g Prv) TRy 0n) @ (5:23)
= V(PXl, Wl) + V(PXQ, WQ)
Wi(Y1]X1) > ( Wa(Ya| Xs) >]
+ 2E log ————~2 — (C log ———=~ — (! 5.24
[( o )\ TR0 @ (5.24)
= V(PX17 Wl) + V(PXza WQ) s (525)
where (5.23) is by (5.20) and (5.21), (5.24) is by (3.99), and (5.25) follows from
Wa(Ya| X2) } [ Wa(Ya| Xs) ]
E |[log———" - (9|11 X = E |log—————" — (9| X 5.26
[ g Py (Vs) 21Y1.X1 g Pra(Va) 21 X1 (5.26)
= D(Wal|Py,|Px,|x,) — C2 (5.27)
= 0, (5.28)

Finally, by the definition of V,,;, and V4, in (3.108) and (3.107), respectively, we have
‘/j,min < V(PXJ-, W]) < ‘/j,ma:c 7j = 17 27 (529)

and therefore, (5.25) implies (5.14). |

Together with the normal approximation (2.23), (5.10) (for the parallel AWGN channel)
and (5.12) (for the parallel DMC) immediately highlight the benefit obtained from joint
coding on parallel channels simultaneously. Indeed, suppose we were using independent
codes on each of the L channels with capacity-dispersion pairs (C},V}),j =1,..., L. Then
if we took each of the L best (n, M;,€)-codes we obtain an (n, [[ M;,1 — (1 — €)¥)-code for
the parallel channel. Assuming that € is small we have approximately

1-(1—ef~Le. (5.30)

Thus, the performance of the best possible independent coding scheme is

L
log M;y4(n,Le) = ) logM;(n,e) (5.31)
Jj=1
L L
~ o> G- vR D VY| (5.32)
j=1 j=1

Now if € and L are both sufficiently small, then Q~!(¢) ~ Q@ !(L¢) and we can see that
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gaps to capacity are compared as

1
gap for independent coding ~ % ' (5.33)
for joint cod; ! (5.34)
ap for joint coding ~ — .
gap for j g T

Therefore the loss in the maximum achievable rate due to using independent coding at
blocklength n and small € is proportional to

% > VY- (5.35)

5.4 Dispersion and alphabet size

Because of the importance of channel dispersion, we note the following upper-bound (see
also [9, Exercise 5.23]):

Theorem 89 For the DMC with min{|A|, |B|} > 2 we have
V < 2log? min{|A|, |B|} — C?. (5.36)
For the DMC with min{|A|,|B|} = 2 we have
V <12log?e—C2. (5.37)

The estimate (5.36) is order-optimal for min{|.A|,|B|} — oo. Indeed, consider a channel
with additive noise A = B = Z/nZ:

Y=X+4+Z modn, (5.38)
where P[Z = 0] =  and P[Z = 1] = --- = P[Z =n—1] = 2(n1_1). The capacity and
dispersion of such a channel are

1

C, = 3 logn + O(1), (5.39)
1

V., = 1 log®n 4+ O(logn) . (5.40)

Thus, the estimate of Theorem 89
V = O(log? min{|A[,[B[}), min{|A[,|B[} — o (5.41)

cannot be generally improved.
Comparing (5.36) with Theorem 88, we notice that product channels posses untypically
small dispersion.
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Since the typical blocklength needed to achieve capacity is governed by V/C?, it is
natural to ask whether for very small capacities the upper-bound in (5.36) can be improved
to prevent the blowing up of % Such a bound is not possible over all W with fixed alphabet
sizes, since such a collection of DMCs always includes all of the BSCs for which we know
that—2—>ooasC—>0

Theorem 89 is a simple consequence of the following (see Section 3.4 for the notation):

Lemma 90 For functions V and U defined on P, the following inequality holds:

V(P,W) <U(P,W) < 2g(min{|A|,|B|}) — [I(P,W)]?, (5.42)
where ,
0.6log“e, n=2,
= 5.43
9(n) {log2 n, n>3. ( )

Proof: consider the following chain of inequalities:

UPW)+[IPW)] 2 S Pa)W(ylz) [1og2 W (y|z) + log PW(y) (5.44)
zeAyeEB
—2log W(y|zx) - log PW(y)] (5.45)
< Z Z P(z)W (ylz) | log2 W (y|z) + log? PW(y)] (5.46)
zeAyeB
= D P) | D W(yla)log® W(ylx) (5.47)
zeA yeB
Y PW(y)log® PW (y) (5.48)
yeB
< Y P(x)g(1B]) + g(|B) (5.49)
€A
= 29(B)). (5:50)

where (5.46) is because 2log W (y|x) - log PW (y) is always non-negative, and (5.49) follows
because each term in square-brackets can be upper-bounded using the following optimization
problem:

2 sup Zaj log? a; . (5.51)
a;>0:3°% 1a5=1 41

g(n)

Since the xlog? z has unbounded derivative at the origin, the solution of (5.51) is always
in the interior of [0,1]". Then it is straightforward to show that for n > e the solution is
actually a; = % For n = 2 it can be found directly that ¢g(2) = 0.5629 < 0.6. Finally,
because of the symmetry, a similar argument can be made with |B| replaced by |A| and
hence in (5.42) we are free to choose the best bound. [ |
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5.5 Communication rate and channel state dynamics

So far we have dominantly discussed the value of the normal approximation (2.23) for
memoryless channels where the transition kernel Py,|y, remains fixed (static) throughout
transmission. Although valid in many cases, such static assumption frequently is not satis-
fied in practice where the wave propagation conditions change dynamically. One example
of such a model involving dynamics is a Gilbert-Elliott channel, analyzed in Section 3.5

In Section 3.5 we have demonstrated (theoretically and by numerical computations) that
the normal approximation

1
logM* (n,e€) —1/— Q )+ —logn (5.52)

is very tight. The capacity and dispersion pair (C, V) is equal to (Cy, V1), see Theorem 58,
for the case when state sequence S™ is known at the receiver; and to (Cp, Vp), see Theo-
rem 59, for the case of no state knowledge.

Let us discuss two practical applications of (5.52). First, for the state-known case, the
capacity C4 is independent of the state transition probability 7. However, according to
Theorem 58, the channel dispersion Vi does indeed depend on 7. Therefore, according
o (5.53), the minimal blocklength needed to achieve a fraction of capacity behaves as

nz (%__1(;)>2 % ; (5.53)

or as O (1) when 7 — 0, since according to (3.378):

n-o(1). (5.54)

T

This has an intuitive explanation: to achieve the full capacity of a Gilbert-Elliott channel
we need to wait until the influence of the random initial state “washes away”. Since tran-
sitions occur on average every % channel uses, the blocklength should be O (%) as 7 — 0.
Comparing (3.30) and (3.378) we can ascribe a meaning to each of the two terms in (3.378):
the first one gives the dispersion due to the usual BSC noise, whereas the second one is due
to memory in the channel. In particular, knowledge of channel dispersion and (5.53) allows
us to interpret the quantity % as a natural “time constant” of the channel. According to
Theorem 60, similar conclusion holds for the case of no state knowledge, since (5.54) holds
for Vy as well.

Next, consider the case in which the state is not known at the decoder. As shown in [64],
when the state transition probability 7 decreases to 0 the capacity Co(7) increases to Cj.
This is sometimes interpreted as implying that if the state is unknown at the receiver slower
dynamics are advantageous. Our refined analysis, however, shows that this is true only up
to a point.

Indeed, fix a rate R < Cy(7) and an € > 0. In view of the tightness of (5.52), the
minimal blocklength, as a function of state transition probability 7 needed to achieve rate

2For the remainder of this section we use the notation introduced in Section 3.5.
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Figure 5.4: Minimal blocklength needed to achieve R = 0.4 bit and ¢ = 0.01 as a function of
state transition probability 7. The channel is the Gilbert-Elliott with no state information
at the receiver, 61 = 1/2,69 = 0.

R is approximately given by

1 2
No(7) = Vo(7) (%) : (5.55)

When the state transition probability 7 decreases we can predict the current state better;
on the other hand, we also have to wait longer until the chain “forgets” the initial state.
The trade-off between these two effects is demonstrated in Fig. 5.4, where we plot No(7)
for the setup of Fig. 3.10(b).

The same effect can be demonstrated by analyzing the maximal achievable rate as a
function of 7. In view of the tightness of the approximation in (5.52) for large n we may
replace 1+ log M*(n,€) with (5.52). The result of such analysis for the setup in Fig. 3.10(b)
and n = 3 - 10* is shown as a solid line in Fig. 5.5, while a dashed line corresponds to
the capacity Cp(7). Note that at n = 30000 (5.52) is indistinguishable from the upper
and lower bounds. We can see that once the blocklength n is fixed, the fact that capacity
Co(7) grows when 7 decreases does not imply that we can actually transmit at a higher
rate. In fact we can see that once 7 falls below some critical value, the maximal rate
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Figure 5.5: Comparison of the capacity and the maximal achievable rate %log M*(n,e€) at
blocklength n = 3 - 10* as a function of the state transition probability 7 for the Gilbert-
Elliott channel with no state information at the receiver, §; = 1/2,09 = 0; probability of
block error is € = 0.01.

drops steeply with decreasing 7. This situation exemplifies the drawbacks of neglecting the
second term in (2.22). Note that, according to Theorem 60 the value of Np(7) for small
7 is approximated by replacing Vo(7) with Vi(7) in (5.55). Since the latter admits a very
simple expression (3.378), this method helps to quickly isolate the extremum of No(7), cf.
Fig. 5.4.

In summary, for the Gilbert-Elliott channel the capacity term in (5.52) fails to adequately
describe the effect of channel dynamics on the fundamental limits. At the same time the
refinement provided by the channel dispersion resolves this difficulty.

5.6 Moderate deviations

In [82] authors raised the question of the best possible behavior of the probability of error
when the coding rate approaches capacity slower than 1/y/n. In [82] the question is answered
for a certain subset of the DMCs (which excludes, for example the BEC). We show how
a refinement of their result can be simply derived using methods developed in Chapter 2
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and Section 3.4. Our contribution is in deriving necessary and sufficient conditions for the
moderate deviation property to hold, thereby extending the subset of DMCs to the maximal
possible one. Additionally, we prove a similar result for the AWGN.

The moderate deviation property (MDP) is formulated as follows. Consider a sequence
of channels indexed by the blocklength n and define

e“(n,M) = inf{e: 3(n, M, ¢)-code (maximal probability of error)} (5.56)
€avg(n, M) = inf{e: 3(n, M, e)-code (average probability of error)} . (5.57)

Definition 13 A sequence of channels with capacity C is said to satisfy MDP with constant
V if for any sequence of integers M,, such that

log M,, = nC —np,,, (5.58)

where p, >0, p, — 0 and np? — oo, we have

1 1 1
lim — loge™(n, M,,) = lim — log ey, (n, M) = —-— . (5.59)

n—o0 npj, n—oompy 7 2V

5.6.1 Discrete memoryless channels

Below in this section we use the notation of Section 3.4; in particular, recall the definitions
of A,B,W,I1(P,W),V(P,W) and V.

Apart from analyzing the limit of €g,,

Theorem 91 (Altug-Wagner) Consider a DMC W. If W(y|x) > 0 for allxz € A,y € B
and Vyin > 0 then DMC W satisfies MDP with the constant V.

the result of [82] can be states as follows:

The main result of this section is:

Theorem 92 The DMC W satisfies MDP if and only if Viin > 0, in which case Viip is
the MDP constant of the DMC.

Note that V;,;, is precisely the channel dispersion of the DMC, see Theorem 45.

Theorem 93 Consider a DMC W and a sequence p, such that p, > 0, p, — 0 and
p2n — 00. If Vinin > 0 then there exists a sequence of (n,exp{nC—npy},€,) codes (mazimal
probability of error) with

1
limsup — log e, < — (5.60)
n

On the other hand, when Vi, = 0 there exists a sequence of (n,exp{nC —np,},€,) codes
(mazimal probability of error) with

en < 2exp{—np,}, (5.61)

so that the channel cannot satisfy MDP.
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Proof: Denote by P the capacity achieving distribution that also achieves V. Ac-
cording to the DT bound, Theorem 18, there exist an (n, 2 exp{nC —np,}, €,) code (average
probability of error) such that

e, <E [exp {— [i( X", Y") —nC +np,|*}] , (5.62)

where

yJ|33J
E 1 . .
og PV (y,) (5.63)

And therefore, by a standard “purging” method, there also exists an (n, exp{nC —np,}, €,)
code (maximal probability of error) with €, = 2¢),, or

en < 2E [exp {—[i(X",Y") —nC + npn|+}] : (5.64)

If Vipin, = 0 then (X", Y") = nC and (5.61) follows trivially.
Assume V,,;, > 0, fix arbitrary A < 1 and observe a chain of obvious inequalities:

exp {— [i( X", Y™) —nC + np,| "}
< (X" Y") <nC — Anpn}
+exp {— [i(X™",Y"™) = nC + np,|"} L{i(X™,Y") > nC — Anpy}
< (X" Y"™) <nC — Anppt +exp{—(1 = N)np,}.

By [81, Theorem 3.7.1] we have

1 2
limsup —5 log P[i(X",Y") < nC — Anp,] < A

— . 5.69
npy - — 2Vnin ( )

Therefore, by taking the expectation in (5.68) and by conditions on p,, the second term is
asymptotically dominated by the first and we obtain:
)\2

lim sup # logE [exp {—[i(X",Y") —nC +np,|"}] < — (5.70)
n
Since A < 1 was arbitrary we can take A — 1 to obtain (5.60). [ |
The main analytic tool required in proving the converse bound in this section is a tight
non-asymptotic lower bound for the probability of a large deviation of a random variable
from its mean. This question has been addressed by many authors working in probability
and statistics, starting from Kolmogorov [97]. Currently, one of the most general such
results belongs to Rozovsky [98,99]. The following is a weakening of [98, Theorem 1] which
plays the same role as Berry-Esseen inequality in the previous analysis®

Theorem 94 (Rozovsky) There exist universal constants Ay > 0 and Ay > 0 with the
following property. Let Xj., k=1,...,n be independent with finite third moments:

Mk = E [Xk] 5 0']% = Var[Xk] s and tk =E HXk — ,uk‘3] . (571)

3Similar to well-known extensions of the Berry-Esseen inequality to the case of random variables without
a third absolute moment, Rozovsky does not require that E | X}|*> be bounded. However, we only will need
this weaker result.
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Denote V.=>1_ 0% and T =Y }_; t,. Whenever x > 1 we have

n

P> (X — ) > 2VV| > Q(a:)e‘%xg’ <1 _ AT > : (5.72)

vare?t
k=1

Theorem 95 Consider a DMC W and a sequence of (n, My, €,) codes (average probability
of error) with
log M,, > nC —np,,, (5.73)

where p, >0, p, — 0 and pzn — 00. If Vipin > 0 then we have

N 1
hzn_%lf el loge, > — (5.74)

n - 2vmzn .
Proof: Replacing the encoder with an optimal deterministic one, we only reduce the
average probability of error. Next, if we have an (n, M, €,) code (average probability of
error) with a deterministic encoder, then a standard argument shows that there exists an
(n, %Mn, 2¢,,) subcode (maximal probability of error). Replacing M,, — %Mn and €, — 2¢,,
without loss of generality we may assume the code to have a deterministic encoder and a
maximal probability of error ¢,.
Now for each n denote by P, € P, the n-type containing the largest number of code-
words. A standard type-counting argument shows that then there exists an (n, M), €,)
constant composition P, subcode with

log M), > nC — np, — |A|log(n+1). (5.75)

By compactness of P, the simplex of distributions on A, the sequence P, has an accumu-
lation point P*. Without loss of generality, we may assume P, — P*.
Now for each n define the following probability distribution Q3 on B":

Qv(y") = [ PaW (). (5.76)
j=1

According to the Theorem 34 we have

1
Bi—e, (Pxnyn||PxnQy) < SV (5.77)

n

where here and below Pxn» is the distribution induced by the encoder on A".
Applying (2.67) we get that for any v we have:

W(Y"|X™)
Qp-(Y™)

We now fix arbitrary A > 1 and take v = nC — Anp,, to obtain:

€n > P [log < 7} —exp{y —log M }. (5.78)

W (Y™ Xx")

€, > P [log Qv
Y

<nC — )\npn] —exp{—npp(A — 1)+ |A|log(n+1)}.  (5.79)
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Notice that since the code has constant composition FP,, the distribution of log %
Y

given X™ = x" is the same for all z". Therefore, assuming such conditioning we have

n

log Qn 0 ZZJ, (5.80)
where Z; are independent and
D E[Z] = nl(P,W), (5.81)
j=1
> Var(z] = nV(P, W), (5.82)
j=1
Y E[|1Z; -E[Z]P] = nT(P.,W), (5.83)

where we used the notation introduced in Section 3.4. In terms of Z; the bound in (5.79)
asserts

€n > P Z Z; <nC — Anpy, | —exp{—npp(A —1) + |A|log(n+1)}. (5.84)
j=1

First, suppose that I(P*,W) < C. Then a simple Chernoff-bound implies that the right-
hand side of (5.79) converges to 1 and (5.74) holds.
Next, assume [(P*,W) = C. Since I(P,, W) < C we have from (5.84):

en 2P| Zj—nl(Py, W) < =Anpyn | — exp{—npa(A — 1) + |Allog(n +1)}.  (5.85)
j=1

Note that by continuity of V (P, W) we have
V(P,,W)—V(P*"W) > Viyn >0, (5.86)
where V(P*, W) > Vp, since P* is capacity-achieving. Therefore, by Theorem 94 we

obtain:

> Zj —nI(P,,W) < —Anp, (5.87)
j=1

A XM TP W) ANAT(P,, W)
> —————\/np2 |e V@PawW) Pn <1 S SRR n> ,  (5.88
- Q( v, w) v ) V2(P,, W) " 5
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since T'(P,, W) is a continuous and bounded function, we see that the term in parentheses
is 1 4+ o(1) by conditions on p,,. Therefore,

1 n
liminf —log P | Y~ Z; — nI(Py, W) < —Anpn, (5.89)
n—co npy :
J=1
1 1 NSAT(P,, W)
> lim —1lo ——\/np2 | + lim (— LR A) f;) 5.90
~ nmoonpl gQ( V(P,, W) p) n—o0 npk V3P, W) 7 (5.90)
)\2
v (P, W) (5:91)
)\2
> - . 5.92
= 2Win (5.92)

Finally, it is easy to see that the second term in (5.85) is asymptotically dominated by the
first term according to (5.92) and np, > np2. Thus, from (5.92) we conclude that

1 1
linni)gf n—p% loge, > — T (5.93)
|
Proof of Theorem 92: Apply Theorems 93 and 95. |

5.6.2 AWGN

Theorem 96 AWGN channel with SNR P satisfies the MDP with constant V (P), which
is the channel dispersion of the AWGN given by (4.155).

Proof: Converse: Consider a sequence of (n,M,,€,) codes (average probability of
error) with

M, = exp{nC —np,}, (5.94)
where p, > 0, p, — 0 and p?n — oo. Following the method of [4] we can assume without
loss of generality that every codeword C; € R",j =1,..., M, lies on a power-sphere:

IC;]|* =nP. (5.95)

We apply the meta-converse bound, Theorem 29 with Qy~ chosen as in Section 4.2.1:

Qyn = [[N(0,1+ P), (5.96)
j=1
to obtain
Bi—e, (Pxnyn, PxnQyn) < exp{—nC + np,}, (5.97)

where Pxn is the distribution induced by the encoder on R"™. As explained in Section 4.2.2,
we have the equality

B1—e, (Pxnyn, PxnQyn) = B1_c,(Pyn|xn—z, Qyn), (5.98)
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where z = [V/P,...,V/P]T. Now applying (2.67) B1—en (Pyn|xn—g, Qyn) with v = nC—Anpy,
where A > 1 is arbitrary we obtain

€n > P [ logeZ( 1—72) +2\/_Z) < —)\npn] —exp{—np,(A—1)}, (5.99)

where we have written the distribution of logL:*z explicitly in terms of i.id. Z; ~

N(0,1); see (4.53). According to [81, Theorem 3.7. 1] the first term dominates the second
and we have

li f L 1 > s (5.100)
iminf — n> —— .
s ngE E T V(P
and taking A N\, 1 we obtain
lim inf i lo — (5.101)
L ez B = v (p) ‘

Achievability: Just like in Section 4.2 we apply the k8 bound with F chosen to be
the power sphere and Qyn as in (5.96). Using the identity (5.98) and the lower bound on
ke (F,Qyn) given by Lemma 72 we show that for all 0 < € < 1 and 0 < 7 < € there exists
an (n, M, €) code (maximal probability of error) with

1 T—e C2n
M> — , 5.102
~ C1 Br—etr(Pyn|xn=sg, Qyn) ( )

where © = [\/]_3, cen \/]_3]” € R™ is a vector on the the power sphere. We now take 7 = 5
and apply the upper-bound on g from (2.69) to obtain the statement: For any ~y there exists
and (n, M, e) code (maximal probability of error) with

€ — 2e~Can
M>—— .1
> St ep(n) (5,103

and

e = 2P |log (5.104)

Yn
Now take 7, = nC — Anp,,, where A < 1 is arbitrary. By [81, Theorem 3.7.1] we obtain

a sequence of codes with
log M,, > nC — np, (5.105)

for all n sufficiently large and

_ 1 A2
1171h011_)sol<1>p el loge, < WD (5.106)
In particular,
, 1 . —\2
lim sup — log €*(n, exp{nC' — np,}) < (5.107)

and since A\ < 1 is arbitrary we can take A\ 1 to finish the proof. |



Chapter 6

Communication with feedback

Without feedback, the backoff from capacity due to non-asymptotic blocklength can be
quite substantial for blocklengths and error probabilities of interest in many practical ap-
plications. In this chapter, novel achievability bounds are used to demonstrate that in
the non-asymptotic regime, the maximal achievable rate improves dramatically thanks to
variable-length coding with feedback. Section 6.1 reviews the previous work, including Bur-
nashev’s derivation of the closed-form expression for the error-exponent. In Section 6.2
various notions of codes with feedback are defined formally and related to each other. A di-
gression regarding a natural generalization of the concept of channel for situations with feed-
back, a synchronized channel, is undertaken in Section 6.3. Before considering more complex
feedback systems, automatic repeat request (ARQ) system is considered in Section 6.4. In
the paradigm of fixed-blocklength coding feedback is useless even non-asymptotically — a
result shown in Section 6.5. Variable-length codes without feedback already exhibit a novel
symptom: the e-capacity becomes a function of e (Section 6.6). Next, in the main part
of this chapter, Section 6.7, the the variable-length codes with feedback are constructed
and shown to extremely improve upon the best possible fixed-blocklength ones. Further-
more, virtually all the advantages of noiseless feedback are shown to be achievable with
decision-feedback only. For example, for the binary symmetric channel with capacity 1/2
the blocklength required to achieve 90% of the capacity (with decision feedback) is smaller
than 200, compared to at least 3100 for the best fixed-blocklength code (even with noiseless
feedback).

For a practically motivated variation of the problem, coding with a termination sym-
bol, the zero-error communication scheme is constructed and evaluated numerically and
asymptotically in Section 6.8. Regarding the delay constraint, it is shown in Section 6.9
that restricting the excess of the delay results in feedback being almost useless; that is
non-feedback, fixed-blocklength codes achieve virtually the same performance. Finally, Sec-
tion 6.10 summarizes our main findings. The material in this chapter has been presented
in part in [100, 101].

182
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6.1 Previous work

For a given channel, the fundamental limit of traditional coding with fixed blocklength and
no feedback is given by the function M*(n,€). We have demonstrated in previous chapters
that for several channels the behavior of this function at fixed € and moderate n is tightly
characterized by the

log M*(n,€) = nC — vVnVQ 1(e) + O(logn) (6.1)

where C' is the channel capacity, V is the channel dispersion.

In the context of fixed blocklength communication, Shannon showed [31] that noiseless
feedback does not increase the capacity of memoryless channels but can increase the zero-
error capacity. For a class of symmetric DMCs, Dobrushin demonstrated [102] that the
sphere-packing bound holds even in the presence of noiseless feedback. Similarly, it will be
shown in Section 6.5 that for such channels the expansion (6.1) still holds with feedback as
long as blocklength is not allowed to depend on feedback.

Nevertheless, it is known that feedback can be very useful provided that we allow
variable-length codes. In his ground-breaking contribution, Burnashev [103] demonstrated
that the error exponent improves in this setting and admits a particularly simple expression:

E(R) = ﬁ(C —R), (6.2)

C

for all rates 0 < R < C, where C is the capacity of the channel and C; is the maximal
relative entropy between output distributions. Moreover, zero-error capacity may improve
from zero to the Shannon capacity (as in the case of the BEC) if variable-length is allowed.
Furthermore, since existing communication systems with feedback (such as ARQ) have
variable-length, in the analysis of fundamental limits for channels with feedback, it is much
more relevant and interesting to allow codes whose length is allowed to depend on the
channel behavior.

We mention a few extensions of Burnashev’s work [103,104] relevant to this chapter. Ya-
mamoto and Itoh proposed a simple and conceptually important two-phase coding scheme,
attaining the optimal error exponent [105]. Using the notion of Goppa’s [106] empiri-
cal mutual information (EMI) several authors have constructed universal coding schemes
attaining rates arbitrarily close to capacity with small probability of error [107,108], ex-
ponentially decaying probability of error [109] and even attaining the optimal Burnashev
exponent [110,111] simultaneously for a collection of channels. An extension to arbitrary
varying channels with full state information available at the decoder has been recently
proposed as well [112].

The error exponent analysis focused on fixed rate, rather than fixed probability of error
as in (6.1). Another aspect that was not previously addressed in the literature is the
following. In practice, control information, marking the beginning and the end of a packet,
is rarely handled by the physical layer code. This contrasts with Burnashev’s setting in
which control layer signaling is modeled on the same noisy channel as the physical layer
one. Moreover, as (6.2) shows the error exponent is, in fact, limited by the reliability
with which the termination information is conveyed to the receiver through the DMC. To
address this issue, we propose a simple modification of the (forward) channel model through
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the introduction of a “use-once” termination symbol whose transmission disables further
communication.

6.2 Channels and codes with feedback

In this chapter we consider a restricted (compared to Definition 1) class of channels. A
non-anticipatory channel consists of a pair of input and output alphabets A and B together
with a collection of conditional probability kernels {PYZ_ | X%Yf_l}fil. Such channel is called

(stationary) memoryless if

P

Yi|X{Y1i71 = P}/z‘X'L = PY1|X1 ) Vi Z 1 (63)

and if A and B are finite, it is known as a DMC.

Definition 14 An (¢, M, €) variable-length feedback (VLF) code, where € is a positive real,
M is a positive integer and 0 < e < 1, is defined by:

1. A space U with' |U| < 3 and a probability distribution Py on it, defining a random
variable U which is revealed to both transmitter and receiver before the start of trans-
mission; i.e. U acts as common randomness used to initialize the encoder and the
decoder before the start of transmission.

2. A sequence of encoders fn, : U x {1,...,M} x B"' — A, n > 1, defining channel
mputs
X = oUW, Y, (6.4)

where W € {1,..., M} is the equiprobable message.

3. A sequence of decoders gy, : U x B" — {1,..., M} providing the best estimate of W at
time n.

4. A mon-negative integer-valued random variable T, a stopping time of the filtration
Gn =0{U,Y1,...,Y,}, which satisfies

E[r] < ¢. (6.5)

The final decision W s computed at the time instant 7:
W =g-(UY7), (6.6)

and must satisfy

PW #W] < e. (6.7)
The fundamental limit of channel coding with feedback is given by the following quantity:

M3 (€, €) = max{M : 3({, M, €)-VLF code} . (6.8)

'The bound on the cardinality of U/ is to be justified shortly; see Theorem 97 below.
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Those codes that do not require the availability of U, i.e. the ones with [U| = 1,
are called deterministic codes. Although from a practical viewpoint there is hardly any
motivation to allow for non-deterministic codes, they simplify the analysis and expressions
just like randomized tests do in hypothesis testing. Also similar to the latter, the difference
in performance between the deterministic and non-deterministic codes is negligible for any
practically interesting M and /.

In a VLF code the decision about stopping transmission is taken solely upon observation
of channel outputs in a causal manner. This is the setup investigated by Burnashev [103].
Note that since 7 is computed at the decoder, it is not necessary to specify the values of
gn(Y™) for n # 7. In this way the decoder is a map ¢ : B> — {1,..., M} measurable with
respect to G,.

Definition 15 An (¢, M, €) variable-length feedback code with termination (VLFT), where
0 is a positive real, M is a positive integer and 0 < € < 1, is defined similarly to VLF codes
with an exception that condition 4) in the Definition 14 is replaced by

4’) A non-negative integer-valued random wvariable T, a stopping time of the filtration
Gn =o{W,U,Y1,...,Y,}, which satisfies

E[r] < . (6.9)

The fundamental limit of channel coding with feedback and termination is given by the
following quantity:

M (¢, e) = max{M : 3(¢, M,e)-VLFT code} . (6.10)

In a VLFT code, “termination” is used to indicate the fact that the practical realization
of such a coding scheme requires a method of sending a reliable end-of-packet signal by
means other than using the A — B channel (e.g., by cutting off a carrier). As we discussed
in the introduction, timing (including termination) is usually handled by a different layer
in the protocol. The following are examples of VLFT codes:

1. VLF codes are a special case in which the stopping time 7 is determined autonomously
by the decoder; due to availability of the feedback, 7 is also known to the encoder so
that transmission can be cut off at 7.

2. decision feedback codes are a special case of VLF codes where encoder functions

{fn}22 satisfy:
fn(UaVVaYn_l) = fu(UW). (6.11)

Such codes require very limited communication over feedback: only a single signal to

stop the transmission once the decoder is ready to decode.

3. variable-length codes (without feedback), or VL codes, defined in [16, Problem 2.1.25]
and [113], are VLFT codes required to satisfy two additional requirements: 7 is a
function of (W,U) and the encoder is not allowed to use feedback, i.e. (6.11) holds.
The fundamental limit and the e-capacity of variable-length codes are given by

M;(l,e) = max{M :3(¢,M,e)-VL code}, (6.12)
1
ICd = th Zlog M;(l,€). (6.13)
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4. An (n, M, e€) fized-blocklength feedback code is an (n, M, e) VLF code with 7 = n. The
fundamental limit of fixed-blocklength feedback codes is given by

My (n,e) = max{M : 3(n, M, e) fixed-length feedback code} . (6.14)

5. fixed-to-variable codes, or F'V codes, defined in [113] are also required to satisfy (6.11),
while the stopping time is?

T=inf{n >1:¢,(UY") =W}, (6.15)

and therefore, such codes are zero-error VLFT codes. Of course, not all zero-error
VLFT codes are FV codes, since in general condition (6.11) does not necessarily hold.

6. automatic repeat request (AR() are yet a more restricted class of deterministic FV
codes, where a single fixed-blocklength, non-feedback code is used repeatedly until
the decoder produces a correct estimate.

The next result shows that restriction on the cardinality of I/ in the Definitions 14 and 15
does not entail loss of generality.

Theorem 97 Consider an (¢,M,e) VLET code possibly violating the cardinality require-
ment |U| < 3. Then there exists an (¢, M,e) VLFT code with |U| < 3.

Proof: Denote by G}, the following subsets of R:

Gr 2{(¢,€): 3(¢', M, é)-code with | <k}, k=1,2,..., (6.16)

and A
Goo = {(l',¢) : 3(0', M, €' )-code} . (6.17)

Notice that G, is a convex hull of Gy since by taking a general code and conditioning on U
we obtain a deterministic code. By Caratheodory’s theorem we then know that G3 = G.
Since by assumption (¢,€) € G then (¢,€) € Gs. [
The main goal of this chapter is to analyze the behavior of log M7 (¢, €) and log M (¢, €)
and compare them with the behavior of the fundamental limit without feedback, log M*(n, €).
Regarding the behavior of log M7 (¢, €) Burnashev’s result (6.2) can be restated as

log M} (¢, exp{—E(}) = (C <1 - C’£1> +o(?), (6.18)

for any 0 < F < C;. Although (6.18) does not imply any statement about the expansion of
log M}"(& €) for a fixed ¢, it still demonstrates that in the regime of very small probability
of error, the parameter C7 emerges as an important quantity.

2As explained in [113], this model encompasses fountain codes in which the decoder can get a highly
reliable estimate of 7 autonomously without the need for a termination symbol.
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6.3 Synchronized channels

In the previous section we have defined the notion of feedback codes. For the sake of clarity,
however, we defined those only for a non-anticipatory channel. Although for the remainder
of this chapter only non-anticipatory channels are considered, for completeness we also
include a general treatment.

Notice that our definition of the channel, see Definition 1, is too general for studying the
questions involving the notions of time and causality. For this reason we have introduced
the concept of a non-anticipatory channel. This, however, can be done in a more abstract
way.

Consider a random transformation (A, B, Py|x) in the sense of Definition 1. We denote
o-algebras on A and B by F and G, resp. Recall that a transition probability kernel Py x
from (A, F) to (B, G) is required to satisfy two conditions:

1. for a fixed x € A, Pyx—x(*) is a probability measure on (B, §G), and

2. for a fixed E € G the function x — Py|x_x(F) is F-measurable.

Definition 16 A synchronized channel is a random transformation (A, B, Pyx) with filtra-
tions F, and Gn, on A and B, resp., and the requirement that Py x be a transition probability
kernel from (A, F,) to (B,G,) for each n > 0.

To draw a parallel with Section 6.2 and also for notational simplicity we may assume
that there have been pre-selected two sequences of functions on A and B, such that

Fn=0{X1,..., Xy}, and G, = o{Y1,...,Y,,}. (6.19)
Consider examples of synchronized channels:

1. Any “single-letter” channel (A, B, Py x) can be extended memorylessly to a synchro-
nized channel by the following construction. We take A = A* and X, as the usual
projections onto j-th coordinate; similarly we construct B = B° and Y;. The kernel
Py|x is defined as an extension of the following sequence of finite dimensional kernels:

Pyojxn—(ay,n) = | | Prix—s: - (6.20)
j=1

where the product is the product of measures on B. A synchronized channel obtained
in this way starting from finite spaces A and B is called discrete memoryless (i.e., a
DMC).

2. Any non-anticipatory channel is defined by “single-letter” spaces A, B and a collection
of conditional distributions Py; XiYyi1t it defines a synchronized channel by a natural

extension of the product construction discussed previously.
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3. Any non-anticipatory channel, in particular any DMC, can be extended to a channel
with termination symbol by the following construction:

o P, vivioi(bilaib™1) T,....,0; #T
P},f. Xiyi_l(bi|azlbz1_l) = Yilxiyy (bilaiby ™), o # “r (6.23)
G| XTYY 1{b; =T}, otherwise .

Notice that the so-extended channel is also non-anticipatory.

These examples demonstrate that definition of a synchronized channel generalizes the
concept of non-anticipatory channel by dropping the requirement that all X;’s and Yj’s
in (6.19) take values in the same spaces A and B, respectively. The next definition shows
how the concept of a VLF code generalizes to synchronized channels.

Definition 17 An (¢, M, ¢€) code variable-length code with feedback (VLF code) for a syn-
chronized channel (A, B, Py|x, Fn,Gn) is defined by:

1. A space U with [U| < 3 and a probability distribution Py on it, defining a random
variable U. On the space B x U we define a filtration

G = ol x Gy . (6.24)

2. an encoder mapping f :{1,..., M} xU x B — A satisfying causality constraint
S P CHM % Gy, (6.25)
where Hys is a o-algebra of all subsets of {1,...,M};
3. a stopping time T > 0 of the filtration G),, satisfying
E[r] <¢, (6.26)

4. a decoder mapping g : UxB — {1,..., M} measurable with respect to G.. and satisfying
Plg(U,Y) £ W] <e. (6.27)

To complete the definition we need to specify the probability space which is used for E and
P in (6.26) and (6.27). This space is taken to be

Q={1,...,. M} xU xAxB, (6.28)

with o-algebra Hjys x od x F x G. The projection Q@ — {1,..., M} is denoted by W; the
projection 2 — U is denoted U; projections X; and Y}, j = 1,..., 00 are defined according
to (6.19). The probability distribution on §2 is defined recursively:

1. the distribution of (W, U) is taken to be:

Pyy(w,u) = %PU(U) : (6.29)
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2. the measure on (W, U, X) is defined as a push-forward along f : Hys x ol — Fi;
3. the measure on (W, U, X1,Y7) is defined by applying the kernel Py, |x,;

4. once the measure on (W, U, X"~ 1 Y"~1) has been defined we again use push-forward
along f : Hy x ol x G,_1 — Fp, to extend the measure to (W, Y"1, X™) and then
we apply the kernel Pyn|xnyn-1 to extend to (W, X", Y").

5. the restriction of such measure to Hys x old x Fi, X G, k < n coincides with the
measure defined on k-th step; therefore, this sequence of measures (by Kolmogorov’s
theorem) extends to a measure on Hys X old X F X G.

Similarly, we can define a VLFT code for the synchronized channel. Notice that VLFT
code for the non-anticipatory channel can be equivalently viewed as a VLF code for a
different non-anticipatory channel (6.23).

6.4 Automatic repeat request (ARQ)

In this section we consider a simple zero-error VLFT code, known as ARQ), in which a packet
(protected by a forward error correcting code) is retransmitted until the receiver acknowl-
edges successful decoding (which the receiver determines using a variety of known highly
reliable hashing methods). Typically, the size k of the information packets is determined
by the particular application, and both the blocklength n and the block error probability e
are degrees of freedom. In this section we focus on the average data rate (error-free) that
ARQ is able to deliver to the destination. For a discussion focused more on energy efficiency
see [76].

Given an (n, 2%, ¢) block code, and assuming that decoding errors are independent for
different retransmissions, the average number of channel uses is given by

E[r] = . (6.30)

Therefore, to maximize the rate ﬁ we have to solve the following optimization problem:

T(k) = max S(l —€), (6.31)

where the maximization is over those (n,€) such that
logy M*(n,e) =k. (6.32)

As we have demonstrated in previous chapters, for many channels the normal approxima-
tion (2.23) is tight; therefore, equivalently we can maximize

T(k) = mﬁu{% [1 ) ("371;]“)} , (6.33)

where C and V' are the channel capacity and channel dispersion, respectively. For the BSC
with 6 = 0.11 we show the results of the optimization in (6.33) in Fig. 6.1, where the
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Figure 6.1: Optimal block error rate €¢*(k) maximizing average throughput under ARQ
feedback for the BSC with 6 = 0.11. Solid curve is obtained by using normal approximation,
dashed curve is an asymptotic formula (6.34).

optimal block error rate, ¢*(k) is shown, and Fig. 6.2, where the optimal coding rate n*L(k)
is shown. Table 6.1 shows the results of the optimization for the channel examples we have
used throughout the chapter. Of particular note is that for 1000 information bits, and a
capacity-1/2 BSC, the optimal block error rate is as high as 0.0167. Similar observations
regarding the optimal block error rate have also been made in [114].

The tight approximation to the optimal error probability as a function of k in Figure 6.1

is the function
kC . kC O\ Y2 1
k) = [ = In—— 1—— 34
é(k) <V nzﬂ/) ( 1n—2’jrcv> (6:34)

obtained by retaining only the dominant terms in the asymptotic solution as k — oo.

6.5 Fixed-blocklength codes with feedback

In the case of the BEC, the tightest converse bound, Theorem 43, has been proved in
Section 3.3 for fixed-blocklength codes already under assumption of availability of feedback.
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Figure 6.2: Optimal rate of a constituent block code, that maximizes the average throughput
under ARQ feedback for the BSC with § = 0.11. Solid curve is obtained using normal
approximation.

Therefore, the proof of the asymptotic expansion, Theorem 44, automatically applies to the
feedback case and we have:

Theorem 98 For the BEC we have
log M (n,€) = nC — VnVQ ! (e) +0O(1), (6.35)
where C' and V' are the capacity and the dispersion of the BEC.

Therefore, we see that in this case the feedback is unable to improve the penalty /n-
term. In fact, much more is true. The numerical comparison of the converse and achievabil-
ity bounds for the BEC, see Section 3.3.3, has demonstrated that the converse bound (which
holds even for feedback codes) can be approached extremely closely by the non-feedback
block codes. Namely, it was shown that non-feedback codes exist that achieve values of
logo, M within 2-3 bits of the converse bound for all blocklengths n = 10. Consequently, it
implies that the potential benefit of feedback is limited to enlarging logy M by those 2-3
bits at most.

The same conclusion holds for a wide class of weakly-input symmetric channels (includ-
ing the BSC), see Section 3.4.5 for relevant definitions.
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Table 6.1: Optimal block error rate for packet size k& = 1000 bits

‘ Channel ‘ Optimal €*(k) ‘ Optimal R/C ‘ Optimal throughput
BEC(0.5) 81-10° 0.95 0.94
BSC(0.11) 16.7-1073 0.91 0.90
AWGN, SNR = 0dB 15.5-1073 0.92 0.90
AWGN, SNR = 20dB 6.2-1073 0.96 0.95

Theorem 99 Consider a weakly input-symmetric DMC with capacity C and dispersion V.
Then My (n,€) satisfies the non-feedback bound (3.341):

IOg Ml;k (’I’L, 6) < - IOg ﬁl—ﬁ((PY\X:zo)nv (P;')n) ’ (636)

where Py and xo are as defined in Definition 9. Consequently, we have

1
log M (n,€) <nC —vVnVQ (e) + 3 logn+ O(1), (6.37)
if V.>0 and
log My (n,e) <nC —log(l —¢), (6.38)
ifV =0.

This result is not surprising, in view of the classical result of Dobrushin [102] that
for certain symmetric channels the sphere-packing bound on the error-exponent holds in
the presence of feedback (although, the class of weakly input symmetric channels is much
larger; see Section 3.4.5). To illuminate the non-asymptotic nature of the bound (6.36),
notice that for the BSC the f, in the right-hand side of (6.36) coincides with 57 in the
sphere-packing converse, Theorem 40. Therefore, according to the results of Section 3.2.3
the bound (6.36) is achievable to within a 3-4 bits by non-feedback block codes (for a wide
range of n). Therefore, for the BSC and such n, feedback codes can improve the value of
log M compared to the non-feedback ones by at most 3-4 bits (!).

Proof: Fix an (n, M, €) fixed-blocklength feedback code. Its encoder defines a transition
probability kernel Py« y, from the input space

Dy 2 {1,..., M) (6.39)

to the output space B". We can view then the triplet (D, B", Pynjy) as a random trans-
formation for which we have a usual (M, e€) code in the sense of Definition 2. For such a

code Theorem 29 shows !
M < (6.40)

= Bi—e(Pwyn, PwQyn)’
where Py is the equiprobable distribution on Dj; and Qy» is a product distribution

A hxn
Qyn = (Py)". (6.41)
Therefore, the proof of (6.36) will be complete if we can show

Bo(Pwyn, PwQyn) > Bo((Py|x=z,)", Qyn) (6.42)
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By Lemma 32 to show (6.42) it is enough to prove that for any j € {1,..., M} we have

Ba(Pynjw=j, Qyn) > Ba((Pyx=2,)" Qyn) - (6.43)
Fix arbitrary j € {1,..., M} and xy € A. The sequence of encoder functions fi,k =
1,...,n defines the measure Py« —; as follows:
n
Pynjw=;(y") = H Py x (il fu (G, ¥ 1)) (6.44)
k=1

Since the channel is weakly input-symmetric, to each x € A there exists a transformation
T, : B — B such that
Py x—z =T: 0 Py|x—z, (6.45)

where the composition is understood as in (2.2) (see also (3.332)). We will now define a
transformation Tj : B" — B" as follows

n
Ti(2"[y") = H T, () (2klyK) - (6.46)
k=1
Then according to this construction and (6.44), on the one hand we have

Tjo (PY\Xzzo)n = Pynjw=j, (6.47)

whereas on the other hand, since each T}, preserves Py, we also have

Tjo Qyn = (PP)". (6.48)
Then it follows that

Ba(Pyniw=j, Qyn) = BalTjo (Py|x=a)"Tj o Qyn) (6.49)

> Ba((Py|x=zo)"s Qvn), (6.50)

where (6.49) follows by (6.47) and (6.48), and (6.50) follows by data-processing form g,
(i.e. simultaneous application of 7 to both measures cannot improve the value of 3,). This
completes the proof of (6.36). Expansions (6.37) and (6.38) follow from (2.89) and (2.90),
respectively, after applying (3.339). |

6.6 Variable-length codes (without feedback)

The next result shows that under variable-length coding allowing a non-vanishing error
probability € boosts the e-capacity by a factor of ﬁ even in the absence of feedback:

Theorem 100 For any non-anticipatory channel with capacity C' that satisfies the strong
converse for fized-blocklength codes (without feedback), the e-capacity under variable-length
coding without feedback, cf. (6.13), is

[c]=- ce1). (6.51)
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In general, it is known [113, Theorem 16] that the VL capacity, [C] = lim._¢ [C¢], is equal
to the conventional fixed-blocklength capacity without feedback, C, for any non-anticipatory
channel (not necessarily satisfying the strong converse). On the other hand, the capacity
of F'V codes for state-dependent non-ergodic channels can be larger than C' [113].

Proof: Fix € < € and a large n. Then there exists a fixed-blocklength code without
feedback with blocklength n, probability of error ¢ and number of messages M satisfying:

log M > nC + o(n). (6.52)
Consider the following variable-length code (without feedback): with probability 11_—:/ en-

coder sends a codeword of length n, otherwise it sends nothing. It is easy to see that the
probability of decoding error is upper-bounded by € whereas the average transmission time
is equal to £ = %n, and therefore the average transmission rate is

a log M 1—¢

R >C 1). 6.53
> 0= o) (6.:53)
By taking the limit n — oo we obtain
1 _
[C]>Cc—=. (6.54)
1—c¢
Since € is arbitrary we can achieve any rate close to %

For the converse recall that a channel is said to satisfy strong converse if its fixed-
blocklength no feedback fundamental limit log M*(n, €) satisfies

log M*(n,e) =nC +o(n),n — oo, Vee (0,1). (6.55)

Now, consider an (¢, M,¢) variable-length code. Define the following quantities for each
n>0and u e U:

e(nu) = PW #£W|r=n,U=u], (6.56)

which satisfy, of course,
Ee(r,U)] <e. (6.57)

Fix w and notice that conditioned on U = u, 7 is a function of W, and therefore MP[r =
n|U = u] is an integer. Then the condition 7 = n defines an (n, MP[r = n|U = u],e(n,u))
fixed blocklength subcode. Therefore, we have for each n > 0:

Plr = n|U = u|M < M*(n,e(n,u)). (6.58)

We now fix arbitrary N > 0 and ¢’ > 0 and sum (6.58) for all n < N such that e(n,u) < €

N

MP[r < N,e(r,u) <€|U=u] < ZM*(n,e(n,u))l{e(n,u) <€}, (6.59)
nj;O

< ) M*(n,€), (6.60)
n=0

< NM*(N,€), (6.61)
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where (6.60) follows since by definition M*(n, €) is a non-decreasing function of €, and (6.61)
follows because for a non-anticipatory channel M*(n,€) is also a non-decreasing function of

n. By taking the expectation of (6.61) with respect to U we obtain
MP[r < N,e(r,U) < €] < NM*(N,¢).
On the other hand, by the Chebyshev inequality we have

Plr < N,e(r,U) <] > 1- = r] _Ele(r,0))

- N €
l €
> 1o -5
- N ¢
Finally, we choose € > € and take
+1
N = ——.
1—¢/€e
Now from (6.62), (6.64) and (6.65) we obtain
41 {41
logM < logM*| ——,¢ 2log ———
°8 = 08 <1—e/e”6>+ Ogl—e/e’
+1
- o o
Cl—e/e’+0()’

(6.62)

(6.63)

(6.64)

(6.65)

(6.66)

(6.67)

where (6.67) follows from strong converse (6.55). Dividing both sides of (6.67) by ¢ we have

proven that the rate of any (¢, M, €) variable-length code must satisfy:

log M C
< +
¢ T 1—¢/é o(1),

or in other words, for any € > ¢ we have

C
[C] < 1_76/6,

Taking ¢ — 1 completes the proof.

6.7 Variable-length codes with feedback

Our main result is the following:

Theorem 101 For an arbitrary DMC with capacity C we have for any 0 < e < 1

e
logM}k(E, 6) = : +O(10g£),
e

More precisely, we have

o o
— < ; <
. logl+0O(1) < log Mf(l,e) < 1

— +0(),

LC +log/t
1—c¢

IN

log M7 (¢, €) log M (¢ ¢€) < +0(1).

(6.68)

(6.69)

(6.70)

(6.71)

(6.72)

(6.73)
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A consequence of Theorem 101 is that for DMCs, feedback (even in the setup of VLFT
codes) does not increase the e-capacity, namely,

hm log M (4,e) = [C], (6.74)
(oo 0
where [C¢] is defined in (6.13) and given by Theorem 100.

However, while in the absence of feedback and within the paradigm of fixed-length
coding, the backoff from e-capacity (equal to capacity for DMCs) is governed by the ﬁ
term (6.1), variable-length coding with feedback completely eliminates that penalty. Thus,
the capacity is attainable at a much smaller (average) blocklength. Furthermore, the achiev-
ability (lower) bound in (6.72) is obtained via decision feedback codes that use feedback only
to let the encoder know that the decoder has made its final decision; namely, the encoder
maps f, satisfy (6.11). As (6.72) demonstrates, such a sparing use of feedback does not
lead to any significant loss in rate even non-asymptotically. Naturally, such a strategy is
eminently practical in many applications, unlike those strategies that require full, noiseless,
instantaneous feedback. In the particular case of the BSC, a lower bound (6.72) with a
weaker logn term has been claimed in [109].

The proof of Theorem 101 is an application of a general achievability bound:

Theorem 102 Fiz a real number v > 0, a channel {meiylifl}fil and an arbitrary pro-

cess X = (X1,Xo,..., Xy, ...) taking values in A. Define a probability space with finite-
dimensional distributions given by

Pynynsn(a”,b", ") = Pxn(a")Pgn(c H iy (aj|b?, 0’7, (6.75)

i.e. X and X are independent copies of the same process and Y is the output of the channel
when X s its input. For the joint distribution (6.75) define a sequence of information
density functions A" x B — R

dPyn xn (b))

i(a™; ") =1 6.76
Z(a Y ) Og dPYn(bn) Y ( )
and a pair of hitting times:

7 = inf{n>0:4(X";Y") >}, (6.77)
7 o= inf{n>0:i(X";Y") >~} (6.78)

Then for any M there exists an (¢, M,e) VLF code with
¢ < E[7] (6.79)
e < (M-1)P[T<7]. (6.80)

Furthermore, for any M there exists a deterministic (¢', M,e) VLF code with € satisfy-
ing (6.80) and
¢ < esssupE [7]X]. (6.81)
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Remarks:

1. Loosening the bound to (6.81) is advantageous, since for symmetric channels we have
E [7]X] = E[r] and thus the second part of Theorem 102 guarantees the existence of
a deterministic code without any sacrifice in performance.

2. Theorem 102 is a natural extension of the DT bound, Theorem 18, since (6.80) cor-
responds to the second term in (2.117), whereas the first term in (2.117) is missing
because the information density corresponding to the true message eventually crosses
any level v with probability one.

3. Interestingly, pairing a fixed stopping rule with a random-coding argument has been
already discovered from a different perspective: in the context of universal variable-
length codes [107-111], stopping rules based on a sequentially computed EMI were
shown to be optimal in several different asymptotic senses. Although invaluable for
universal coding, EMI-based decoders are hard to evaluate non-asymptotically and
their analysis relies on inherently asymptotic methods, such as type-counting, cf. [111].

Proof: To define a code we need to specify (U, fn, gn, 7). First we define a random
variable U as follows:

U 2 A% % x A (6.82)
M times

Py 2 Pyw x - x Pyec, (6.83)
M times

where Pxoe is the distribution of the process X. Note that even for |A| = 2, U will have the
cardinality of a continuum. However, in view of Theorem 97 this can always be reduced to
3.

The realization of U defines M infinite dimensional vectors C; € A*,j = 1,..., M.
Our encoder and decoder will depend on U implicitly through {C;}. The coding scheme
consists of a sequence of encoders f, that map a message j to an infinite sequence of inputs
C; € A* without any regard to feedback:

Jn(w) = (Cu)n (6.84)

where (C;),, is the n-th coordinate of the vector C;. Obviously, such encoder satisfies (6.11).
At time instant n the decoder computes M information densities:

Sim 29(C;(n); Y™y, j=1,...,M, (6.85)

where Cj(n) is the restriction of C; to the first n symbols. The decoder also defines M
stopping times:

7 Sinf{n >0: S, >7)}. (6.86)

*

The final decision is made by the decoder at the stopping time 7°:

*
T

1>

[ in 7. (6.87)
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Le. 7% is the moment of the first y-upcrossing among all ;. The output of the encoder is
g(Y™) =max{j: 7, = 7°}. (6.88)

We are left with the problem of choosing C;,j =1,... M.

This will be done by generating C; randomly, independently of each other and dis-
tributed according to a distribution Py on A.

We give an interpretation for our decoding scheme in the special case of a memoryless
channel with Pxe = Pg°, i.e. X} are independent and identically distributed with a
single-letter distribution Px. In this case, the decoder observes M random walks S; one
of which has a positive drift I(X;Y") (the true message) and (M — 1) have negative drifts
—D(Px Py||Pxy), a quantity known as lautum information L(X;Y"), see [115]. The goal of
the decoder, of course, is to detect the one with positive drift.

The average length of transmission satisfies:

. o .
E[r*] < M;E[lewzy] (6.89)
= En|W =1] (6.90)
= E[r], (6.91)

where (6.90) is by symmetry and (6.91) is by the definition of 7 in (6.77). Analogously, the
average probability of error satisfies

Plg(Y™ ) #W] < Plg(Y™)#1W =1] (6.92)
< Pl >75W =1] (6.93)
M
< Pl snlw=1 (6.94)
j=2
< (M-1D)P[r <7 |W = 1], (6.95)

where (6.92) is by (6.88), (6.94) is by the definition (6.87), and (6.95) is by a union
bound and symmetry. Finally, notice that conditioned on W = 1 the joint distribution
of (S1.n, S2.n, 71, T2) is exactly the same as that of (i(X™;Y™),i(X";Y"), 7,7) defined in the
formulation of the theorem and (6.77), thus we have proved (6.79) and (6.80).

To prove (6.81) simply notice that similarly to (6.91) we have almost surely:

E [7*|U] < esssupE [7]X], (6.96)

and thus the bound (6.81) is automatically satisfied for every realization U. On the other
hand, because of (6.95) there must exist a realization ug of U such that

Plg(Y™") # WU = ug] < (M-1)P[F <], (6.97)

which therefore defines a deterministic code with the sought-after performance (6.80) and (6.81).
|
The converse parts of Theorem 101 follow from the following result:
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Theorem 103 Consider an arbitrary DMC with capacity C. Then any (¢, M,e) VLF code
with 0 < e < 1 satisfies

log M < C“g%he(e) , (6.98)
whereas each (¢, M,e) VLFT code with 0 < e < 1 satisfies
1
Cl+h(e) + (0 + 1)k (m)
logM < . (6.99)
Cl+log(£ + 1)+ h(e) + loge (6.100)
- 1—¢ ’ ’

where h(z) = —xlogx — (1 — x)log(1 — x) is the binary entropy function.

Proof: The inequality (6.98) is contained essentially in Lemmas 1 and 2 of [103]. Thus
we focus on (6.99) only briefly mentioning how to obtain (6.98). First we give an informal
argument. According to the Fano inequality

(I—¢e)logM < I(W;Y7,7)+ h(e) (6.101)
— (WY 4 IOV 7Y T) + h(e) (6.102)
< I(W:Y7)+ H(r) + h(e) (6.103)
< I(W:YT)+((+1)h (ﬁ) +h(e) (6.104)
< Cl4(0+Dh (ﬁ) +h(e), (6.105)

where in (6.104) we have upper-bounded H(7) by solving a simple optimization problem
for an integer valued non-negative random variable 7:

1
H(r) = 1 — 1
e A= € 0e () (0109
and in (6.105) we used the result of Burnashev [103]:
I(W;YT) < CE[r] < CL. (6.107)

Clearly (6.105) is equivalent to (6.99). The case of VLF codes is even simpler since 7 is a
function of Y7 and thus I(W;Y7,7) = I(W;Y7).

Unfortunately, the random variables (Y7,7) and Y7 are not well-defined and thus a
different proof is required. Nevertheless, the main idea still pivots on the fact that because
of the restriction on expectation, 7 cannot convey more than O(log¥¢) bits of information
about the message.

Initially, we will assume that the code is deterministic and |U| = 1. Consider a triplet
(fn, gn,T) defining a given code. For a VLFT code, 7 is a stopping moment of the filtration
a{W, Yk}zozo. To get rid of dependence of 7 on W we introduce an extended channel
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Figure 6.3: Illustration of the channel extension in the proof of Theorem 103.

(A, B, Py ) as follows:

A AUA{T}, (6.108)
B = Bu{T}, (6.109)
Pyx(912) = {ii/x:(%) ii; (6.110)

In other words, the channel Py‘  has an additional input T' conveyed noiselessly to the
output. If Py x is a BSC with crossover probability ¢ then the extended channel has
transition diagram as represented on Fig. 6.3. We also assume that the original and extended
channels are defined on the same probability space where they are coupled in such a way
that whenever X = X we have Y =Y.

Next, we convert the given code (7, f,,, gn) to the code (7, Fs Jn) for the extended channel
as follows:

P ", — fn(m/’ffn—l)’ TZTL,
vyl — 6.111
Fuw ) {T7 o 6.111)
F = 741 :inf{n:f’n =T}, (6.112)
R WY, 7>,
) = 49 )1 T>n, (6.113)
g (Y77 7 <mn,

Note that by definition 7 > n can be decided by knowing W and Y™ ! only and hence
fn is indeed a function of (W, Y”_l); also notice that Y"1 € A""! whenever 7 > n, and
therefore the expression f,, (W, Y™ 1) is meaningful.

Since 7 is a stopping time of the filtration

Fo 2oV, (6.114)

the triplet (fn, Jn,T) forms an (¢4 1, M, €) VLF code for the extended channel (6.110). This
code satisfies an additional constraint: input symbol 7" is used only once and it terminates
the transmission. Now we prove that any such code must satisfy a certain upper bound on
its cardinality M. To do so, consider the space {1,..., M} X A and two measures on it:
Pyyo and Py X Py, where Py, ¢ is the joint distribution of random variables W and
Y > induced by the code ( fn, Jn, 7). Consider a measurable function

¢:{1,..., M} x A — {0,1} (6.115)
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defined as A

o=1Hg:(Y")=W}. (6.116)
Notice that under measure PWYOO we have

Pyryoo [p=1]>1—F¢, (6.117)

due to the requirement (6.7). On the other hand, since under Py x P, §; is independent

of W, we have

P x Poo6 = 1] = % (6.118)

Therefore by the data-processing inequality we must have
D( WYOOHPWP <) 2 d(1 —ellg) . (6.119)

where d(z||ly) = xlog § + (1 — ) log 1=£ is the binary relative entropy. After trivial manip-
ulations in (6.119) we “obtain

(1 —e)log M < I(W;Y™) + h(e). (6.120)

Although, (6.120) is just the Fano inequality, inclusion of the complete derivation illustrates
the similarity with the meta-converse approach in Theorem 28 (see also Section 2.7.3).
Another important observation is that for small ¢, the bound can be tightened by replacing
the step of data-processing (6.119) with an exact non-asymptotic solution of the Wald’s
sequential hypothesis testing problem.

We proceed to upper bound I(W; Y‘X’)?’ . To do so we define a sequence of random

variables: . .
Py w1 (Ve W, yE-T)

Z = log — , (6.121)
PYk|Yk_1 (Yk|Yk_1)
which are relevant to I(W; Y‘X’) because by simple telescoping we have
I(W;Y™) ZE 7] . (6.122)
For Z; we have the following property:
E[Zk| Fia] = I(W; Yi| Fiea) (6.123)

where I(-;-|F) denotes mutual information, conditioned on F (i.e. it is an F-measurable

random variable). Specifically, for discrete random variables A and B we have
P[A = a, B = b|F]

P[A = a|F|P[B = b|F]’

I(A;BIF) £ Y P[A = a, B = b|F]log
a,b

(6.124)

where summation is over the alphabets of A and B. Similarly we can define I(A; B|C, F)
and other information measures.

3Notice that Y formalizes the idea of viewing (Y7, 7) as a random variable.
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We define yet another process adapted to filtration F,,, cf. (6.114),

Vo 2 1{7 <n}. (6.125)

With this notation we have:

I(W; Y| Fior) = I(W;YiVil Fior) (6.126)
= I(W;Vi|Frer) + I(W; V3| Vi, Frr) (6.127)
< H(Vi|Fier) + I(W; Yi|Vi, Fio1) (6.128)
< H(VilFe1) + 1(Xp; Vil Vi, Fie1) (6.129)

where (6.126) follows because V; is a function of Y, (6.127) is the usual chain rule and
(6.129) is obtained by applying the data-processing lemma to the Markov relation W —
Xk — Yk — Vi, which holds almost surely when conditioned on F;_1. We now upper-bound
the second term in (6.129) as follows

I(Xp: Vil Vie, Fec1) < 0-P[Vi = 1|/Fp1] + P[Vi = 0| F_1]C, (6.130)

because when V,, = 1 we must have X E = f’k =T and the mutual information is zero, while
when Vi, = 0 we are computing the mutual information acquired on the PY\ 5 channel over
a distribution PXk\Vk £0 which has a zero mass on the symbol T, and thus

sup  I(X;Y)=C. (6.131)

Overall, from (6.123), (6.129) and (6.130) it follows:

E[Zy|Fr-1] < H(Vi|Fr—1) + P[Vi = 0|F_1]C'. (6.132)
Finally, we obtain
I(W;Y™) = > E[E[Z]|Fi1]] (6.133)
k=1
< i H(Vi|[Y* 1) + PV, = 0]C (6.134)
k=1
= f: HWV, Y1+ CE[r] (6.135)
k=1
< i H(V VY + CE 7] (6.136)
k=1
= H(V,Va,...) +CE[7] (6.137)
= H(#)+CE[r] (6.138)
= H(r)+CE[r] (6.139)
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where (6.133) follows from (6.122), (6.134) results from (6.132), (6.135) follows by taking
an expectation of the obvious identity

[e.9] [e.9]
D V=0 =) i >k} =71, (6.140)
k=1 k=1
and recalling that 7 — 1 = 7, (6.136) follows because V*~1 is a function of Y*~1, (6.137) is
obtained by the entropy chain rule, (6.139) follows since (Vi, Va,...,V,,...) is an invertible
function of 7, and finally (6.139) follows since 7 = 7 + 1.
Together (6.120), (6.139) and (6.106) prove (6.99) in the case of a deterministic code
with |U| = 1. For the case of |U| > 1 the above argument has shown that we have

(1 —P[W # W|U])log M < CE[r|U] + H(r|oU) + h(P[W # W|U]), as., (6.141)

where W = g-(Y7) is the output message estimate of the decoder. By taking the expectation
of both sides of (6.141) and applying the Jensen’s inequality to the binary entropy terms
we obtain

(1 —P[W # W|U])log M < CE[r] 4+ H(r|U) + h(e), (6.142)

and then (6.99) follows since by (6.106) we have
1

Notice that in the case of VLF codes, the first term in (6.135) disappears because Vj is

a function of Y#~! thus leading to the tighter bound (6.98). |

Proof of Theorem 101: The upper bounds in (6.70) and (6.71) follow from Theo-

rem 103. For the lower bound (6.70), suppose that for each ¢’ there exists an (E’, M, %)—VLF
code with

log M = Cl' —log V' — ag, (6.144)

where ag is some constant. To see that (6.144) implies the lower bound in (6.70) consider
the code which terminates without any channel uses, i.e. 7 = 0, with probability gf__ll
and uses the (E’ , M, %)—VLF code otherwise* . Such a code has probability of error e and

average length ¢ = 4'251_‘16 and, therefore, using (6.144) we have
log M*(¢,e) > Cl —logl — ag (6.145)
176

as required.

To prove (6.144), we apply Theorem 102 with the process {X,,}>°; chosen to be inde-
pendent and identically distributed (i.i.d.) with a marginal distribution Px — a capacity
achieving distribution. To analyze (6.80) it is convenient to define a pair of random walks

Sp

Sn

i(X" Y™, (6.147)
i(X™Y™). (6.148)

> e

4Note that due to availability of a decision feedback such a randomization can be realized on the decoder

side only, i.e. without requiring any common randomness, U. Thus if (¢', M, )-VLF code exists with

|U| =1 then the overall coding scheme constructed to achieve (6.70) also has |U| = 1.
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First notice that for any (measurable) function f we have

E[f(X™Y™)] =E[f(X",Y")exp{—S5,}], (6.149)
because S, = log %. Therefore, we have
Pr<7] < P[Ff<x] (6.150)
E [exp{—S:}1{S; > 11} (6.151)
< exp{n}, (6.152)

where (6.150) is because 7 < oo almost surely, and (6.152) is by the definition of 7 in (6.77).
Since the sequence S, —nI(X;Y) = S, —nC is a martingale we obtain from Wald’s identity

CE[r] = EI[S,] (6.153)
< y+4ao, (6.154)

where ag is an upper-bound on S;. The existence of an (E’ , M, %)-VLF code with M
satisfying (6.144) now follows by taking v = C¢' — ag and using (6.154) and (6.152) in (6.79)
and (6.80), respectively. [ |
We note in passing that while the codes with encoders utilizing full noiseless feedback
can achieve the Burnashev exponent (6.2), it was noted in [109, 111] that the lower error

exponent
Ei(R)=C-—R (6.155)

is achievable at all rates R < C' with decision feedback codes (6.11). Indeed, this property
easily follows from (6.152) and (6.154).

A numerical comparison of the upper and lower bounds for the BSC with crossover
probability § = 0.11 and € = 1073 is given in Fig. 6.4, where the upper bound is (6.98)
and the lower bound is Theorem 102 (evaluated with various v depending on the average
blocklength). Note that for BSC(d) the i(X™;Y™) becomes a random walk taking steps
log 20 and log(2 — 2§) with probabilities § and 1 — 4, i.e.,

5 n
. n.yn) __ o
i(X"Y™) = nlog(2 — 20) + log — > Z, (6.156)
k=1
where Zj; are independent Bernoulli P[Z, = 1] = 1 —P[Z; = 0] = é. The evaluation
of (6.80) is simplified by using (6.149) to get rid of the process i(X";Y™), which in this
case is independent of (X", Y"):

e < (M—DE[f(r)], (6.157)

where
f(n) 2E[L{r < n}exp{~i(XT;Y7)}]. (6.158)

The dashed line in Fig. 6.4 is the approximate fundamental limit for fixed blocklength
codes without feedback given by the equation (6.1) with O(logn) substituted by %log n;
see Theorem 41.
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Figure 6.4: Comparison of upper and lower bounds for the BSC(0.11) with variable-length

and feedback; probability of error e = 1073.

Theorem 104 For a BEC(0) and € € [0,1) we have
o

— €

10g2 M}k(& 6) = 1 +O(1)7

where C' =1 — 0 bit. More precisely,

o N
\‘1—_€J §10g2Mf(€,6) < 1=

o h(e)

(6.159)

(6.160)

Proof: The upper bound in Theorem 101 holds even for ¢ = 0, so we need only to prove
a lower bound. First, we assume ¢ = 0 and take arbitrary k. Consider the strategy that
simply retransmits each of k£ bits until it gets through the channel unerased. More formally,

we define a stopping time as

7o = inf{n > 1: there are k unerased symbols in Y7,...Y,,}.

It is easy to see that

k
]E[TQ]:m.

(6.161)

(6.162)
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Hence for any ¢ we have shown
logy M7 (¢,0) > [£C] . (6.163)

For ¢ > 0 we make use of the randomization to construct a transmission scheme that
stops at time 0 with probability ¢ and otherwise proceeds as above. We define a stopping
time

Te = Tol{U > €}, (6.164)

where U is uniform on [0, 1] and measurable with respect to Gy. It is clear that using such
a strategy we obtain a probability of error upper-bounded by e and

Elr] = 1—2(1 —€). (6.165)

Hence we are able to achieve

(6.166)

1—c¢

log, M} (¢, €) > { e J .

[ |
The result of Theorem 104 suggests that to improve the expansion (6.70) to the order
O(1), it is likely that we need to go beyond encoders satisfying (6.11).

6.8 Zero-error communication

The general achievability bound, Theorem 102, applies only to € > 0. What can be said
about € = 07

6.8.1 Without a termination symbol (VLF codes)
Recall that C; in (6.2) is defined as

C1 = max D(Py|x=a ||Py|x=a,) - (6.167)

ay,a2€A
Burnashev [103] showed that if C} = oo, then as ¢ — oo we have for some a > 0
log M7 (£,0) > Ol — ar/Llog { + O(log?) . (6.168)

For this reason, for such channels zero-error VLF capacity is equal to the conventional ca-
pacity. However, the penalty bound /¢ log ¢ is rather loose, as the following result demon-
strates.

Theorem 105 For a BEC(§) with capacity C =1 — ¢ bit we have
logy M7 (¢,0) = £C' + O(1) . (6.169)

Proof: Theorem 104 applied with € = 0. |
Regarding any channel with C7 < oo (e.g. the BSC), the following negative result holds:
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Theorem 106 For any DMC with C1 < oo we have
log M7 (¢,0) = 0 (6.170)
for all £ > 0.

Proof: We show that when Cy < oo no (¢,2,0) VLF code exists. Indeed, assume that
(U, fn,gn,7) is such a code. For zero-error codes, randomization does not help and hence,
without loss of generality we assume || = 1. Then, conditioning on W =1 and W = 2
gives two measures P, and P, on B, which are mutually singular when considered on the

o-algebra G,, where G, = o{Y7,...,Y,,} is a filtration on B, with respect to which 7 is a
stopping time. Define a process, adapted to the same filtration:
dP,
R, =log —| | (6.171)
where g—% G denotes the Radon-Nikodym derivative between P; and P, considered as

measures on the space B with o-algebra G,,. Then, by memorylessness we have

Pyix (Yol fn(1, Y1)

R, — R, 1 =log PY\X(Yn|fn(27Yn_l)) . (6.172)
From (6.172) and C; < oo it follows that there exists a constant a; > 0 such that
R, —R,—1> —ay, (6.173)
and, consequently,
R, > —nay . (6.174)

On the other hand, taking the conditional expectation of (6.172) with respect to P; we
obtain from the definition of C in (6.167):

E[Ry|Gn-1] < Ry—1 + C < 00, (6.175)

where here and in the remainder of this proof the expectation E is taken with respect to
measure P;. Thus (6.175) implies that under P; the process R,, —nC is a supermartingale.
By Doob’s stopping theorem for any integer k£ > 0 we have then

E [Rmin{f,k}] < CiE [min{T, k}] <CiE [7_] < 0. (6176)
At the same time from (6.174) we have
Riingr iy = —a1 min{7, k} > —a;7, (6.177)

and since E [7] < oo we can apply Fatou’s lemma to (6.176) to obtain

E [R;] = E [lim inf Rypinr ] < CLE[r] < 00 (6.178)
On the other hand,
D(Pilg, || P2lg,) =E[R-] < o0, (6.179)

thus implying that P, and P, cannot be mutually singular on G, — a contradiction. |
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6.8.2 With a termination symbol (VLFT codes)

The shortcoming of VLF coding found in Theorem 106 is overcome in the paradigm of
VLFT coding. Our main tool is the following achievability bound.

Theorem 107 Fiz an arbitrary channel {PYHX{-YF};’; and a process X = (X1, Xo, ..., X, ...)
with values in A. Then for every positive integer M there exists an (¢,M,0) VLFT code
with

(< ZE [min {1, (M —-1)Pi(X"; V™) < i(X™; V™) X"Y"]}], (6.180)
n=0
where X™, X", Y™ and i(-;-) are defined in (6.75) and (6.76). Moreover, this is an FV

code which is deterministic and uses feedback only to compute the stopping time, i.e. (6.11)
holds.

Proof: To construct a deterministic code we need to define a triplet (fy,, gn, 7). Consider
a collection of M infinite A-strings {Cy,...,Cps}. The sequence of the encoder functions
is defined as

Jn(w) = (Cuw)n (6.181)

where (Cj),, is the n-th coordinate of the vector C;. Recall that in the paradigm of VLFT
codes it is allowable for the stopping rule 7 to depend on the true message W, so we may
define

7 =1inf{n > 0:i(Cw(n);Y") > um#a%i(cu(n); Y™}, (6.182)
where as before Cj(n) € A" is a restriction of C; to the first n coordinates. Defini-
tion (6.182) means that if the true message is j then the transmitter stops at the first time
instant n when i(C;(n); Y") is strictly larger than any other i(C,(n);Y"™),u # j). Finally,
the sequence of decoder functions is defined as

on(y™) = {k i) # k3 i(Celn)iy®) > (G (n)sy") (6.189)

1, otherwise.

Upon receiving a stop signal, the decoder outputs the index of the unique message corre-
sponding to the maximal information density, thus we have

g:(YT) =W, (6.184)

and the constructed code is indeed a zero-error VLF'T code for any selection of M strings
Cj,j=1,...,M. We need to provide an estimate only of the expected length of commu-
nication E [7].

The result is proved by applying a random coding argument with each C; generated
independently with probability distribution Px~, corresponding to the fixed input process

X. Averaging over all realizations of {Cj,j =1,..., M} we obtain the following estimate:
Plr >n] = Plr>n|W=1] (6.185)

M
< P [|JLi(Ci(n); V™) <i(Ci(n); Y)W =11, (6.186)
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where (6.185) follows from symmetry and (6.186) simply states that if 7 > n and W =1
then at least one information density should not be smaller than i(Cy(n);Y"™). We can
proceed from (6.186) as in the RCU bound, Theorem 17:

Plr > n] <E[min {1, (M-1)P[E(X™Y™") <i(X™; Y™)|X"Y"}], (6.187)
where we have additionally noted that conditioned on W = 1 the joint distribution of

(Ci(n),C;(n),Y™) coincides with that of (X", X", Y™) for every j # 1. Summing (6.187)
over all n from 0 to co we obtain

= iP[T > n] < E[min {1, (M-1)Pl(X"™Y") <i(X™Y™)|X"Y"]}].  (6.188)
n=0

Thus, there must exist a realization of {C;,j =1,..., M} achieving (6.180). [ |
Theorem 108 For an arbitrary DMC we have

log M{(¢,0) = ¢C + O(log?) . (6.189)
More specifically we have

log M (£,0)
log M (¢,0)

(C +1logl+O(1), (6.190)

<
> (C+0(1). (6.191)
Furthermore, the encoder achieving (6.191) uses feedback to calculate the stopping time only,
i.e. it is an F'V code.

Proof: The upper bound (6.190) follows from (6.100). To prove a lower bound, we will
apply Theorem 107 with the process X selected as i.i.d. with a capacity-achieving marginal
distribution. We first weaken the bound (6.180) to a form that is easier to analyze:

mm{1 (M—=1)P[I(X™;Y"™) <i(X™ ")|X”Y"]}] (6.192)
< E[min {1, MP| (X" Y™ <i(X™Y™)|X"Y ™} (6.193)
= E[min {1, MP[(X™Y") <i(X™Y™)|X"Y"]} 1{i(X™;Y") < log M}]

+ E [min {1, MP[i(X"; Y") < (X”,Y”)\X”Y" PL{E(X™;Y™) > log M(6.194)
< Pl(X™Y™) < log M] + MP[i(X™Y™) > log M] (6.195)
= E [exp {-[i(X";Y") —log M]|"}], (6.196)

where (6.195) is obtained from (6.194) by upper-bounding min by 1 in the first term and
by MP[i(X™;Y"™) > log M] in the second term, and (6.196) is an application of (6.149).

In view of (6.196), Theorem 107 guarantees the existence of an (¢, M,0) VLFT code
with?

(<E Zexp{ i(X™Y"™) —log M|t} . (6.197)

5i(X%;Y%) = 0 by convention.
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We now define the filtration F as
Fon=0c{X", X" Y"}, n=01,... (6.198)

Notice that i(X";Y") is a random walk adapted to F with bounded jumps and positive
drift equal to the capacity C"
E[(X™Y™)] =nC, (6.199)

whereas the process i(X™;Y™) is also a random walk with bounded jumps, but with a
negative drift equal to the lautum information [115]:

E[i{(X™Y™)] = —nD(PxPy||Pxy) = —nL(X;Y). (6.200)
Define a stopping time of the filtration F as follows:
T=inf{n >0:4(X™";Y") >logM}. (6.201)

With this definition we have

Zexp{ i(X™Y™) —log M]T}

T—i-zexp{ (X yEHT) - logM]+}] .

(6.202)
Because i(X7;Y7") > log M we have

[((XFFT YR —log MY = [((XFTT YR —i(XT YT 4+ (X7 YT) — log MPBR203)
> [I(XMT YR (X7 YT T (6.204)

Application of (6.204) gives

Zexp{ [i(XFFT Y RET) —log M) }] <E [Zexp{ [i( XFFT, Y kT —i(XT;YT)]+}] .

(6.205)
By the strong Markov property of the random walk, conditioned on F, the distribution of
the process i(X*7; Y*+7) —i(X7;Y7) is the same as that of the process i(X";Y*). Thus,
(6.202) and (6.205) imply

Zexp{ i(X"Y™) logM]+}]§E |+E

Zexp{ (X" YR }] . (6.206)

To estimate the second term, notice that for some constants ay,as > 0 we have

E [exp {—[z’(Xk;Yk)]JFH (6.207)
— PH(XEYR) <0 +E [exp {—z’(Xk; Yk)} 1{i(X*; vF > o}] (6.208)
= Pl(X"YF) <0] +Pli(X*;YF) > 0] (6.209)
< apexp{—ark}, (6.210)
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where (6.209) is an application of (6.149), and (6.210) follows from Chernoff bound since
both i(X*; Y*) and i(X*; Y*) are sums of k i.i.d. random variables with positive expectation
C and negative expectation L(X;Y), respectively. Summing (6.210) over all non-negative
integers k& we obtain that for some constant as > 0 we have

E

Y exp {—[z’(Xk; Y’f)]+}] <aj. (6.211)
k=0

Finally, by the boundedness of jumps of i(X"™;Y"™) there is a constant a4 > 0 such that
W(XTYT) —logM < ay. (6.212)

Since i(X™; Y")—nC is a martingale with bounded increments we have from Doob’s stopping
theorem:
E[l(X";YT)] =CE|[r], (6.213)

but on the other hand from (6.212) we have
E[(XT;Y")] <log M + a4 (6.214)

and thus log M
E[r] < 22

+ay. (6.215)

Together (6.215), (6.211) imply via (6.206) and (6.197) the required lower bound (6.191).

|

Theorem 108 suggests that VLFT codes may achieve capacity even at very short block-

lengths. To illustrate this numerically we first notice that Theorem 107 particularized to

the BSC with i.i.d. input process X and an equiprobable marginal distribution yields the
following result:®

Corollary 109 For the BSC with crossover probability  and for every positive integer M
there exists an (¢, M,0) VLFT code satisfying

(< gzn: (?) 5t(1 — 8)"* min {1, M ; <Z> 2—"} . (6.216)

t=0

A comparison of (6.216) and the upper bound (6.100) is given in Fig. 6.5. We see that
despite the requirement of zero probability of error, VLFT codes attain the capacity of
the BSC at blocklengths as short as 30. As in Theorem 104 the convergence to capacity
is very fast. Additionally, we have depicted the (approximate) performance of the best
non-feedback code paired with the simple ARQ strategy, see Section 6.4. The comparison
on Fig. 6.5 suggests that even having access to the best possible block codes the ARQ is
considerably suboptimal. It is interesting to note in this regard, that a Yamamoto-Itoh [105]
strategy also pairs the best block code with a noisy version of ARQ (therefore, it is a VLF
achievability bound). Consequently, we expect a similar gap in performance.

5This expression is to be compared with the (almost) optimal non-feedback achievability bound for the
BSC, see (3.10).
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Figure 6.5: Zero-error communication over the BSC(0.11) with a termination symbol. The
lower bound is (6.216); the upper-bound is (6.100).

Another property of VLFT codes is that the maximal achievable rate for very small
blocklengths may be noticeably above capacity. This can be seen as an artifact of the model
which provides for an error-free termination symbol. Ordinarily, the overhead required in
a higher layer to provide much higher reliability than the individual physical-layer symbols
would not make short blocklengths attractive.

This point is best demonstrated by computing the following specialized achievability
bound for the BEC, which improves the general Theorem 107 in this particular case.

Theorem 110 For the BEC with erasure probability § and any positive integer M there
exists an (u(M), M,0) VLET code, where function u : Zy — Ry is the solution to

wr) = oo My
" _ ML M—-1 M—-1 M—-1 M—-1
e |5 (1557 ) 5] (5))
+4- %(M — Du(M - 1), (6.217)

initialized by p(1) = 0.
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Proof: 1f we need to transmit only one message, M = 1, then we can simply set 7 = 0.
Therefore, we have
w(l)=0. (6.218)

If we need to transmit an arbitrary M > 1 number of messages than we do the following.
First, all M messages are split into three groups. The first group consists of a single message
and the remaining M — 1 messages are split according to

M-—1= {Mz_lw + {M;w . (6.219)

Second, if W is equal to the special message, then the encoder terminates the communication
by setting 7 = 0. If W belongs to one of {%] messages the the encoder sets f; = 0,
and f; = 1, otherwise. Third, upon passing through the channel one of the possibilities
can happen: the digit was erased or was delivered correctly. In the case of correct delivery
we reiterate the algorithm with either M’ = [%] or M' = LM2_ lJ, depending on the
group W belonged to. In the case of erasure we reiterate with M’ = M — 1 since the
special message was ruled out. A careful analysis of the probabilities of each case yields the
recursion (6.217). [ |
The first few values of the pu-function are

w(l) = 0, (6.220)
w2) = 1/2, (6.221)
u(3) = %(2+5), (6.222)
p(d) = 1+i(5+52). (6.223)

Numerical comparison of the achievability bound” of Theorem 110 against the converse
bound (6.100) is given on Fig. 6.6 for the case of § = 0.5. We notice that indeed for small ¢
(and, equivalently, M) the availability of the termination symbol allows the rate to exceed
the capacity slightly. Also, the horizontal capacity line coincides with the “traditional”
achievability bound for the BEC, as given by Theorem 104 with ¢ = 0, which does not
take advantage of the additional degree of freedom enabled in the VLFT paradigm (i.e., a
termination symbol).

6.9 Excess delay constraints

Quantifying the notion of delay for variable-length coding with feedback has proven to be
notoriously hard, see, for example, [116] for a related discussion. While for fixed-blocklength

"Since it is not possible to compute u(Qsoo) directly, the following idea was used. Fix some kinq2 and
compute £(27) for all k < kmas via (6.217). For k > kmae we can use a strategy of simply retransmitting
each of the first k — ka2 bits until it is delivered unerased, and then use the recursive strategy to transmit
the remaining ky,q. bits. This gives the bound

k - kmaz
p(h) < SR (2’“"1”) . (6.224)
AS kmaz increases, the upper bound improves. Experimentation shows that there is no visible improvement
once kmaz 2, 10.
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Figure 6.6: Zero-error communication over the BEC(0.5) with a termination symbol.

codes delay is naturally associated with the blocklength, in the variable-length setup, how-
ever, the usage of average blocklength E[7] as a proxy for delay is not appropriate in
real-time applications with hard delay constraints. On the contrary, the definition of rate

as % is very natural, since by the law of large numbers the ratio of bits to channel uses

will approach % for a repeated usage of the same code.

An advantage of feedback is the ability to terminate transmission early on favorable
noise realizations thereby reducing average blocklength. However, it remains to be seen
whether under a constraint on the probability of excess delay, variable-length coding offers
any advantage. Our testbed will be the BEC, as the channel for which feedback achievability
strategies are understood best.

The first formulation is to consider an arbitrary VLF code and define the error event
differently from (6.7). Namely, fix a delay d and define the probability of error as

e=P{W #W}U{r>d}. (6.225)

The question is then: what is the maximum M compatible with a chosen d and €? The
answer is obvious: since in such formulation the encoder has no incentive to terminate
before the delay d, we might as well fix blocklength to be d and force the decoder to take
the decision at time d. This, however, is no different from fixed-blocklength coding with
feedback, which we have considered in Section 6.5. In particular, we have demonstrated
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that for the BEC (and the BSC, and many other symmetric channels) the feedback does
not affect the \/n term in the expansion (6.1).
The second formulation applies to zero-error VLFT codes for which we define e-delay as

D. =min{n : P[r >n] <e}, e€]0,1]. (6.226)

Thus a zero-error VLF'T code with D, < d is a code which is guaranteed to deliver the
data error-free, and does so in less than d channel uses in all except e-portion of the cases.
The question arises: for a fixed €, what is the maximum M compatible with a given e-delay
requirement d:

M’ (d,€) = max{M : Fzero-error VLFT code with D, < d}? (6.227)

The obvious achievability bound is to simply pair a fixed-blocklength non-feedback (n, M, €)
with n = d code with an ARQ retransmission strategy to achieve zero error. We have thus

M} (d,e) > M*(d,e) = dC —VdVQ ' (¢) + O(log d), (6.228)

where M*(d,€) denotes the performance of the best non-feedback, fixed-blocklength code
and is thus given by (6.1).

Can we improve the crucial v/d-penalty term in (6.228)? The answer is negative, at
least for the BEC:

Theorem 111 For the BEC, we have
log M} (d, ) < dC — vVdVQ () +logd + O(1), (6.229)
where C' and V' are the capacity and the dispersion of the BEC.

Proof: Let E; be the i.i.d. process corresponding to erasures: P[E; = 0] =1 —-P[E; =
1] = 4, where ¢ is the erasure probability of the BEC. Then the total number of unerased
symbols by time n is given by

n
N, =) Ej. (6.230)
j=1

Following the steps of the proof of the converse theorem for the BEC, Theorem 43, we can
see that by time n the total number of messages distinguishable at the receiver is upper-
bounded by Z?:o 2Ni (summation corresponds to the fact that a VLFT code has the
freedom of sending a termination symbol at any time). Therefore, since the code achieves
zero-error we have

1 n
Plr <n] < —E |min Zosz,M : (6.231)
]:

Since V; is a monotonically non-decreasing it follows that

n Nn
> 2N < Y 2h 4 (n— N2 (6.232)
j=0 t=0
< 2M(n4+2-N,) (6.233)
< (n+2)2M. (6.234)
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Although the bound (6.233) is useful for numerical evaluation, the bound (6.234) is more
convenient for the analysis. Indeed, we have from (6.231) and (6.234):

Plr<n] < %E [min {(n +2)2"" M} ] (6.235)
”;221@ [min{2Nn , n]\f2H . (6.236)

Recall now that for the non-feedback case, Theorem 43 can be restated as
1 ) N
l—e<-E [min {2"" | M}] . (6.237)

The analysis of the bound (6.237) in the proof of Theorem 44 (asymptotic expansion for
the BEC), has shown that (6.237) implies

log M < nC —VnVQ () + 0(1), (6.238)

as n — oo, where C' and V are the capacity and the dispersion of the BEC. Compar-
ing (6.237) and (6.236) we see that M is replaced by #rz Therefore, the same argument
as the one leading from (6.237) to (6.238) when applied to (6.236) must give

log M < nC — VnVQ () +1log(n+2) + O(1), (6.239)

which implies (6.229). [ |

6.10 Discussion of the results

We have demonstrated that by allowing variable length, even a modicum of feedback is
enough to considerably speed up convergence to capacity. For illustration purposes we can
see in Fig. 6.4 that we have constructed a decision feedback code, that achieves, for example,
90% of the capacity of the BSC with crossover probability § = 0.11 and probability of error
e = 1073 at blocklength 200; see Fig. 6.4. In contrast, to obtain the same performance with
fixed-blocklength codes requires a blocklength of at least 3100 even if full noiseless feedback
is available at the transmitter. This practical benefit of VLF codes opens the possibility of
utilizing the full capacity of the link without the complexity required to implement coding
of very long data packets.

A major ingredient of the achievability bounds in this chapter is the idea of terminating
early on favorable noise realizations. Although, we have applied this idea to the codes
with codewords with unbounded durations, it is clear that without any significant effect on
probability of error we could also assume that the transmission forcibly terminates after a
time which is a few times the average blocklength ¢. Consequently, it can be shown that
any point on the achievability curve of Fig. 6.4 can be realized by pairing some linear block
code with the stopping rule (6.87). In other words, even traditional fixed-blocklength linear
codes can be decoded with significantly less (average) delay if used in the variable-length
setting. It is important, thus, to investigate whether traditionally good codes (such as
LDPC codes) are also competitive in this setting.
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Theoretically, the benefit of feedback is manifested by the absence of the v/ term in the
expansions (6.70) and (6.71), whereas this term is crucial to determine the non-asymptotic
performance without feedback. Equivalently, we have demonstrated that for variable-length
codes with feedback the channel dispersion is zero. To intuitively explain this phenomenon,
we note that without feedback the main effect governing the \/n behavior was the stochastic
variation of information density around its mean, which is tightly characterized by the
central limit theorem. In the variable-length setup with feedback the main idea is that of
Wald-like stopping once the information density of some message is large enough. Therefore,
there is virtually no stochastic variation (besides a negligible overshoot) and this explains
the absence of any references to the central limit theorem.

We have also analyzed a modification of the coding problem by introducing a termination
symbol (VLFT codes), which is practically motivated in many situations in which control
signals are sent over a highly reliable upper layer. We have shown that in this setup, in
addition to the absence of v/¢ term, the principal new effect is that the zero-error capacity
increases to the full Shannon capacity of the channel. Although availability of a “use-once”
termination symbol is immaterial asymptotically, the transient behavior is significantly
improved. Analytically, this effect is predicted by the absence of not only the /¢ term
but also of the log¢ term in the achievability bound (6.191). Furthermore, our codes
with termination have a particularly convenient structure: the encoder uses the feedback
link only to choose the time when to stop the transmission (by sending the termination
symbol), and otherwise simply sends a fixed message-dependent codeword. The codes with
such structure have been called fixed-to-variable (FV), or fountain, codes in [113]. Thus, in
short, we have demonstrated that fountain codes can achieve 90% of the capacity of the BSC
with crossover probability 4 = 0.11 at average blocklength < 20 and with zero probability
of error. Practically, of course, “zero-error” should be understood as the reliability being
essentially the probability with which the termination symbol is correctly detected.

Finally, we have discussed some questions regarding communication of real-time data.
We have demonstrated that constraints on the excess delay nullify the advantage of feedback
(and variable-length), i.e. the improvement in performance of the best feedback code can
be marginal at best compared to non-feedback, fixed-blocklength codes. This, of course,
contrasts sharply with the results regarding the average length.



Appendix A

Asymptotic behavior of 3

This appendix provides proofs of Lemmas 14 and 15.
Proof of Lemma 14: We will simply apply the Berry-Esseen Theorem 13 twice. We
start from the lower bound. Applying (2.67) we get

1 dP
5a2—<a—P[log—Zlog n]) Al
Tn dQ 7 ( )
for v, > 0. Now set
an:a—Bn+A. (A.2)
Vn

This quantity is positive by requirement that the argument of @' in (2.87) be positive.
Therefore, choose

l0g v = nDp + 0V, Q™ anm) . (A.3)

Then since log % is a sum of independent random variables, Berry-Esseen Theorem 13
applies and

dP B
Pllog— >1 nl —an| < =2 A4
‘ [ong_ogv] on| S 5 (A.4)
Consequently,
dP A
P |log— >1 nl <a— —. A.
[ong_ogv}_a NG (A.5)

Substituting this bound into (A.1) we obtain (2.87).
From Neyman-Pearson lemma and by the monotonicity of 3, cf. derivation of (2.68),
we have

dP
< —_— > .
Ba<Q [log a0 > log%] , (A.6)
whenever ~,, satisfies
Pl ar > 1 > (A.7)
og a0 > 0gYn| > . .
Again, set
ap =a+ Bn (A.8)
" vn' '
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This o, < 1 by the requirement that the argument of Q! in (2.88) be below 1. Also choose

log v, = nD +VnVQ (ay).

From the Berry-Esseen bound, we have

dP
‘P [log a0 > logvn] —ap

=5
= /m
Consequently,

P
P [logj—Q > log’yn] >«

Thus, this choice of v, indeed satisfies (A.7).
Finally, (2.88) follows from (A.6):

Ba

IN

dP
- >
Q [log a0 = log ’yn]

. N — >
E P |:eXp { log } 1 {log ].Og ’}/n}:|

- 1 <210g2+4B>i
= Vi \V21V, ") vn

where (A.14) is by Lemma 20.
Proof of Lemma 15: Just as in the above argument, we start by writing

Ba > 1 (a—P[log% Zlog%]) :

Tn
We notice that
dp 2
log — — nD,, .
<°g Q" )]

dP
nD, =Ep [log@] , nV,=Ep

Thus, if we set

nv,
log v, = nD, + n ,
(0]
then
dP dP onvV,
P |log =— >log~,| = P |log =— — nD,, >
[ong_og’y} ong n 5
dP 2 oy, a
<P|(log=— —nD, | > <2,
= <°ng " )‘ o |72

(A.9)

(A.10)

(A.11)

(A.12)
(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

The last step is by Chebyshev inequality. Putting this into (A.15) we obtain the required

result after taking the logarithm.



Appendix B

k(3 bound and deterministic
hypothesis tests

In this appendix we will formulate the analog of Theorem 27 that constructs a non-
randomized decoder.

Similarly to (2.60), a non-randomized test between distributions Py|x—, and Qy is
defined by a critical set £ C B, where y € E indicates that the test chooses Py x_,. The
best performance achievable among those randomized tests is given by

Ba(z, Py) = E:Py‘;g(E)Za Py(E). (B.1)
For (B, we have a Neyman-Pearson lemma that guarantees that the optimal randomized
test does exist. We used this fact extensively in the proof of Theorem 27. So we must show
that infimum in (B.1) is in fact a minimum. We could not find this result in the literature
and give the proof below.

Recall that measurable spaces X and Y are called isomorphic if there is a bijective
measurable map f : X + Y with measurable inverse f~!'. The space X is standard if it
is isomorphic to a Borel subset D of real line (with the inherited o-algebra). A motivating
result is that every Polish space (in particular complete separable metric space) with Borel
o-algebra is standard. Another deep result is that every standard space is isomorphic to
either [0, 1], {0, %, cel %} or {0, %,n € N}. Thus in the definition above we can restrict D
to be a closed subset of [0, 1].

Theorem 112 Given a standard measurable space X, two finite measures P and QQ on X,
and any o € [0,Q(X)] there exists a measurable set E, such that Q(E}) > o and

P(E;) =, il P(E). (B.2)

The proof of this theorem can be found at the end of this appendix.

Theorem 113 (Achievability) Suppose that B is a standard measurable space. Then for
any 0 < € < 1, there exists an (M, €) code with codewords chosen from F C A, satisfying

F
M > sup sup Rt( Qr) )
0<7<c Qy SUPyef Fr-e+r (7, Qy)

(B.3)
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Proof: The proof of the Theorem 27 applies with the only change that random trans-
formations PEI‘Y are replaced by deterministic ones. More specifically,

Pyzv(ly) = Hy € By}, (B.4)
where B} is the set that achieves infimum in the (B.1). Such B} does exist by Theorem 112.
[ |

Theorem 113 gives an achievability bound by constructing a codebook and a non-
randomized decoder. The drawback is that it is not straightforward to calculate the non-
randomized Ba because we do not have a Neyman-Pearson lemma for this case. A possible
workaround is to find the connection between 3, and 5a. Such a connection is established
in the next two lemmas.

Assume that we have two probability measures Py and @)y on B. We define the perfor-
mance of the best deterministic and best randomized test, correspondingly, as

Y = inf Py (F), B.5

Pa= g ey Y B (B:5)

Ba = min > Pr(y)Pyy(1ly). (B.6)
Pry : yeB

ZyGB Qy(y)PZ‘y(l\y) >«

Note that f(y) = Pzy(1]y) is a function of y such that f(y) € [0,1]. Thus, we can rewrite
the definition of (3, as

= inf / Fdpy (B.7)
{f: [ fdQy>a}

with f satisfying f(y) € [0,1].
Lemma 114 Consider Py and Qy such that' Qy < Py. Then the following holds:

Ba < Boz < B +sup PY(y) : (B8)
yeB

Proof: The left-hand inequality is obvious and we will concentrate on the right-hand
one. From the Neyman-Pearson lemma we know that, the inf in (B.7) is achieved by some
function f. Moreover, the optimal f takes only three values: 0,1,7, where 7 € (0,1).

Denote
Ey=fY1}and FEy=fr}. (B.9)

Then

Ba = /fdPy = Py(El) + TPy(EQ) . (B.lO)

If Py (E2) = 0 then Qy(F2) = 0 (by absolute continuity). Consequently, we can then take
the non-randomized test to be ' = F. Indeed,

Qv (E) =@y (B) = [ 1@y za (B.11)

!This assumption can be dropped, in which case in the proof we must consider only tests f such that
f(IN) = 1. Here N is the set such that Py (N) =0 but Qy (V) is the maximum possible value. Existence of
such a set is well-known. Then on N¢ we have Qy < Py.
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and Py(E) = Py(El) = ﬂa.
Assume that Py (E3) > 0. Since B is standard we may assume that it is a subset of [0, 1]
with Borel o-algebra. Define a non-decreasing right-continuous function

g(t) = Py (E2N0,t]). (B.12)
Note that g(t) grows from g(0) to Py (E3). Then define
A=inf{t: g(t) > 7Py (Es)}. (B.13)
Since the height of any jump in g(t) is bounded by sup, Py (y), we can see that

TPy (Ez) < g(A) < 7Py (E2) + sup Py (y). (B.14)

Now define a non-randomized test
E=FE; U(E2N[0,A]). (B.15)
Then, we have

Qy (Es)
Py (Fs)

Qy(E) = Qy(E1) + Qy(E2N[0,A]) = Qv (E1) + g(N) (B.16)

Here we used another property of the optimal randomized test f, namely, that leQTi is con-
stant on Fsy. Then lower bounding g(\) by (B.14) we conclude that E is a valid deterministic

test with Qy (F) > «a. But by the upper bound in (B.14), we have

Py(E) = Py (Ey) + g(A) < Py(Eq1) + 7Py (E2) + sup Py(y). (B.17)

This establishes the lemma. ) |
Sometimes, it is more convenient to quantify the difference between [, and (3, in terms
of Qy. This is the content of the next lemma.

Lemma 115 In the conditions of previous lemma take Ey = F710,1) to be as defined in
the above proof. Then, if Py(E2) = 0 we have B, = Bo. Otherwise, on Es, the derivative
‘Cil%’/’ is a constant v > 0 (Py almost surely) and

Ba < Ba < Ba + %Sgp QY(y) . (B'18)

Proof: The case in which Py (F2) = 0 was taken care of in the proof above. The fact
that ‘Cil%’/’ is Py-a.s. constant is known from the Neyman-Pearson lemma. That constant
~v > 0 because if v were equal to 0 then we could improve the test by setting f(y) = 0 on
FE5. This would leave the integral with respect to (Qy the same but reduce the integral with
respect to Py by 7Py (Es).

Finally, as in the proof above, there is a A such that

TQy (E2) < Qy(E2 N [0,A]) < 7Qy (E2) + Sgp Qy(y). (B.19)
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Thus,

Py (B [0, ) = Qv (E2n [0, )~ < TQY<E2>§+§supr<y> - TPY<E2>+§supr<y>.
Y Y

(B.20)

[ |

It is not too hard to see that, due to the last two lemmas, the asymptotic behavior

of Bg and 3] coincide. Thus, the achievability part of normal approximation Theorems 45

and 73 can be established with deterministic decoders. Moreover, the difference between BZ

and (3 is so insignificant, that all the numerical plots remain the same for the deterministic

encoders.

Proof of Theorem 112: We wish to show the existence of the minimizing set £ in the

optimization problem:

2

= inf P(E). B.21
Ba . (E) (B.21)
We denote the underlying measurable space X, its o-algebra F and assume that all sets
appearing below (and in optimization problem above) belong to F.
First, write the Lebesgue decomposition of P as

dP

P(A):/—dQ—i—P(AﬂN), VAeF (B.22)
A dQ

and Q(N) = 0. Note that every test F can be improved by replacing it with E N N€.

Indeed, such change does not affect its Q-measure while reducing its P-measure. Thus we

can restrict the optimization only to sets inside N¢. Equivalently, we can assume from now
on that

P<Q. (B.23)
Now write the decomposition of @) as
dQ
Q(A) = d—PdP+Q(AmM), VAe F (B.24)
A

and P(M) = 0. Adding M to any test E can not change its P-measure, while it increases
its -measure “for free”. Thus we can restrict our attention only to tests £ O M and
replace o with oo — Q(M). If @« — Q(M) < 0 then a solution is found: E} = M. Otherwise,
a— Q(M) > 0 and we can ignore the singular part of Q). Equivalently, from now on we
assume

Q< Pand P Q (ie, P~Q). (B.25)

Because X is a standard space, singletons {x} are measurable and we can split every measure
into purely atomic and diffuse (non-atomic) parts:

P=P,+Fi, Q=Qa+Qu. (B.26)
Denote the set of all atoms of P by

D={xeX:P(x)>0} (B.27)
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which is at most countable since P is finite. Note that because of condition (B.25) atoms
of P and () must coincide. In other words, measures P, and (), are restrictions of P and
Q to D:

P,(A)=P(AND) and Q,(A) =Q(AND). (B.28)

Measures P; and Qg4 are restrictions to D¢ and also
Py L Py, QoL Qd,and Py~ Qa, Py~ Q4. (B.29)

Our general direction will now be as follows. We can see that each test P vs. @ is also
a test P, vs Q4 and P; vs Q4. This idea allows us to separately treat cases of purely atomic
and purely diffuse measures. Indeed, if we will find optimal test for P, vs ), and Py vs Qg
then their sum will be an optimal test for P vs Q with 3’s and o’s added (because P, L Py
and Q, L Q). Let us make this idea precise.
Denote
Ay ={E € F:Q(E) > a}. (B.30)

Then, set tg = (o — Qq(X)) V0 and t; = Qq(X). Every set E € A, has Qq(E) € [to, 1]
Conversely, for every t € [tg,t1] there is at least one set E € A, such that Q4(F) = t. This
is because X is standard and Q4 diffuse (this can be shown using the method in the proof
of Lemma 114). Define for any ¢ € [to, t1]

Bi={E € Ay:QuE)=t}. (B.31)

As we have shown each B; is non-empty and

Ao= |J B (B.32)
tE[to,tl]
gt the Ba 2 inf P(E)= inf g(t), (B.33)
EeA, tE(to,t1]
where
g(t) = jnf P(E). (B.34)

Note that the following two claims imply the statement of the theorem.
Claim A. The infimum in the definition of ¢(¢) is achievable by some set E}.
Claim B. g(t) is lower semi-continuous.

Indeed, then infycy, ;,) g(t) must be achieved for some t* and we can take Ef. as the set E.
We now proceed to show those two claims. Define two new functions:

fa(r) = . Qiﬁlfv)zr Py(F), (B.35)
fa(r) = . QiaI%fG)zr Pu(G). (B.36)

Suppose, that we were able to show the following four facts:
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F1. For every r € [0, Qq(X)] there is a set F* € F such that Py(F*) = fq(r) and Qq(F*) =
T

F2. Function r — f4(r) is continuous on [0, Q4(x)].
F3. For every r € [0,Q,(X)] there is a set G* € F such that P,(G*) = fa(r).
F4. Function r — f,(r) is left-continuous on [0, Q,(X)].

Note that because Q4 and Py live on D¢, and ), and P, live on D we can safely assume
that
F*CD¢, G"*CD,and F*NG*=10. (B.37)

Claim A follows from F1 and F3. Indeed, fix t € [to, 1] and take F* corresponding to r =t
in F1. Then we have Q4(F*) = t. Also take G* corresponding to r = « — ¢ in F3. Then we
have Q,(G*) > a —t. Thanks to conditions (B.37) we have

P(F*UG") = fa(t) + fala— 1), (B.38)
QF* UG > a. (B.39)

Thus F* U G* € By, and that means that
9(t) < fa(t) + fala —1). (B.40)

On the other hand, definition of B; can be rewritten as

Bi={Ee€F: QuE)=t QuF)>a—t}. (B.41)
Thus,
g(t) = igtf[Pd(E)—l—Pa(E)] > igtf Pd(E)—l—igtf P,(E) = b Qiﬁg‘):t Pd(E)+E; Qai(%f)’za_t P,(E) >
> QiﬁfE)thd(E) + fala —t) = fa(t) + fala —1). (B.42)

Together with (B.40) this gives

9(t) = fa(t) + fala —1). (B.43)

And we have shown that value fq(t) + fo(a —t) is achieved by F* U G*.

Claim B follows from (B.43) and F2 and F4. Indeed, take t,, — too. Then f4(t,) —
fa(teo) by F2. The function f,(x) is non-decreasing and left-continuous by F4. Denote
Tp =& —1, — Too = 0 — ts. We must show

liminf f,(z,) > fo(rso) - (B.44)
n—oo
in order to establish lower semi-continuity of g(t).

Define y,, = infy>, xx. Then z, > y, and, by the non-decreasing property of f,, we

have

fa(xn) > fa(yn) . (B45)
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On the other hand, vy, /" =~ and by left-continuity fo(yn) /" fo(Zso). Taking the liminf
in (B.45) gives (B.44).

So, Claims A and B were shown to be implied by F1-F4. We are now left to prove
F1-F4. Note that facts F1 and F2 are statements about non-randomized tests between
two diffuse measures. The Neyman-Pearson lemma yields a randomized test and we know
(see proof of Lemma 114) that in the case of diffuse measures (and standard space) it is
possible to construct a non-randomized test of the same performance. The ROC curve for
the randomized test is continuous and coincides in this case with the ROC curve f; of the
non-randomized test. Thus facts F1 and F2 are apparent.

Proof of facts F3 and F4 is given as a lemma below. Concluding the proof of this
theorem we want to emphasize that essentially all work is relegated to that lemma since in
this proof we have just shown that only atoms can give problems. |

Lemma 116 Let P and Q be two finite measures on the space X = Z of positive integers,
and choose the o-algebra to be F = 2%+. Define

= inf P(E). B.46
dr) =, int  P(E) (5.46)
Then for each r € [0, Q(X)] there is a set E* achieving the infimum in the above, and the
function B(r) is left-continuous.

Proof: ~ We are going to turn F into a metric space by defining a distance between
sets:
d(A,B) =Q(A A B). (B.47)

This quantity satisfies all the properties of a metric except that d(A, B) = 0 may not imply
that A = B. The standard workaround for this difficulty is to define an equivalence relation,

A~B: QAAB)=0, (B.48)

and consider a quotient space F = F /~ of classes of equivalence. However, in this particular
case we can simply drop all elements = € X that satisfy Q(z) = 0. In other words, we can
restrict the space X to positive atoms of ). The corrected X might now be finite. In any
case every non-empty set A has positive @-measure and the only case when Q(A A B) =0
is if A = B. So, F is a metric space. Note that this automatically makes P < Q.

Now, notice that functional @) : F — R, is continuous in this metric simply because
Q(F) = d(E,D) and a metric is always continuous. What is more pleasing is that P(FE) is
also continuous. To see this, simply write

P(A) = /A %d@. (B.49)

Then since P is finite, % is an integrable function. Thus it is also uniformly integrable. In

other words any shrinking A,, makes P(A,,) converge to zero. Formally,

Q(An) =0 = P(A,) —0. (B.50)
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Now take any E,, — E. Then
P(E)-—P(EANE,) <P(E,)<PE)+PEAE,). (B.51)

Denote A, = E A E,. Then Q(A,) — 0 and thus P(A,) — 0 and P(F) is continuous
by (B.51).

The metric space F is complete. Indeed, take any Cauchy sequence E,, and notice that
condition Q(E,, A E,,) — 0 for n,m — oo is equivalent to

E [1g, —1g,]] — 0. (B.52)

Or, in other words, a sequence of random variables 1, is Cauchy in the L; sense for measure
(). But then, it has a measurable limit, denote it h:

1z Bh. (B.53)

n

Then, using well-known implications, 1g, — h(x) in measure and thus, there is a subse-
quence of 1g,, that converges to h almost surely. Denote this subsequence by 1p,, Fj, = Ey, .

Then, since
lp, = h Q-as. (B.54)

we can conclude that the limit h(x) = lim1p, (x) is equal to zero or one almost surely.
Taking Es = {z : h(z) = 1} we conclude that E [|[1g, —1g_|] — 0. Thus, E,, — E in
the Q-metric.

Note that nothing we have done so far used the fact that X is a discrete space. Indeed,
if we worked with equivalence classes and postulated P < () in the statement we could
still have that P(E) and Q(F) are continuous in the Q-metric and the space is complete.
However, what F misses in the general case is total boundedness. But for X discrete we
can show this.

So finally, F is totally bounded. Indeed, first assume that atoms of () are sorted in
decreasing order, that is Q(1) > Q(2) > Q(3) > ---. This is possible because @ is finite.
Then choose some € > 0 and select the set

G.={1,2,...,N.}, (B.55)

where N, chosen such that

> Qn) <e. (B.56)

n>Ne

Now, generate all subsets of G
Ce = 2%, |C| = 2™ (B.57)
Then, for any element F € F we can choose a set C' € C, such that

QIEAC) <e. (B.58)
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Simply take C' = F' N G¢. Thus, we have shown that for every € > 0 there is a finite e-cover
of the space F. Thus by definition F is totally bounded. Finally, we have established that
F is a compact metric space? .

To conclude the proof we are left to note that constraint Q(F) > « can be restated as

E e Q' a,+00). (B.60)

Here @ is a continuous function. Thus a pre-image of a closed [a, +00) is closed. Con-
sequently, Q™ ![a, +00) is compact and in (B.46) we are minimizing a continuous function
P(E) over a compact set. A famous result guarantees the existence of a minimizing set E™*.

Now we will show that ((r) is left-continuous. Fix some ro > 0. First of all, because
B(r) is non-decreasing

B(ro) = B(ro—) - (B.61)

Second, take a sequence 1, /" ro. For every r, there is a set E} with P(E}) = ((ry)
and Q(E}) > r,. Now, since the entire F is compact there is a convergent subsequence
E;, — E*. Then, since @ and P are both continuous, we can see that

Q(E") = lim Q(E;,) > lim ry, =70 (B.62)

Thus E* satisfies condition Q(E*) > r¢. But on the other hand

P(E*) = lim P(E; )= ((ro—). (B.63)
k—o0
Thus B(rg) < B(ro—). Together with (B.61) this concludes the proof of the lemma. [ |

Another approach for the latter lemma could be the following. Note that each set is
a mapping X ~— {0,1}. Thus sets are elements of {0,1}*. By Tychonoff’s theorem any
product of compact spaces (and {0, 1} is compact) is itself compact. Thus {0, 1} is compact
(and Hausdorff) in the product topology. Then P(FE) and Q(E) are continuous functionals
{0,1}* +— R, because of bounded convergence theorem (product topology means pointwise
convergence). This approach fails in the general case (when X is non-discrete) for a subtle
reason: F is not a closed subset of {0,1}X. In fact the closure of F would be the entire
{0, 1}X which is a power set 2X. Thus F can not be compact in this topology.

2For completeness we give a counter example for the general case. Take X = [0,1] with F a Borel
o-algebra and @ a Lebesgue measure. Then define a collection of sets

Fo=JI25 —2)27", (25 — 1)27"]. (B.59)

It is easy to see that Q(Fr A Fp,) = 1/2 whenever k # m. But if F with this metric were totally bounded
then it would be compact and then F}, would contain a convergent subsequence. This is impossible because
that subsequence is not Cauchy.



Appendix C

Bounds via linear codes

The goal of this appendix is to illustrate how Theorems 17 and 18, which give an upper
bound on average probability of error, can also be used to derive an upper bound on
maximal probability of error. To that end, we first notice that in both proofs we relied only
on pairwise independence between randomly chosen codewords. So, the average probability
of error for any other ensemble of codebooks with this property and whose marginals are
identical and equal to Px will still satisfy bounds of Theorems 17 and 18. In particular,
for the BSC and the BEC we can generate an ensemble with equiprobable Px by using
a linear code with entries in its generating matrix chosen equiprobably on {0,1}. Then,
Theorems 17 and 18 guarantee the existence of the codebook, whose probability of error
under maximum likelihood (ML) decoding is small. Note that this is only possible if M = 2*
for some integer k. A question arises: for these structured codebooks are there randomized
ML decoders whose maximal probability of error coincides with the average? This question
is answered by the following result.

Theorem 117 Suppose that A is a group and suppose that there is a collection of measur-
able mappings T, : B +— B for each x € A such that

PY|X::E’0$ = PY\X:x’ o (Tz)_l , Vo' e A. (Cl)

Then any code C that is a subgroup of A has a maximum likelihood decoder whose maximal
probability of error coincides with the average probability of error.

Note that condition (C.1) can be reformulated as
Elg(Y)| X =a'0a] =E[g(T(Y)) | X = 2] (C.2)

for all bounded measurable g : B +— B and all 2/ € A.
Proof: Define Px to be a measure induced by the codebook C:

1
Px(E) = M\EOC\. (C.3)
Note that in this case Py induced by this Px dominates all of Py x_, for z € C:

PY\X:x < Py, VxecC. (C.4)
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Thus, we can introduce densities

A APy ix—y
fyix(ylz) = TdPy

Observe that for any bounded measurable g we have

Elg(Y)] =E[g(T:(Y))], VzeC.

Indeed,
L)) = Y SEBTY)|X =]
x'eC
S %E[Q(YHX — 2 04
x'eC
= Efg(Y)],

where (C.8) follows from (C.2). Also for any z, 2" € C we have

frix(le') = fyix (Te(y)|z’ ox)  Py-as..

Indeed, denote
Ev={y: fyix(le') < fyix(Te(y)la’ o )}
and assume that Py (E;) = Py (T, 'E;) > 0. Then, on one hand

Pyx[T, 'Ey|2] = /BPY(dy)l{Tz(y)eEl}an(ZJW)

< /PY(dy)l{Tz(y)EEl}fYX(Tz(y”x/Ox)

_ / Py (dy)1gye sy fy x (]2’ o )

= Pyx[Er|z' oa],
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(C.10)

(C.11)

(C.12)
(C.13)

(C.14)
(C.15)

where (C.14) follows from (C.6). But (C.15) contradicts (C.1) and hence Py(E;) = 0

and (C.10) is proved.

We proceed to define a decoder by the following rule: upon reception of y compute
Iy x(y|x) for each x € C; choose equiprobably among all the codewords that achieve the
maximal fy|x(y|z). Obviously, such decoder is maximum likelihood. We now analyze the
conditional probability of error given that the true codeword is . Define two collections of

functions of y, parametrized by = € C:

Az(y) = min {17 Z Hfyix(wle') > fyix(ylz)}

z'eC

Ne(y) = Z Hfyix(le') = frix(ylz)}.

z'eC

(C.16)

(C.17)
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It is easy to see that

€z 2 Plerror | X = z] (C.18)
N,(Y)—1

- E AI(Y)+1{AI(Y):O}W‘X:4. (C.19)

If we denote the unit element of X’ by x, then by (C.10) it is clear that

AyoTy = Ay, (C.20)
NyoT, = Ny, . (C.21)
But then, by (C.19) we have
¢, = E :Aw(Y) ALY = 0}% ‘X 2 ox} (C.22)
= B[4+ 1m0 =0 5T x| ey
- E :Am (V) + 1{ Ay (V) = 0}% ‘X _ xo} (C.24)
€0 (C.25)

where (C.22) follows because x¢ is a unit of A, (C.23) is by (C.2), and (C.24) is by (C.20)
and (C.21). [ |

The construction of T}, required in Theorem 117 is feasible for a large class of channels.
For example, for an L-ary phase-shift-keying (PSK) modulated complex AWGN channel

with soft decisions, we can assume that the input alphabet is {ej% ,k=0,L —1}; then
T:(y) = yx (C.26)

satisfies the requirements because Py x (y|2") depends only on |[y—2'| and |yz—2'z| = |y—2'].
We give a general result for constructing 7.

Theorem 118 Suppose that B is a monoid, A C B is a group (in particular A consists of
only invertible elements of B) and the channel is

Y=NoX (C.27)

with N € B being independent of X € A. If each T,(y) = y o x is measurable, then this
family satisfies the conditions of Theorem 117.

Proof: Indeed, for any F C B we have
T;'E=FEox!. (C.28)

Then, on the one hand
Py x—yop|E] = PN[E o (2/ 0 z)7'], (C.29)
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but on the other hand,

Pyix—o[T, 'E] = Pyjx—wp|Eoz] (C.30)
= Py[Eoxzloz™]. (C.31)
|

It is easy to see that if we take A = Zg and A = A" then the BSC (even if the noise
has memory) satisfies the conditions of Theorem 118. For the BEC we take A = {—1,1}
and B = {—1,0,1}, and the usual multiplication of reals converts B to a monoid; taking
the usual product — A = A" and B = B" — we see that the BEC (even with memory) also
satisfies the conditions of Theorem 118. Similar generalizations are possible for any additive
noise channel with erasures.



Appendix D

Energy efficient codes with
feedback

Proof of Theorem 84: Consider an arbitrary (E,M,¢) code with feedback, namely a
sequence of encoder functions { f,,}5°; and a decoder map g : B — {1,..., M}. The “meta-
converse” part of the proof proceeds step by step as in the non-feedback case (4.298)-(4.305),
with the exception that measures Pi = Py‘W:j on B are defined as

Pl =[N YT, 5No) (D.1)

k=1

and [, is replaced by Ba, which is a unique solution B <« of

> > E
Bo: daf|B) = Floge. (D.2)
0
We need only to show that (4.300) holds with these modifications, i.e. for any « € [0, 1]
inf  ®(F) > f,. (D.3)

FCB:Pi(F)>a

Once W = j is fixed, channel inputs Xj; become functions on the space B defined as
X = frx(4, Ylk_l). To find the critical set F' achieving the infimum in the hypothesis testing
problem (D.3) we compute the Radon-Nikodym derivative:

dPJ

A
=1 -
R =log, 7o

[ee]
= ZXkYk -ix2. (D.4)

k=1
In general, the infimum in (D.3) depends on the choice of functions X;. However, to prove
a lower bound we may optimize over the choice of X} in addition to optimizing over the
choice of the critical region F'. The key simplification comes from identifying the noise
random variables Z;, with increments of the Wiener process.

Formally, define a standard Wiener process W; with the filtration {F;};c(0,00) and two
Brownian motions:

t
B, = 5‘1‘ %Wm (D.5)
_ t
By = -5+ oW, (D.6)
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Then we can see that under P/ we have Yj, = X}, + Z;, and hence we can assume

XYy — 3Xi =B, — Br,_,, (D.7)
where we have denoted the random instants
k
=y X7. (D.8)
m=1
Then the distribution of R, under P7 is
R~ B,, (D.9)
where the random variable 7 is defined as
T=Y X;. (D.10)
k=1
Similarly, under ® we have
R~ B,. (D.11)

Note that without loss of generality X # 0 since having X; = 0 does not help in
discriminating P? vs. ®. Then each Y}, can be recovered from X}, Y3, — %X,z since X}, is known.
Consequently, each X}, is a function of only the past observations (By, By, ..., B, _,). This
implies that each 7, and thus 7, is a stopping time of the filtration F; satisfying (under
P7)

Epilr] < E (D.12)
by the energy constraint. In other words, as far as the problem (D.3) is concerned, the
choice of a sequence of functions X, = fk(Ylk_l) satisfying an average power constraint
amounts to specifying an increasing collection of stopping times 75 of a Brownian motion
By such that the limit 7 satisfies (D.12).

To summarize, the encoder maps {f,}22; and the minimizing set F in (D.3) define
a sequential hypothesis test, namely a stopping time 7 and a decision region F' € F,,
for discriminating between a Brownian motion with a positive drift B; (under P) and a
Brownian motion with a negative drift B; (under ®). According to Shiryaev [117, Section
4.2], among all (7, F') satisfying (D.12) and having P(F') > « there exists an optimal one
achieving!

O(F) = B (D.13)
where (3, is defined in (D.2). Any other test (r,F) has a larger value of ®(F), which
proves (D.3). [ |

'If instead of (4.292) we impose the maximum energy constraint: ||x||> < E (a.s.), then 7 < F and hence
instead of I’ € Fr we would have F' € Fg, thus obtaining a usual, fixed-sample-size, binary hypothesis test.
It is not hard to see that then (. should be replaced with G, from (4.301). Consequently, such an energy
constraint renders feedback useless because the non-feedback converse (4.322) then holds. This parallels the
result of Wyner [118] on block coding for the AWGN channel with fixed rate.
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Proof of Theorem 85: Fix a list of elements (cq,...,cpr) € AM to be chosen later;
||cj||2 need not be finite. Upon receiving channel outputs Y7,...,Y,, the decoder computes

the likelihood S ,, for each codeword j =1,..., M, cf. (4.306) and (D.4):
Sin=>_ CixYe—3C},, j=1,...,M. (D.14)
k=1

Fix two scalars 79 < 0 < 71 and define M stopping times

mj =inf{n >0:S5;, & (v0,7)}- (D.15)

The decoder output W is the index J of the process S;, that is the first to upcross v,
without having downcrossed 7y previously. The encoder conserves energy by transmitting
only up until time 7; (when the true message W = j):

X £ £a(G, YY) = Cinl{rw > n}. (D.16)

To complete the construction of the encoder-decoder pair we need to choose (cq, ..., cpr).
This is done by a random-coding argument. Fix d > 0 and generate each c; independently
with equiprobable antipodal coordinates:

1
P[Cjr = +d| =P[Cj) = —d] = 3 j=1,..., M. (D.17)
We now upper-bound the probability of error P, averaged over the choice of the codebook.
By symmetry it is sufficient to analyze the probability P[WW # 1|W = 1]. We then have

M
PW #1W = 1] <P[S1r, <7/W =1]+> P[S;r, >n, 7 <n[W=1, (D.18)
j=2

because there are only two error mechanisms: S; downcrosses vy before upcrossing ~i, or
some other S; upcrosses 1 before S;. Notice that in computing probabilities P[S; ,, <
Y|W = 1] and P[S2,, > 71,72 < 7|W = 1] on the right-hand side of (D.18) we are
interested only in time instants 0 < n < 7y. For all such moments X,, = C},. Therefore,
below for simplicity of notation we will assume that X,, = C},, for all n (whereas in reality
X, = 0 for all n > 71, which is relevant only for calculating the total energy spent).
We define B; and B; as in (D.5) and (D.6); then conditioned on W = 1 the process S
can be rewritten as
Sin = Bg, (D.19)

5

because according to (D.18) we are interested only in 0 < n < 71 and thus X3 = Cj ;. The
stopping time 71 then becomes

d?r =inf{t >0: B; & (y0,71),t =nd*,n € Z}. (D.20)
If we now define

7 = inf{t>0:B: ¢ (y0,7)}, (D.21)
7 = inf{t>0:B, ¢ (v0,m)}, (D.22)
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then the path-continuity of B; implies that
N\, Tasd—0. (D.23)

Similarly, still under the condition W = 1 we can rewrite

n
ng = d2 Z Ly + Bnd2 s (D.24)
k=1

where L, are i.i.d., independent of B; and

1
P[Ly =+1] =P[L = —1] = 3 (D.25)
Extending (D.23), we will show below that as d — 0 we have

PlS17 <7[W=1] — 1—-alw,m), (D.26)

P[S2rm, > 71,72 <0o|lW =1] —  B(y0,7), (D.27)

where a(vy9,71) and ((y9,71) are

a(v0,m) = P[Br=m], (D.28)

B(vo,m) = P[Br=m,T <od], (D.29)

i.e. the probabilities of exiting the interval (vp,71) through the upper-boundary by B; and
By, respectively? . Thus, the interval (vo,7:1) determines the boundaries of the sequential
probability ratio test. As shown by Shiryaev [117, Section 4.2], o and [ satisfy

da(r0, 180, 1)) = B 7] (D.30)

Assuming (D.26) and (D.27) as d — 0 the probability of error is upper-bounded
by (D.18): X

At the same time, the average energy spent by our scheme is
lim E[||x|]}] = lim E[d®r] = E D.32
tim B [|[x|[*) = lim E[¢*n,] = 7], (D.32)

because of (D.23).

Finally, comparing (4.325) and (D.30) it follows that optimizing (D.31) over all vo < 0 <
~1 satisfying E [r] = E we obtain (4.324). To prove (4.326) simply notice that when av = 1
we have 79 = —oo, and hence the decision is taken by the decoder the first time any S;
upcrosses v1. Therefore, in the encoder rule (D.16) the time 7;, whose computation requires
the full knowledge of Y}, can be replaced with the time of decoder decision, which requires
sending only a single signal. Obviously, this modification will not change the probability

2The condition 7 < oo is required for handling the special case vo = —oc.
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of error and will conserve energy even more (since under vy = —o0, 7; cannot occur before
the decision time).
We now prove (D.26) and (D.27). By (D.19) and (D.23) we have

Sy.m = Bgr, — B, (D.33)

because of the continuity of B;. From (D.33) we obtain (D.26) after noticing that again
due to continuity

]P[BT < ’YO] =1- ]P[BT > ’Yl] =1- ]P[BT = ’Yl] : (D34)

The proof of (D.27) requires a slightly more intricate argument for which it is conve-
nient to introduce a probability space denoted by (€2, H,P) which is the completion of the
probability space generated by {B;};° and {L;}?2, defined in (D.6) and (D.25), respec-
tively. For each 0 < d < 1 we define the following random variables, where their explicit
dependence on d is omitted for brevity

Dy = d* ) I, (D.35)
k<|t/d?]

Zt = Dt + de Ld%J 5 (D36)

7o = inf{t>0:% & (7y0,71)}, (D.37)

7 = inf{t >0:B: & (y0,7)}- (D.38)

In comparison with the random variables appearing in (D.27) 3, ;2 and 75 take the role of
Sa n, and d?1y, respectively; and also P henceforth is already normalized by the conditioning
on W = 1. Thus in the new notation we need to prove

Im P[X,, > 7,72 < oo] =P[Br =7, 7 < o0]. (D.39)

d—0

We define the following subsets of €2

Ey = {weQ:3T<ocoVt>T: sup ¥ <0}, (D.40)
0<d<1

E1 = {’7_' = OO} U {’7_' < OO,VE >0 Htl,tQ S (0, E) s.t. B;—_Hgl > B;—, B;+t2 < B;—}(,Dzll)

E, = {weQ: iir% Dy = 0 uniformly on compacts}, (D.42)

E = EygNnEiNE;. (D43)

According to Lemma 119 the sets in (D.40)-(D.43) belong to H and have probability 1.
The next step is to show

{B;:'y1,7_'<oo}ﬂECli]crlnigf{ET2 >y, T2 <oo}NE. (D.44)
To that end select an arbitrary element w € {B: = v;,7 < oo} N E. Since B; is

continuous it must attain its minimum by on [0;7]; of course, by > ~o. Again, due to
continuity of By at t = T there must exist an €; > 0 such that

;A . 0
by = Og?gugrel B> . (D.45)
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On the other hand, because w € E; we have

b1 2 max B; > 7. (D.46)

0<t<7T+e1

Moreover, since w € Ey we have Dy — 0 uniformly on [0; 7 + €;]; therefore, there exists a
dy > 0 such that for all d < d; we have

sup |Dy| < ea, (D.47)
te[0;7+€1]
where 1
€2 = = min(by — y1,by —0) > 0. (D.48)

3
If we denote by ¢; the point at which By, = by, then by continuity of B; at ¢; there exists
a 0 > 0 such that
VtE(tl—(S;tl —|—5):Bt>b1—€2. (D.49)

Then for every d < v/§ we have

B > by — €. D.50
x| 2|y >0 €2 (D.50)

Finally, for every d < min(v/§,d;) we have

sup X > by —2e > 7 (D.51)
te[0,7+€1]

and

inf X, > b6 — €2 > (D52)
te[0,7+e1]

by (D.45), (D.46) (D.48) and (D.50). Then of course, (D.51) and (D.52) prove that 7 <
7+ ¢ and {¥,, > v} holds for all d < min(v/0,d;). Equivalently,

wE lilcrlni(lglf{ET2 >y, Te < 00}, (D.53)

proving (D.44).
Next, we show
limsup{¥,, >y, <00} NE C{B; =y,7 < x}NE. (D.54)
d—0
Indeed, take w € limsup,_,o{X-, > 71,72 < 0o} N E, that is a point in the sample space

for which there exists a subsequence d; — 0 such that ¥, > v, for every [. Since w € Ejy
we know that for all d we have m»(w) < T < co. First, we show

A _
= > . .
by o?%}% By > (D.55)

Indeed, assuming otherwise and repeating with minor changes the argument leading from (D.46)
to (D.51), we can show that in this case

sup Xy < (D.56)
te[0,7]
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for all sufficiently small d. This contradicts the choice of w.
We denote B
t1 = inf{t >0:B; = bl} . (D57)

Then (D.55) and continuity of B; imply
F<t <oo. (D.58)

We are only left to show that B> = v is impossible. If it were so, then 7 < t; < T.
Moreover because w € Eo there must exist an € > 0 (similar to (D.45) and (D.46)) such
that

y A 2
bp = min By <1, (D.59)
and N
| = B : D.
b OSI"«I%E?'%‘Q L= (D-60)

Thus, by repeating the argument behind (D.51) and (D.52) we can show that for all suffi-
ciently small d we have

sup Xy <71, (D.61)
te[0,7+e€1]
and
inf 3 <0, (D.62)
te[0,7+e€1]

which contradicts the assumption that w € limsup,_ {2, > 71,72 < 00}.
Together (D.44) and (D.54) prove that

{Br = 1.7 <o} NE Climinf{¥r, > 11,7 <00} NE C

limsup{¥., > 71,72 <00} NE C {B; =vy,7 < x}NE, (D.63)
d—0
which implies that all three sets are equal. By Lemma 119 and completeness of H both
sets liminfy ,0{X., > 71,72 < oo} and limsup,_,o{X-, > 71,72 < 00} are measurable and
computing their probabilities is meaningful. Finally, we have

ClliI%IP’[ZT2 >y, T <00 = iir%IP’[{ETQ > 1,72 <00} NE] (D.64)
= P[B; =y,7 < o9, (D.65)
where (D.64) is by Lemma 119 and (D.65) by (D.63) and bounded convergence theorem.
|

Lemma 119 Set E defined in (D.43) is H-measurable and
PE] =1. (D.66)

Proof: By completeness of H it is sufficient to prove that all sets Ey, F1 and Fy contain
a measurable subset of probability 1. To prove

P[Ey] =1, (D.67)



notice that

1
sup D; =tsup — Ly,
0<d<1 N>t N ;

and therefore, by the Chernoff bound,

t —ay
P[sup Dt>Z] < ZO(e N)

0<d<1 N>t

= 0(e ™),

for some constant a; > 0. Hence, for an arbitrary ¢ we have an estimate

_ _ t
P[B;+ sup Dy > —1] < P[Btz—l——}—i—]P’
0<d<1 4

0<d<1
< O(e_‘“t) ,

where (D.72) is because By ~ N (=%, 52) and (D.70).
Next, denote

1
5' = =
’ Vi’
n
t, = IR
i=1
M, = max W;— W,
J beteny b i

where Wy =t/2 + ,/N%B’t is the standard Wiener process; cf. (D.6).

sup D; >

t

d

4
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(D.68)

(D.69)

(D.70)

(D.71)

(D.72)

(D.73)

(D.74)

(D.75)

Since t,, ~ 2y/n and the series y 7, e~uvn converges, we can apply the Borel-Cantelli

lemma via (D.72) to show that

Fy =<{{B:, + sup D, > —1} —infinitely often
0<d<1

has measure zero. Similarly, since M; ~ |W;,| we have

ZPM > (2N)~ Z <2N\/_>§a3§:e—a2ﬁ<oo,
0

j=1 j=1 j=1
for some positive constants as,a3. And therefore,
= {Mj > (2Np)~! infinitely often}

also has measure zero. Finally we show that

FfﬂFfCEo.

(D.76)

(D.77)

(D.78)

(D.79)
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Indeed, for all t € [t;;t; + J;) we have

_ _ N
By + Dy < By, + Dy, +\/70Mj+26j, (D.80)
because, from the definition of Dy,
|D51 _D52| §2‘31_32|7 (D81)

for all d > 0. From (D.80) for any w € Ff N Fs we have for all sufficiently large ¢

_ 1
sup By + Dy < —14 - +26;, (D.82)
0<d<1 2

where j denotes the index of the unique interval ¢ € [t;;t;41). Therefore, for all sufficiently
large t we have shown

sup ¥, < sup B, +D; <0, (D.83)
0<d<1 0<d<1

completing the proof of (D.79) and, hence, of (D.67).
To show P[E;] = 1 notice that by the strong Markov property of Brownian motion for
any finite stopping time o according to Blumenthal’s zero-one law [119] for

Fy ={Ve >0 3ty,ty € (0,€) s.t. Byyty > By, Byit, < By} (D.84)

we have

P[F,] =1. (D.85)

Since o, = min(7,n) are finite stopping times and o,, /' 7, we have

[o¢]
E1 > () F, - (D.86)

n=1

Therefore, P[E1] = 1 since P[F,,] =1 for all n > 1.
To show
PE,] = 1 (D.87)

it is sufficient to show for every integer K > 0

]P’[ém}) D; = 0 uniformly on[0; K] = (D.88)

and take intersection of such sets over all K € Z,. To prove (D.88) notice that

Pllimsup sup |D;| >¢ = P |limsupd® max ZLk > € (D.89)
d—0 0<t<K | d—0 0<n<H 1125
= Pl — L D.
o 1[5 1 ] (D90

IN
=

+P D.91)

o k_K 1.0.
k=1

€ .
E ZLk < —? —1.0.
k=1
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where “i.0.” stands for infinitely often. By the strong law of large numbers both probabilities
in (D.91) are zero and we obtain

limsup sup |Dy =0 as., (D.92)
d—0 0<t<K

which is equivalent to (D.88). [ |



Appendix E

Gilbert-Elliott channel: proofs

In this appendix we prove Theorems 58, 59 and 60 stated in Section 3.5.

Proof of Theorem 58: Achievability: We choose Pxn — equiprobable. To model the
availability of the state information at the receiver, we assume that the output of the channel
is (Y™,S5™). Thus we need to write down the expression for i(X™;Y"S™). To do that we
define an operation on R x {0, 1}:

1—a, b=
a{b}:{ “ 0. (E.1)
a, b=1

Then we obtain

Pyn|xngn (Y[ X", S")

1(X™Y"S™) = log E.2
( ) Pyjsn (V5] =2
= nlog2+ Z log (5;?} , (E.3)

J=1

where (E.2) follows since Pgn|xn(s"|2") = Pgsn(s") by independence of X" and S", (E.3) is
because under equiprobable X" we have that Py« gn is also equiprobable, while Py |x g (Y;1X5,55)

is equal to 5quj} with Z; defined in (3.369). Using (E.3) we find
E [{((X™Y"S™)] =nCy . (E4)

The next step is to compute Var[i(X™; Y"S™)]. For convenience we write

1
ha = §[h(51)+h(52)] (E.5)
and
0, = logééfj}. (E.6)
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Therefore
o2 2 Var[i(X"; Y"S" (E.7)
= —n?h? (E.8)
= ZE (03] +2) E[0:0;] — n’h (E.9)
7j=1 1<J
= —I— 2 Z n — @l@l—i-k] -n h2 (E.l())
= n(E[67] - hi)
+2) (n—k)E [h(3s,) b (6s,.,) — h2] (E.11)

where (E.10) follows by stationarity and (E.11) by conditioning on S™ and regrouping terms.
Before proceeding further we define an a-mixing coefficient of the process (S;, Z;) as

a(n) = sup|P[A, B] — P[A]P[B]|, (E.12)

where the supremum is over 4 € o{S%_,Z° _} and B € o{S, Z2°}; by o{- - } we denote
a o-algebra generated by a collection of random variables. Because S; is such a simple
Markov process it is easy to show that for any a,b € {1,2} we have

1

1
5 __|1_2T|n < P[S, = alS = b < 5 +_|1 2r[" | (E.13)

and, hence,
a(n) < |1 —27|". (E.14)

By Lemma 1.2 of [68] for any pair of bounded random variables U and V measurable
with respect to 0{S};,j < m} and o{S},j > m + n}, respectively, we have

[E[UV]—-E[UJE[V]] < 16a(n) - ess sup |U| - ess sup |V]. (E.15)

Then we can conclude that since |h (dg, )| < log 2 we have for some constant Bs

ZkIE (0s,) b (8s,,,) — hZ]

< Z’“E (|7 (651) I (95,,,,) — Pal] (E.16)
< zn:16k:a(k) log® 2 (E.17)
< Bj i k‘(l — 27’)k (E.lS)

= 001, (E.19)
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where (E.17) is by (E.15) and (E.18) is by (E.30). On the other hand,

Z E [h(6s,)h (3s,.,) — h2] (E.20)
k=n-+1
< 16n Y o(k)log®2 (E.21)
k=n-+1
< 16Kn Y (1-27)Flog?2 (E.22)
k=n-+1
= 0(1). (E.23)

Therefore, we have proved that

n

Y (n=KE [h(s)h (Js,,,) — ha) (E.24)
k=1
YB3 (3,,) — 2] + O(D) (6.2
k=1
= n iE [h (551) h (551+k) - hfzz] + O(l) ’ (E26)
k=1

A straightforward calculation reveals that

Z E [h(6s,)h (3s,.,) — h2] (E.27)
1 s 1
= 1 (h(61) = 1 (d2)) o 1 - (E.28)
T
Therefore, using (E.26) and (E.28) in (E.11), we obtain after some algebra that

02 = Var[i(X™;Y"S")] = nVi + O(1). (E.29)

By (E.3) we see that ¢(X";Y"S"™) is a sum over an a-mixing process. For such sums
the following theorem of Tikhomirov [120] serves the same purpose in this section as the
Berry-Esseen inequality does in Sections 3.2.2, 3.3.2 and 3.4.4.

Theorem 120 Suppose that a stationary zero-mean process X1, Xo, ... is a-mizxing and for
some positive K, 3 and v we have

alk) < Ke Pk, (E.30)
E [|1X: |4+V] < o0 (E.31)
— 00, (E.32)

where

n 2
ol =F (Z Xj> . (E.33)
1
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Then, there is a constant B, depending on K, (3 and ~, such that

- Blogn
sup |P X, >a/o2| —Q(x)| < . E.34
ap |32 o] - ] < 202 (B
Application of Theorem 120 to i(X™;Y™S™) proves that
Bl
‘]P’ [z’(X”; Y"S™) > nCy + \/U%x} - Q(m)( < 2080 (E.35)
Vn
But then for arbitrary A there exists some constant By > B such that we have
‘IP’ [z'(X"; Y"S™) > nCy + \/nm] - Q(A)( (E.36)
\%
— [P [i(X™Y7S™) > nCy+ /02 [ | - Q(N) (E.37)
Blogn A%
< — A — E.
< T | Q< 0_2>' (E.38)
= PR o) -+ 00 /) (.39
= T .
Blogn
< o1 E.40
< SN0/ (E.40)
Bslogn
< == E.41
< XL (E41)

where (E.38) is by (E.35), (E.39) is by (E.29) and (E.40) is by Taylor’s theorem.
Now, we state the following extension of Lemma 20, to be proved later:

Lemma 121 Let X1, Xo,... be a process satisfying the conditions of Theorem 120; then
for any constant A

il - log2 2Bl
B expq = Xjp 19D X;>A 9( = Og”) exp{-A}, (B42)
j=1 j=1

+
\2mo2 vn
where B is the constant in (E.34).

Observe that there exists some By > 0 such that

log 2 2B logn log 2 2Blogn
2 + = 2 + E.43
<\/27ra% Vn ) <\/27r(nV—|—O(1)) vn ) (B43)
Bilogn
E.44
— \/ﬁ Y ( )

where 02 is defined in (E.7) and (E.43) follows from (E.29). Therefore, from (E.44) we
conclude that there exists a constant By such that for any A

Bilogn
vno

E [exp{—i(X"; Y"S") + A} - 1{i(X"; Y"§") > A}] < (E.45)



247

Finally, we set
M—
log 71 =nC —VnVQ (e,), (E.46)
where
(B1 + Ba)logn
€n = € — .
Vn

Then, by Theorem 18 we know that there exists a code with M codewords and average
probability of error p. bounded by

(E.47)

1+
pe < E [exp{— [z’(X”;Y"S”) —log %] H (E.48)
. M—-1 B1
< n. n on < R — .
< P[Z(X [Y"S") < log ]+\/ﬁ (E.49)
(Bl + Bg) logn
< e, E.
< e+ NG (E.50)
< e, (E.51)

where (E.49) is by (E.45) with A = log #=, (E.50) is by (E.41) and (E.46), and (E.51) is
by (E.47). Therefore, invoking Taylor’s expansion of Q! in (E.46) we have

log M*(n,€) > log M > nC — VnVQ () + O(logn) . (E.52)

This proves the achievability bound with the average probability of error criterion.

However, as explained in Appendix C, Theorem 18 by using a random linear code method
can be strengthened to guarantee a codebook with a prescribed maximal probability of error.
In this way, the above argument actually applies to both average and maximal error criteria
after replacing log M by |log M |, which is asymptotically immaterial.

Conwverse: In the converse part we will assume that the transmitter has access to the full
state sequence S™ and then generates X' based on both the input message and S™. Take
the best such code with M*(n,€) codewords and average probability of error no greater
than e. We now propose to treat the pair (X", S™) as a combined input to the channel (but
the S™ part is independent of the message) and the pair (Y, S™) as a combined output,
available to the decoder. Note that in this situation, the encoder induces a distribution
Pxngn and is necessarily randomized because the distribution of S™ is not controlled by the
input message and is given by the output of the Markov chain.

To apply Theorem 28 we choose the auxiliary channel which passes S™ unchanged and
generates Y equiprobably:

Qyn|xngn(y",s"[z") =27" for all ", y",s". (E.53)
Note that by the constraint on the encoder, S™ is independent of the message W. Moreover,

under ()-channel the Y is also independent of W and we clearly have

1

">1-— )
€ > e

(E.54)

Therefore by Theorem 28 we obtain

1
M

B1—e (Pxnyngn,Qxnyngn) < (E.55)



To lower bound f1_.

(Pxnyngn,Qxnyngn) via (2.67) we notice that

log

PXnYnSn (ﬂj'n7 yn, Sn) . log PY'n‘XnSn(yn‘l’n, Sn)PXnSn(
Qxryngn(z",y", s") Qynxngn (Y™™, 8")Qxngn (T
Pyn|xngn(y™|z", s")
= log
Qyn|xnsn(y|z™, s)
= i(z";y"s"),
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(E.56)

(E.57)

(E.58)

where (E.57) is because Pyngn = Qxngn and (E.58) is simply by noting that Pyn|gn in the
definition (E.2) of i(X";Y™S") is also equiprobable and, hence, is equal to Qyn|xngn. Now

set

where this time

logy = nC — VnVQ (e,),

By 1 1
Qogn+

Vi Vel

€, = €+

y (2.67) we have for a = 1 — € that

ﬁl—e

>

—(1—-—€e—P|lo
Y < [ gQXnYnSn(X",Y”ﬁ”)
1

- - (1—e—P[H(X"Y"S™) > logA])

(i Pk
¥ vn
1
vy

=)

where (E.62) is by (E.58), (E.63) is by (E.41) and (E.64) is by (E.60).

Finally,

1
log M*(n,e) < logﬁ
1—e

1
< logv+ 3 logn
= nC —vVnVQ (e,) +
= nC—-vnVQ~

11
—logn
5108

L(e) + O(logn),

(E.59)

(E.60)

(E.61)
(E.62)
(E.63)

(E.64)

(E.65)

(E.66)

(E.67)
(E.68)

where (E.65) is just (E.55), (E.66) is by (E.64), (E.67) is by (E.59) and (E.68) is by Taylor’s

formula applied to Q~

L using (E.60) for €.
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Proof of Lemma 121: By Theorem 120 for any z we have that

n
P z§ZXj<z—|—log2

j=1
(z+log2)/on 1 281
< / et/ 4 2208 (E.69)
2Jom V2 Vn
log 2 2Blogn
- N E.70
S ovEm )

On the other hand,
E |expq—Y X;p-14> X;>4A
j=1 J=1

< Zexp{—A—llogQ}]P’ A+llog2§ZXj<A+(l+1)log2 . (BT
1=0 j=1

Using (E.70) we get (E.42) after noting that

d 2t=2. (E.72)
=0

We proceed to the case of no state knowledge and prove Theorems 59 and 60. For
convenience, we begin by summarizing the definitions and some of the well-known properties
of the processes used in the remainder of this appendix.

R; = P[Sj1=1/Z]], (E.73)
Q; = P[Zj1=1Z{]=6R;+6(1-Ry), (E.74)
R = P[Sj41=1Z],50], (E.75)
G = —log Py (2|21 = —10g Q%) (E.76)
U, = P[S;=17"_], (B.77)
Ui = PlZj1 =170 =619, + 61— T;), (E.78)
By = —logP, ,1(Z]270) = —1og U}, (E.79)
0; = logPys,(Z;]5;) = logst"?, (E.80)
= = Fj+6;. (E.81)
With this notation, the entropy rate of the process Z; is given by

H o= lim %H(Z”) (E.82)

E [Fy) (E.83)

= E [n(Up)] . (E.84)
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Define two functions T : [0,1] — [7,1 — 7]

a1 -7) (1= 8) + (1 —z)7r(1 — &)

T()(l‘) N :L’(l — (51) + (1 - :L’)(l — (52) ’ (E‘85)
. :L’(l—T)(sl—i-(l—:L’)T(sQ

Ty(z) = R R, (E.86)

Applying Bayes’ formula to the conditional probabilities in (E.73), (E.75) and (E.77) yields!

Rj-i-l = TZjJrl (R]) ,j > 0, a.s. (E87)
to= Ty (RD),j>—1, as. (E.88)
\Ilj-i-l = TZjJrl (\I’]) ] EZ, as. (E89)

where we start R; and R;'-‘ as follows:

Ry = 1/2, (E.90)
Ry, = (1—7)1{Sy =1} +71{Sy =2}. (E.91)

In particular, R;, R;, Qj,¥; and U; are Markov processes.
Because of (E.89) we have

min(r,1 —7) < ¥; <max(r,1—17). (E.92)

For any pair of points 0 < z,y < 1 denote their projective distance (as defined in [121])
by
T y
=1 -1 .
dp(z,y) no— nl—y
As shown in [121] operators Ty and T; are contracting in this distance (see also Section V.A
of [122]):

(E.93)

dp(Ta(x), Ta(y)) < [1 —27|dp(2,y). (E.94)
Since the derivative of In ;% is lower-bounded by 4 we also have
1
|z =yl < 7dp(z,y), (E.95)
which implies for all a € {0,1} that
1
[Tula) ~ Tu(w)] < 311~ 2rldn(z.). (1.96)

Applying (E.96) to (E.87)-(E.89) and in the view of (E.90) and (E.92) we obtain

1
R —W.,| < =
|R; il < T
|61 — 02|

4

T

In

‘ 1—27P"t  j>1, (E.97)

lnT

1Q; —Uj| < —

' 1—27P~t j>1. (E.98)

!Since all conditional expectations are defined only up to almost sure equivalence, the qualifier “a.s.” will
be omitted below when dealing with such quantities.
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Proof of Theorem 59: Achievability: In this proof we demonstrate how a central-limit
theorem (CLT) result for the information density implies the o(y/n) expansion. Otherwise,
the proof is a repetition of the proof of Theorem 58. In particular, with equiprobable Pxn,
the expression for the information density i(X"™;Y"™) becomes

W(X™Y"™) = nlog2+log Pz (Z"), (E.99)
= nlog2+ Y Gj. (E.100)
j=1

One of the main differences with the proof of Theorem 58 is that the process G; need not be
a-mixing. In fact, for a range of values of 01,92 and 7 it can be shown that all (Z;,G;), j =
1...n can be reconstructed by knowing G,,. Consequently, a-mixing coefficients of G; are
all equal to 1/4, hence G is not a-mixing and Theorem 120 is not applicable. At the same
time G is mixing and ergodic (and Markov) because the underlying time-shift operator is
Bernoulli.

Nevertheless, Theorem 2.6 in [68] provides a CLT extension of the classic Shannon-
MacMillan-Breiman theorem. Namely it proves that the process ﬁ log Pzn(Z™) is asymp-

totically normal with variance V. Or, in other words, for any A € R we can write
P [z’(X”; Y™) > nCy + \/nVo)\] ~ Q). (E.101)

Conditions of Theorem 2.6 in [68] are fulfilled because of (E.14) and (E.98). Note that
Appendix LA of [122] also establishes (E.101) but with an additional assumption d1, d2 > 0.

By Theorem 18 we know that there exists a code with M codewords and average prob-
ability of error p. bounded as

IN

p. < E [exp {— [z'(X"; Y™) — log ?] +H (E.102)

< E [exp{—[{(X";Y™) —log M]"}] (E.103)

where (E.103) is by monotonicity of exp{—[i(X™; Y™)—a]" } with respect to a. Furthermore,
notice that for any random variable U and a,b € R we have?

E [exp{—[U —a]"}] < P[U < b] + exp{a — b}. (E.104)
Fix some ¢’ > 0 and set
log v, = nCo — /nVoQ (e — ¢). (E.105)

Then continuing from (E.103) we obtain

pe < PlE(X™"Y™) <logvyn| + exp{log M —logv,} (E.106)
M
= 6—6’4—0(1)4-7—, (E.107)

2This upper-bound reduces (E.102) to the usual Feinstein Lemma.
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where (E.106) follows by applying (E.104) and (E.107) is by (E.101). If we set log M =
log vy, —log n then the right-hand side of (E.107) for sufficiently large n falls below e. Hence
we conclude that for n large enough we have

log M*(n,e) > log~y, —logn (E.108)
> nCo— V/nVoQ e —¢€) —logn, (E.109)

but since € is arbitrary,

log M*(n,e) > nCy—/nVoQ 1(e) +o(v/n). (E.110)

Converse: To apply Theorem 28 we choose the auxiliary channel Qyn x» which simply
outputs an equiprobable Y independent of the input X™:

Qynixn(yla™) = 27" (E111)

Similarly to the proof of Theorem 58 we get

1
M+’

Bi—e (Pxnyn, @xnyn) < (E.112)

and also

Pxnyn(X™Y™)
lo = nlog?2+log Pzn(Z" E.113
8 Gy (X7 V1) g g Pzn(Z7) ( )

= (X™Y"). (E.114)
We choose ¢ > 0 and set
log v, = nCo — \/nVoQ (e +¢€). (E.115)
By (2.67) we have, for a =1 —,
1
Be 2 o (1- = Bli(X"5Y™) > loga,) (E.116)
1
= 7—(6 +0(1)), (E.117)

where (E.117) is from (E.101). Finally, from (E.112) we obtain

log M*(n,e) < log ﬁl (E.118)
1—e

= log~, — log(¢’ + o(1)) (E.119)

= nCy—/nVoQ L(e+¢)+0(1) (E.120)

= nCo— /nVoQ ' (e) + o(v/n). (E.121)

|

Proof of Theorem 60: Without loss of generality, we assume everywhere throughout
the remainder of the appendix
0<dy <6 <1/2. (E.122)
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The bound (3.386) follows from Lemma 122: (3.387) follows from (E.126) after observing
that when 02 > 0 the right-hand side of (E.126) is O(7) when 7 — 0. Finally, by (E.127)
we have

By=0 (\/ —7ln 7') (E.123)
which implies that
By — ¥t 7
By (0] (T . (E.124)
Substituting these into the definition of A in Lemma 123, see (E.149), we obtain
—1nd
A=0 T (E.125)
T
as 7 — 0. Then (3.388) follows from Lemma 123 and (3.378). [ |
Lemma 122 For any 0 < 7 < 1 the difference C1 — Cy is lower bounded as
C'1 - CO > h(éleax + 527—min) - Tmaxh((sl) - Tmznh(52) s (E126)

where Tyay = max(7,1 —7) and Tyip = min(7,1 — 7). Furthermore, when 7 — 0 we have

C1—Co <O (\/ —7ln 7') . (E.127)
Proof: First, notice that
C1—Co=H—-H(Z|5)=E[=], (E.128)

where H and =Z; were defined in (E.82) and (E.81), respectively. On the other hand we can
see that

E[=]2%,) = f(Po), (E.129)

where f is a non-negative, concave function on [0, 1], which attains 0 at the endpoints;
explicitly,
f(x) =h(61z+ 02(1 —x)) — xh(01) — (1 — z)h(d2) . (E.130)

Since we know that W almost surely belongs to the interval between 7 and 1 — 7 we obtain
after trivial algebra

fl@) >  min  f(t) = f(Tmaz), YT € [Timin, Tmaz) - (E.131)

te [Tmin 77—maz}

Taking expectation in (E.129) and using (E.131) we prove (E.126).
On the other hand,

C1—-Cy = H—H(Z15) (E.132)
= E [h(619g + 62(1 — Wp)) — h(6:1{S1 = 1} + 621{S; = 2})] . (E.133)
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Because 95 > 0 we have

d
B = — 1-— . E.134
Jnax. dxh(51a:+52( 7)) < (E.134)
So we have
E[Z1] < BE][|Yy— 1{S1 =1} (E.135)
< BVE[(¥o - 1{S =1})7], (E.136)

where (E.136) follows from the Lyapunov inequality. Notice that for any estimator A of
1{S; =1} based on Z° __ we have

E[(W - 1{S1 = 1})’] E[(A - 1{5) = 1})’], (E137)

because Uy = E [1{S; = 1}|Z°_ ] is a minimal mean square error estimate.
We now take the following estimator:

0
Ap=1¢ > Zj>nd,p, (E.138)
j=—n+1
where n is to be specified later and §, = @. We then have the following upper bound

on its mean square error:

E[(4, —1{S =1})?] = P[{S =1} # A,] (E.139)
< PlA, £ US =1}8 = =5 np]
+1-— P[Sl =...= S_n+1] (E.140)
= (7" (B[B(n,81) < néi] +PB(n, ) > nd,])
+1-(1-7)", (E.141)

where B(n,0) denotes the binomially distributed random variable. Using Chernoff bounds
we can find that for some E; we have

P[B(n,81) < nd,] + P[B(n,dy) > nd,] < 2e "1, (E.142)
Then we have K
E[(A, —1{S1 =1} <1— (1 —7)"(1 —e 1), (E.143)
If we denote
f=—In(l-7). (E.144)
and choose . 3

we obtain that

E[(A, —1{S1 =1})?]<1-(1—-7)- M (1 - ﬂ) : (E.146)
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When 7 — 0 we have § = 7 + o(7) and then it is not hard to show that
E[(A, — 1{S; = 1})?] € —In— + o(rln 7). (E.147)
By By

From (E.136), (E.137), and (E.147) we obtain (E.127). [ |

Lemma 123 For any 0 <7 < 1 we have

Vo —Vi| <2/VIA + A, (E.148)
where A satisfies
Bo 631
A < By+ In—2*, E.149
= " Tha - a2 Bo (E.149)
d(61]]02)

B 22 0o — Oyl E.150
0 d(51\|52)| o — C1l ( )

By T h(d1) — h(62)
Bl |1 — 2T| <d(51”52) In 1_ T‘ + 2|1 — 27_‘ s (E151)
da(allb) = alog? % + (1 — a)log? 1 :Z (E.152)

and d(a||b) = alog ¢ + (1 — a)log =% is the binary divergence.

Proof: First denote
1 -
A = lim — Var E il (E.153)

where =; was defined in (E.81); the finiteness of A is to be proved below.
By (E.81) we have

F; =-0,+Z;. (E.154)
In the course of the proof of Theorem 58 we have shown that
E[©;] = C;—log2, (E.155)
Var | 0| = nVi+0(1). (E.156)
j=1

Essentially, Z; is a correction term, compared to the case of state known at the receiver,
which we expect to vanish as 7 — 0. By definition of V4 we have

1 .
Vo = lim —Var Z;FJ (E.157)
]:

n

1 « 1
= lim Var |——= ) ©,+—=)» E;| . (E.158)

n—~00

Jj=1
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Now (E.148) follows from (E.153), (E.156) and by an application of the Cauchy-Schwarz
inequality to (E.158).
We are left to prove (E.149). First, notice that

A = Var[Z] + 2 cov(Zo,Z;). (E.159)
7j=1
The first term is bounded by Lemma 124
Var[Z;] <E[23] < By. (E.160)
Next, set
N _2nE i E.161
o |Imjl—27] | (E-161)
We have then
> cov[Ee,E;] < (N—1)Bo+ By [1—27/? (E.162)
=1 J=N
Bo
yon B
B 0
— =L Byt ———— E.163
nyI_2r © 1-+I_27| (E.163)
BO eBl
In ——, E.164
1—+/]1-27] Bo ( )

where in (E.162) for j < N we used Cauchy-Schwarz inequality and (E.160), for j > N we
used Lemma 125; (E.163) follows by definition of N and (E.164) follows by Inz < x — 1.
Finally, (E.149) follows now by applying (E.160) and (E.164) to (E.159). |

Lemma 124 Under the conditions of Lemma 123, we have

Var[Z;] <E[23] < By. (E.165)
Proof: First notice that
E [EI|ZQOO] = \Ifod(51||51\110 + 52(1 — \Ifo))
+(1 — Wo)d(d2]|61W0 + d2(1 — Wo)), (E.166)
E[=F]20,] = Woda(61]/61 W0 + da(1 — Wp))
+(1 = Vg)da(d2]|01 W0 + d2(1 — Vo)) . (E.167)

Below we adopt the following notation
z=1—x. (E.168)

Applying Lemma 126 twice (with a = 1 ,b = 012 + Jo& and with a = d2,b = d1x + JoT) we
obtain

$d2(51||51$ + 52@‘) + fd2(52||511‘ + 525)

< @2(51]|02)

T T T)) . E.1
S d(51||52) (l‘d(51||511‘ + 521‘) + l‘d(52||511‘ + 521‘)) ( 69)
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If we substitute x = Wy here, then by comparing (E.166) and (E.167) we obtain that

BE}120) < 2R 122 (E.170)
Averaging this we obtain®
E[E < %(q e (E172)
|
Lemma 125 Under the conditions of Lemma 123, we have
cov[Zo, Ej] < Bi|1 — 2772, (E.173)
Proof: From the definition of =Z; we have that
E (282, Z25] = F(¥-1, Riy), (E.174)
where
f(z,y) = yd(61|012 + 02(1 — z)) + (1 — y)d(02] |61 + 62(1 — z)). (E.175)
Notice the following relationship:
%H(S\Q + AP) = D(P||IAQ + AP) — D(Q||AQ + A\P) + H(P) — H(Q) . (E.176)
This has two consequences. First it shows that the function
D(P||IAQ + AP) — D(Q||AQ + \P) (E.177)

is monotonically decreasing with A (since it is a derivative of a concave function). Sec-
ond, we have the following general relation for the excess of the entropy above its affine
approximation:

% - [H(1-XNQ+AP)—(1-NH(Q)— ) H(P)] = D(P||Q), (E.178)
i H(U=NQ+AP) = (1= NH(@ - M(P)] = -DQIP). (E17T)
=1

Also it is clear that for all other \’s the derivative is in between these two extreme values.

3Note that it can also be shown that

d2(02][01)
d(02]101)

E[=3] > (C1 — Cy), (E.171)

and therefore (E.172) cannot be improved significantly.
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Applying this to the binary case we have

df (z,y)
= 1-— — 1-— E.1
Jax |\ = Jnax |d(01]|612 4 62(1 — ) — d(b2||012 + d2(1 — x))| (E.180)
= max(d(51||52), d(52||51)) (E.181)
= d(01][02), (E.182)

where (E.181) follows because the function in the right side of (E.180) is decreasing and (E.182)
is because we are restricted to dy < 91 < % On the other hand, we see that

flx,z) = h(01x 4+ 62(1 — x)) — zh(61) — (1 —x)h(d2) > 0. (E.183)
Comparing with (E.178) and (E.179), we have

df (z, x)

max
dx

— max(d(61][52), d(5]161)) (E.184)
z€(0,1]

= d(61]|62) - (E.185)

By the properties of f we have

|F(Ojo1, Ry _y) = f(1, 5n)| < d(01]]02)|Rj_y — W] (E.186)
< Byl —27P7 1, (E.187)
where for convenience we denote
1 T
By = 5d(61]162) |In 7— ‘ (E.188)

Indeed, (E.186) is by (E.182) and (E.187) follows by observing that

vV, 1 = TZ].71 o---0Tyz (Vy), (E.189)
;—1 = Tijl o---0Ty (RS) (ElgO)

and applying (E.96). Consequently, we have shown

—00?

155180 e, Z250] = J (W1, 950)| < Balt = 2771, (E.191)
or, after a trivial generalization,

125188 o0 Z250] = £ (W1, W50)| < Balt = 27 717F (E.192)
Notice that by comparing (E.183) with (E.166) we have
E[f(¥j-1, V1) = E[5)]. (E.193)
Next we show that

i—1
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where h((5 ) h((5 )
_ 1) — 2
B3 = T = (E.195)
Denote A
t(Wg, Sp) S E[f(T;_1, ¥ 1)[S* 25 ]. (E.196)

Then because of (E.185) and since ¥y, affects only the initial condition for ¥;_; when
written as (E.189), we have for arbitrary =g € [1,1 — 7],

[t(Ug, Sk) — t(x0,Sk)| < Ba|l — 27’|j_k_1 . (E.197)
On the other hand, as an average of f(z,z) the function ¢(xo, s) satisfies

0 < t(xo,Sk) < m[%ﬁ flz,x) < h(d1) — h(d2) . (E.198)
xe|0,

From here and (E.13) we have

h(01) — h(d2)

5 11 —2r|F, (E.199)

‘ [ ($07Sk)|s—oo —oo] —E[t(l“o,skm <
or, together with (E.197),

h(01) — h(d2)

|E [t(Wk, Si)1S° 00 22 o] — E [t(0, Sk)]| < 5 |

1—27F 4 By|1 — 27 F71

. (E.200)
This argument remains valid if we replace xy with a random variable WUy, which depends
on S but conditioned on Sy, is independent of (S° ., Z° ). Having made this replacement
and assuming P\i,k| s, = Pw,|s, we obtain
h(d1) — h(o ;
hioy) = ho2) 5 (92) 11— 27]F + Bo|1 — 2771 .

(E.201)

Summing together (E.192), (E.193), (E.196), (E.197) and (E.201) we obtain that for arbi-
trary 0 < k < j — 1 we have

< wu 7P £ 2Byl — 20PN L (B202)

Setting here k = |j — 1/2| we obtain (E.194).
Finally, we have

|E[E;]52

—00 —OO]

cov[Zo, Z5] E[Z0Z,] — E2[Eo] (E.203)
= E [E0E[5|9%. Z2°.]] — E?[E0] (E.204)
j—1
< E[SE[E)] +E [|:0|(232 + Byl — 2T|JT] CE2[E]  (E.205)
= E[Z0||(2B2 + B3)|1 — 27T (E.206)
< \/E[E2)(2B, + B3)|1 — 277 (E.207)
= V/Bo(2By + By)|1 — 27| | (E.208)

where (E.205) is by (E.194), (E.207) is a Lyapunov’s inequality and (E.208) is Lemma 124.
|
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Lemma 126 Assume that 61 > 69 > 0 and 09 < a,b < d1; then

dallp) . d(6l5)
Ba(all) = d11152)

(E.209)

Proof: While inequality (E.209) can be easily checked numerically, its rigorous proof is
somewhat lengthy. Since the base of the logarithm cancels in (E.209), we replace log by In
below. Observe that the lemma is trivially implied by the following two statements:

Vs e0,1/2] : d(alld) is a non-increasing function of a € [0,1/2]; (E.210)
da(all6)
and P
DS is a non-decreasing function of b € [0, 1] . (E.211)
d2(61/[b)

To prove (E.210) we show that the derivative of ’22(21'65)) is non-negative. This is equivalent

to showing that

a(0) <0, ifa<d,
fa(6) <0 tha (E.212)
fa(6) >0, ifa>4d,
where
a 1—a
fa(0) =2d(al|d) + In < - In . (E.213)
0 1-6
It is easy to check that
fala) =0, fl(a) =0. (E.214)
So it is sufficient to prove that
<0<
£2(0) = convex, 0<d<a, (B.215)
concave, a<d<1/2.

Indeed, if (E.215) holds then an affine function ¢g(6) = 06 + 0 will be a lower bound for
fa(9) on [0,a] and an upper bound on [a, 1/2], which is exactly (E.212). To prove (E.215)
we analyze the second derivative of f,:

ngyo2a, @ 1,6 2 1,4
a((5)—52+52 52111& 55 52111(1. (E.216)

In the case 0 > a an application of the bound Inx < x — 1 yields

" 2a 2a 1 (46 2 1 /6
Y (e [ R e | E.21
la0) = HrE R <a 55 2 \a (E217)

< 0. (E.218)

IN

Similarly, in the case 0 < a an application of the bound Inz > 1 — % yields

" 2 2a 1o ay 2 1. a
0 2 TR (1-5) 55 52 (1-5) (E.219)
0. (E.220)

v
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This proves (E.215) and, therefore, (E.210).
To prove (E.211) we take the derivative of CZ((J 611‘”2) with respect to b; requiring it to be
non-negative is equivalent to

2(1 — 2b) <5ln %) (Sln %) + (0b 4 6b) <5ln2 2 6 In? 2) >0. (E.221)

It is convenient to introduce z = b/J € [0, 1] and then we define

5:17

Fo(z) = 2(1 — 262)08 Iz - In +5(1+ 2(1 — 26)) (51112 z — §In? 5‘”’“) . (B.222)

for which we must show
fs(x) > 0. (E.223)

If we think of A =Inx and B =In % as independent variables, then (E.221) is equivalent
to solving
2yAB + aA? - B* >0, (E.224)

which after some manipulation (and observation that we naturally have a requirement
A < 0 < B) reduces to

A 1

R N e (£.225)
After substituting the values for A, B, «, 8 and v we get that (E.221) will be shown if we
can show for all 0 < x < 1 that

Ing _ 1-2% 5, 1—26z \? §2+§ s (E.226)
1111—559”_1—%36(1—25)5 1—20z+x § ) ' '

1-0x

To show (E.226) we are allowed to upper-bound Inz and In 5. We use the following

upper bounds for Inx and 1

5

nz < (z—1)—(z—-12%2+@x-13/3—(x—1)14+(x—-1)°/5, (BE.227)
Iny < (y- 1) —(y—1?%/2+(y—1)°/3, (E.228)
particularized to y = 1 — %¥; both bounds follow from the fact that the derivative of In x of

the corresponding order is always negative. Applying (E.227) and (E.228) to the left side
of (E.226) and after some tedious algebra, we find that (E.226) is implied by the

2 3
I 2
where

Ps(z) = —(46° —1)(1-4)*/12
1—6)(4 — 56 + 46% — 246% + 246%)2 /24
8 — 200 + 1562 4 206% — 1006* + 726°)x? /60
§)3(11 — 286 + 126%)23 /20
—0)3(1 —26)%z/5. (E.230)

+(
+(
- (1=
(1

+
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Assume that Pjs(z¢) < 0 for some xo. For all 0 < § < 1/2 we can easily check that
P5(0) > 0 and Pjs(1) > 0. Therefore, there must be a root x; of Py in (0,z0) and a root zo
in (zo,1) by continuity. It is also easily checked that P5(0) > 0 for all 6. But then we must
have at least one root of P§ in [0, 1) and at least one root of P§ in (z2, 1].

Now, Pj(z) is a cubic polynomial such that P5(0) > 0. So it must have at least one root
on the negative real axis and two roots on [0, 1]. But since P§'(0) > 0, it must be that P§'(z)
also has two roots on [0, 1]. But P§'(z) is a quadratic polynomial, so its roots are algebraic
functions of §, for which we can easily check that one of them is always larger than 1. So,
Pj(x) has at most one root on [0, 1]. And therefore we arrive at a contradiction and Ps > 0
on [0, 1], which proves (E.229). [ |
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