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Abstract

This chapter introduces some concentration inequalities for discrete-time martingales with bounded increments, and it
exemplifies some of their potential applications in information theory and related topics. The first part of this chapter introduces
briefly discrete-time martingales and the Azuma-Hoeffding & McDiardmid’s inequalities which are widely used in this context.
It then derives these refined inequalities, followed by a discussion on their relations to some classical results in probability
theory. It also considers a geometric interpretation of some of these inequalities, providing an insight on the inter-connections
between them. The second part exemplifies the use of these refined inequalities in the context of hypothesis testing, information
theory, communications, and coding. The chapter is concluded with a discussion on some directions for further research.

Index Terms

Concentration of measures, error exponents, Fisher information, hypothesis testing, information divergence, large deviations,
martingales, moderate deviations principle.

I. INTRODUCTION

Inequalities providing upper bounds on probabilities of the type P(|X — Z| > ¢) (or P(X — % > t) for a
random variable (RV) X, where T denotes the expectation or median of X, have been among the main tools
of probability theory. These inequalities are known as concentration inequalities, and they have been subject to
interesting developments in probability theory. Very roughly speaking, the concentration of measure phenomenon
can be stated in the following simple way: “A random variable that depends in a smooth way on many independent
random variables (but not too much on any of them) is essentially constant” [75]. The exact meaning of such a
statement clearly needs to be clarified rigorously, but it will often mean that such a random variable X concentrates
around T in a way that the probability of the event {|X — Z| > ¢} decays exponentially in ¢ (for ¢ > 0). The
foundations in concentration of measures have been introduced, e.g., in [3, Chapter 7], [15, Chapter 2], [16], [42],
[47], [48, Chapter 5], [50], [74] and [75]. Concentration inequalities are also at the core of probabilistic analysis
of randomized algorithms (see, e.g., [3], [23], [50] and [61]).

The Chernoff bounds provide sharp concentration inequalities when the considered RV X can be expressed as a
sum of n independent and bounded RVs. However, the situation is clearly more complex for non-product measures
where the concentration property may not exist. Several techniques have been developed to prove concentration of
measures. Among several methodologies, these include Talagrand’s concentration inequalities for product measures
(e.g., [74] and [75] with some information-theoretic applications in [40] and [41]), logarithmic-Sobolev inequalities
(e.g., [23, Chapter 14], [42, Chapter 5] and [47] with information-theoretic aspects in [37], [38]), transportation-cost
inequalities which originated from information theory (e.g., [23, Chapters 12, 13] and [42, Chapter 6]), and the
martingale approach (e.g., [3, Chapter 7], [S0] with information-theoretic aspects in, e.g., [45], [60], [61], [81]).
This chapter mainly considers the last methodology, focusing on discrete-time martingales with bounded jumps.

The Azuma-Hoeffding inequality is by now a well-known methodology that has been often used to prove
concentration phenomena for discrete-time martingales whose jumps are bounded almost surely. It is due to
Hoeffding [34] who proved this inequality for X = )" | X; where {X;} are independent and bounded RVs, and
Azuma [7] later extended it to bounded-difference martingales. It is noted that the Azuma-Hoeffding inequality for
a bounded martingale-difference sequence was extended to centering sequences with bounded differences [51]; this
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extension provides sharper concentration results for, e.g., sequences that are related to sampling without replacement.
Some relative entropy and exponential deviation bounds were derived in [39] for an important class of Markov
chains, and these bounds are essentially identical to the Hoeffding inequality in the special case of i.i.d. RVs. A
common method for proving concentration of a function f : R™ — R of n independent RVs, around the expected
value E[f], where the function f is characterized by bounded differences whenever the n-dimensional vectors differ
in only one coordinate, is called McDiarmid’s inequality or the ’independent bounded differences inequality’ (see
[50, Theorem 3.1]). This inequality was proved (with some possible extensions) via the martingale approach (see
[50, Section 3.5]). Although the proof of this inequality has some similarity to the proof of the Azuma-Hoeffding
inequality, the former inequality is stated under a condition which provides an improvement by a factor of 4 in the
exponent. Some of its nice applications to algorithmic discrete mathematics were exemplified in [50, Section 3].

The use of the Azuma-Hoeffding inequality was introduced to the computer science literature in [70] in order to
prove concentration, around the expected value, of the chromatic number for random graphs. The chromatic number
of a graph is defined to be the minimal number of colors that is required to color all the vertices of this graph so that
no two vertices which are connected by an edge have the same color, and the ensemble for which concentration was
demonstrated in [70] was the ensemble of random graphs with n vertices such that any ordered pair of vertices in the
graph is connected by an edge with a fixed probability p for some p € (0, 1). It is noted that the concentration result
in [70] was established without knowing the expected value over this ensemble. The migration of this bounding
inequality into coding theory, especially for exploring some concentration phenomena that are related to the analysis
of codes defined on graphs and iterative message-passing decoding algorithms, was initiated in [45], [60] and [72].
During the last decade, the Azuma-Hoeffding inequality has been extensively used for proving concentration of
measures in coding theory (see, e.g., [61, Appendix C] and references therein). In general, all these concentration
inequalities serve to justify theoretically the ensemble approach of codes defined on graphs. However, much stronger
concentration phenomena are observed in practice. The Azuma-Hoeffding inequality was also recently used in [77]
for the analysis of probability estimation in the rare-events regime where it was assumed that an observed string
is drawn i.i.d. from an unknown distribution, but the alphabet size and the source distribution both scale with the
block length (so the empirical distribution does not converge to the true distribution as the block length tends to
infinity). In [80], the Azuma-Hoeffding inequality was used to derive achievable rates and random coding error
exponents for non-linear additive white Gaussian noise channels. This analysis was followed by another recent
work of the same authors [81] who used some other concentration inequalities, for discrete-parameter martingales
with bounded jumps, to derive achievable rates and random coding error exponents for non-linear Volterra channels
(where their bounding technique can be also applied to intersymbol-interference (ISI) channels, as noted in [81]).
This direction of research was further studied in [82], and improved achievable rates have been derived via refined
version of the Azuma-Hoeffding inequality.

This chapter is structured as follows: Section II presents briefly discrete-time (sub/ super) martingales, Section III
presents the Azuma-Hoeffding inequality and McDiardmid’s inequality; these are widely used in proving concen-
tration, and their derivation relies on the martingale approach. Section IV derives some refined versions of the
Azuma-Hoeffding inequality, and it considers interconnections between these bounds. Section V considers some
connections between the concentration inequalities that are introduced in Section IV to the method of types, a
central limit theorem for martingales, the law of iterated logarithm, the moderate deviations principle for i.i.d. real-
valued random variables, and some previously-reported concentration inequalities for discrete-parameter martingales
with bounded jumps. Section VI forms the second part of this work, applying the concentration inequalities from
Section IV to information theory and some related topics. This chapter is summarized in Section VII, followed
by a discussion on some topics, mainly related to information theory and coding, for further research. Various
mathematical details of the analysis are relegated to the appendices. This work is meant to stimulate the derivation
of some new refined versions of concentration inequalities for martingales with a further consideration of their
possible applications in aspects that are related to information theory, communications and coding.

In connection to the presentation in this chapter, the reader is referred to [3, Chapter 11], [15, Chapter 2], [16]
and [50] as some additional surveys on concentration inequalities for (sub/ super) martingales.
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II. DISCRETE-TIME MARTINGALES
A. Martingales

This sub-section provides a short background on martingales to set definitions and notation (the reader is referred,
e.g., to [78] for a nice exposition of discrete-time martingales). We will not use any result about martingales beyond
the definition and few basic properties that will be mentioned explicitly.

Definition 1: [Martingale] Let (€2, F,P) be a probability space. A martingale sequence is a sequence Xo, X1, ...
of random variables (RVs) and corresponding sub o-algebras Fy, F1, ... that satisfy the following conditions:

1) X; € LY(Q,F;,P) for every i, i.e., each X; is defined on the same sample space €2, it is measurable with

respect to the o-algebra F; (i.e., X; is F;-measurable) and E[|X;[] = [, | X;(w)|dP(w) < oo.

2) Fo € F; C ... (this sequence is called a filtration).

3) Forall i € N, X;_; = E[X;|F;_1] almost surely (a.s.).

In this case, it is written that {X;, F;}2°, or {X;, F;}ien, (With Ny £ N U {0}) is a martingale sequence (the
inclusion of X, and F., in the martingale is not required here).

Remark 1: Since {F;}2°, forms a filtration, then it follows from the tower principle for conditional expectations
that a.s.

Xj:E[Xi’E], Yi>j.
Also for every i € N, E[X;] = E[E[X;|F;—1]] = E[X;_1], so the expectation of a martingale sequence stays
constant.

Remark 2: One can generate martingale sequences by the following procedure: Given a RV X ¢ L'(Q, F,P)
and an arbitrary filtration of sub o-algebras {F;}2°,, let

X; =E[X|F], Vie{0,1,...}.

Then, the sequence Xy, X1,... forms a martingale since

1) The RV X, = E[X|F;] is F;-measurable, and also E[|X;|] < E[|X|] < oo (since conditioning reduces the
expectation of the absolute value).

2) By construction {F;}°, is a filtration.

3) For every i € N

E[X;|Fi—1] = E[E[X|F]|Fi-1]
= E[X|.FZ,1] (Sil’lCC ‘/—"1;1 Q .7:1)
= A;—-1 a.s.

Remark 3: In continuation to Remark 2, one can choose Fy = {0, Q} and F,, = F, so that Xy, X1,..., X, is
a martingale sequence where

Xo =E[X|Fo] =E[X] (since X is independent of Fj)
X, =E[X|F,] =X as. (since X is F-measurable).

In this case, one gets a martingale sequence where the first element is the expected value of X, and the last element
of the sequence is X itself (a.s.). This has the following interpretation: At the beginning, one doesn’t know anything
about X, so it is initially estimated by its expectation. At each step more and more information about X is revealed
until one is able to specify it exactly (a.s.).

B. Sub/ Super Martingales

Sub and super martingales require the first two conditions in Definition 1, and the equality in the third condition
of Definition 1 is relaxed to one of the following inequalities:

o E[X;|Fi—1] > X,;_1 holds a.s. for sub-martingales.

e E[X;|Fi—1] < X;_1 holds a.s. for super-martingales.
Clearly, every process that is both a sub and super-martingale is a martingale. Furthermore, {X;, ;} is a sub-
martingale if and only if {—X;, F;} is a super-martingale. The following properties are direct consequences of
Jensen’s inequality for conditional expectations:
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o If {X;, F;} is a martingale, h is a convex (concave) function and E[|h(X;)|] < oo, then {h(X;), F;} is a sub
(super) martingale.

o If {X;, F;} is a super-martingale, & is monotonic increasing and concave, and E[|h(X;)|] < oo, then {h(X;), F;}
is a super-martingale. Similarly, if {X;, 7;} is a sub-martingale, h is monotonic increasing and convex, and
E[|h(X;)|] < oo, then {h(X;), F;} is a sub-martingale.

III. TWO BASIC CONCENTRATION INEQUALITIES

In the following section, we prove two basic inequalities that are widely used for proving concentration inequal-
ities. Their proofs conveys the main concepts of the martingale approach for proving concentration results. Their
presentation also motivates some refinements that are considered later in this chapter, followed by some applications.

A. The Azuma-Hoeffding Inequality

The Azuma-Hoeffding inequality' is a useful concentration inequality for bounded-difference martingales. It was
proved in [34] for independent bounded random variables, followed by a discussion on sums of dependent random
variables; this inequality was later derived in [7] for the more general setting of bounded-difference martingales.
In the following, this inequality is introduced.

Theorem 1: [Azuma-Hoeffding inequality] Let {X}, 7}, be a discrete-parameter real-valued martingale
sequence such that for every k € N, the condition | X} — X;_1| < di holds a.s. for some non-negative constants
{di}72 . Then, for every n € N and o > 0,

012
P(1X, — Xo| > @) < 2exp (—) (1)
23 4}

The proof of the Azuma-Hoeffding inequality serves also to present the basic principles on which the martingale
approach for proving concentration results is based on. Therefore, we present in the following the proof of this
inequality.

Proof: For an arbitrary o« > 0,

P(| X, — Xo| > a) = P(X, — Xo > @) + P(X, — Xo < —a). )

L

Let & = X; — X;—1 for ¢ = 1,...,n designate the jumps of the martingale. Then, it follows by assumption that
|€k| < di and E[¢y | Fx—1] = 0 a.s. for every k € {1,...,n}.
From Chernoff’s inequality, for every ¢ > 0,

P(X, — Xo > a)
=P(>_&za)
i=1

< e HE[t T, (3)

For every ¢t > 0

_k|m [exp(tkzn::lfk> |]-"n_1H
( -

t @) exp(t€) |fn1H

n—1
=E|exp <t Z €k> E[exp(tfn) \ .7:”_1}] 4)

'The Azuma-Hoeffding inequality is also known as Azuma’s inequality. Since it is referred numerous times in this chapter, it will be
named Azuma’s inequality for the sake of brevity.
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where the last transition holds since ¥ = exp(t ZZ;% gk) is Fp_1-measurable. The measurability of Y is due
to fact that &, = X, — Xj_; is Fj-measurable for every k € N, and F;, C F,_; for 0 < k < n — 1 since
{Fi}r_, is a filtration; hence, the RV S 71 & and its exponentiation () are both F,,_;-measurable, and a.s.
E[XYU:nfl] = YE[X’]:nfl]-

Due to the convexity of the exponential function, and since |£;| < d, then the straight line connecting the end
points of the exponential function is below this function over the interval [—dj, d], so a.s. for every k

E [eték ‘ Fk—l]

(di + &)e' ™ + (& — di)e %
2d,

SE{ | Fr—1

_ % (e 1 o)

= cosh(tdy). )

Since, for every integer m > 0,
(2m)! > (2m)(2m —2)...2=2"m!

then due to the power series expansion of the hyperbolic cosine and exponential functions, we have

o0 oo
(d)?™ S (1™ 2
cosh(tdy) = Z m)! < ST =€
m=0 ’ m=0 ’
which therefore implies that
t2 a2

E[eté"‘ |.7-"k,1} <e 2
Hence, by repeatedly using the recursion in (4), it follows that
E[exp <tZ§k)] < H exp <2k> = exp ) Zdi (6)
k=1 k=1 k=1
which then gives from (3) that, for every ¢ > 0,

2
P(X, — Xo > a) <exp <—at + Bl E d%) . (7
k=1
An optimization over the free parameter ¢ > 0 gives that
o2
P(X,—Xy>a)< ——— | . 8
=0 o) <o (g5 ) ®

Since, by assumption, { X}, Fi} is a martingale with bounded jumps, so is {—X}, Fi} (with the same bounds on
its jumps). This implies that the same bound is also valid for the probability P(X,, — Xy < —«) and together with
(2) it completes the proof of the Azuma-Hoeffding inequality. [ ]

The proof of the Azuma-Hoeffding inequality will be revisited later in this chapter for the derivation of some
refined versions of Azuma’s inequality, whose use and advantage will be also exemplified.

Remark 4: In [50, Theorem 3.13], Azuma’s inequality is stated as follows: Let {Y}, F;.}7°, be a martingale-
difference sequence with Yy = 0 (i.e., Y} is Fi-measurable, E[|Yy|] < oo and E[Y|Fi_1] = 0 a.s. for every k € N).
Assume that, for every k € N, there exist numbers ay, by € R such that a.s. ax <Yy < bg. Then, for every r > 0,

P( 2.1 ) <200 (-5 ) ©

k=1
Hence, consider a discrete-parameter real-valued martingale sequence { X}, F.}7°, where ap < Xj, — Xj_1 < by,
a.s. for every k € N. Let Y}, 2 X}, — X, for every k € N. This implies that {Y%, Fi}32 is a martingale-difference
sequence. From (9), it follows that for every r > 0,

2 2
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according to the setting in Theorem 1, ax = —dj and by = dj for every k € N, which implies the equivalence
between (1) and (10).

As a special case of Theorem 1, let {Xj, F;}32, be a martingale sequence, and assume that there exists a
constant d > 0 such that a.s., for every k € N, | X, — X;_1| < d. Then, for every n € N and a > 0,

2
P(| X — Xo| > ay/n) < 2exp <—2O;2> : (11)

Example 1: Let {Y;}5°, be i.i.d. blnary random variables which get the values +d, for some constant d > 0,
with equal probability. Let X, = ZZ oY for k€ {0,1,...,}, and define the natural filtration 7o C F; C F>..

where
Fr=0%o,...,Yr), Vke{0,1,...,}

is the o-algebra that is generated by the random variables Yj,...,Y). Note that {Xk,]-'k}zozo is a martingale
sequence, and (a.s.) | X — Xx_1| = |Yx| = d, Yk € N. It therefore follows from Azuma’s inequality in (11) that

2
P(| X — Xo| > ay/n) < 2exp <—;;2> : (12)

for every a > 0 and n € N. From the central limit theorem (CLT), since the RVs {Y;}° are i.i.d. with zero mean
and variance d?, then ﬁ(Xn - Xo) = % > r_, Yi converges in distribution to N(0, d?). Therefore, for every
a >0,

lim P(X, — Xo| > avin) =2Q(5) (13)
where
O(x) m/ exp )dt VzeR (14)

is the probability that a zero-mean and unit-variance Gaussian RV is larger than x. Since the following exponential
upper and lower bounds on the Q-function hold

1 T 22 1 =2

Lo S eT 2. Y 0 15
5 1r a2 e < Qx) < o ez, Vo> (15)

then it follows from (13) that the exponent on the right-hand side of (12) is the exact exponent in this example.

Example 2: In continuation to Example 1, let v € (0, 1], and let us generalize this example by considering the
case where the i.i.d. binary RVs {Y;}9° have the probability law

¥ 1
PYi=+d) =——, PYi=-d)=—.
(Yi = +d) T4 (Y; = —vd) T

Hence, it follows that the i.i.d. RVs {Y;} have zero mean and variance o> = ~yd? as in Example 1. Let { X, Fr}io
be defined similarly to Example 1, so that it forms a martingale sequence. Based on the CLT, \F (X, — Xo) =

f > %r_, Yy converges weakly to A(0,vd?), so for every a > 0

Tim B(X, X0]>af)_2Q<fd> (16)

From the exponential upper and lower bounds of the Q-function in (15), the right-hand side of (16) scales

exponentially like e ~%@ . Hence, the exponent in this example is improved by a factor 5 as compared Azuma’s
inequality (that is the same as in Example 1 since | X} — X;_1| < d for every k& € N). This indicates on the possible
refinement of Azuma’s inequality by introducing an additional constraint on the second moment. This route was
studied extensively in the probability literature, and it is further studied in Section IV.

Example 2 serves to motivate the introduction of an additional constraint on the conditional variance of a
martingale sequence, i.e., adding an inequality constraint of the form

Var(Xy, | Fro1) = E[(Xy — Xp1)? | Froi] < yd?

where v € (0,1] is a constant. Note that since, by assumption | X} — Xj_1| < d a.s. for every k € N, then the
additional constraint becomes active when v < 1 (i.e., if v = 1, then this additional constraint is redundant, and it
coincides with the setting of Azuma’s inequality with a fixed dj, (i.e., dx = d).
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B. McDiardmid’s Inequality

The following useful inequality is due to McDiardmid ([49] or [51, Theorem 3.1]), and its original derivation
uses the martingale approach for its derivation. We will relate, in the following, the derivation of this inequality to
the derivation of the Azuma-Hoeffding inequality (see the previous sub-section).

Theorem 2: [McDiardmid’s inequality] Let {X;} be independent real-valued random variables (not necessarily
i.i.d.), and assume that X; : Q; — R for every i. Let {X;}?_, be independent copies of {X;}" ,, respectively, and
suppose that, for every k € {1,...,n},

19X, X1, Xy Xkt Xn) — 9(X1s oo, X1, Xy X1, -+ X)) | < i (17)
holds a.s. (note that a stronger condition would be to require that the variation of g w.r.t. the k-th coordinate of

x € R" is upper bounded by dy, i.e.,
suplg(z) — g(a)| < di

for every x, 2’ € R”™ that differ only in their k-th coordinate.) Then, for every o > 0,

9 2
P(|g(X1,..., Xn) —E[g(X1,..., Xn)]| > @) < 2exp (—ﬁ) : (18)
k=1"k

Remark 5: As we will see from the proof of this inequality, one could use the Azuma-Hoeffding inequality for
proving it, but then the exponent will be four times smaller (i.e., the factor 2 in the exponent would have appeared
in the denominator instead of appearing in the numerator. Hence, it will be observed from the proof that in the
current setting, one gets a gain of a factor of 4 in the exponent.

Proof: For k € {1,...,n}, let F, = 0(X1,..., X)) be the o-algebra that is generated by X1, ..., X} with
Fo = {0,9Q} being the minimal sigma-algebra. Define

&2 E[g(X1, ., X0) | Fi] —E[g(X1,..., Xo) | Faa], Vh€{L...,n} (19)
Note that Fy C Fy ... C F, is a filtration,

Elg(X1,...,Xn) | Fo] =E[g(X1,...,X,)]
Elg(X1,....Xn) | Fn] = 9(X1,..., Xn). (20)

Hence

9(X1,...,X,) —E[g(X1,...,X,)]
=E[g(X1,...,X,) | Fn] —E[g(X1,...,Xn) | Fo]

=> {E[g(X1,..., Xn) | F] —E[g(X1,..., Xn) | Foca] }
k=1

=Y & @1)
k=1

In the following, we need the following lemma:
Lemma 1: For every k € {1,...,n}, the following properties hold a.s.:

1) E[¢ | Fr_1] =0, so {&, Fr} is a martingale-difference and &, is Fj-measurable.

2) [&| < dy
3) & € [ag, ar + di] where ay is some non-positive Fj_1-measurable.

Proof: The random variable &, is F-measurable since F;_1 C Fi, and & is a difference of two functions where
one is Fj-measurable and the other one is Fj_;-measurable. Furthermore, it is easy to verify that E[¢ | F_1] = 0.
This verifies the first item. the second item follows from the third item. To prove the third item, let
& =E[g(X1,. .., Xp—1, Xios Xiot1, - - Xn) | Fi) = Eg(X1, -, Xom1, Xiy Xit1, -5 X)) | Froer]
& =E[g(X1,. ., Xp—1, Xios Xior1, - - Xn) | Fi) = Elg(X1, - X1, Xiy Xbg1, -5 Xn) | Fror]
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where {X;}7 | is an independent copy of {X;}" ,, and we define
Fr = o(X,.. .,Xk_l,Xk).

Due to the independence of Xj and X, and since they are also independent of the other RVs then a.s.

€ — &l

]E[g(Xla ooy X1, Xk, Xk-i—b s Xn) |]:k] - ]E[g(Xla vy Xpo1, kaXk’-i-la s 7Xn) |]:/€]|
= E[Q(Xl, e 7Xk:—17Xk‘a Xk‘-i-17 ceey Xn) - g(Xla o 7Xk‘—17Xk’7Xk‘+17 O 7XTL) ‘ U(le e 7Xk—1a Xk‘vXk’)H
E“g(Xla cee 7Xk:—17Xka Xk‘-i—l? R Xn) - g(Xla CIEIE 7Xk‘—17Xk‘?Xk’+17 cee 7XTL)| | U(Xla ce. 7Xk—17Xk;7Xk)]

< dj. (22)
Therefore, | — ék| < di, holds a.s. for every pair of independent copies X, and X, which are also independent
of the other random variables. This implies that & is a.s. supported on an interval [ay, ax + dj] for some function
ar = ag(X1,...,Xk_1) that is Fj_1-measurable (since Xj and Xk are independent copies, and & — fk, is a
difference of g(X17 coos X1, Xk .., Xp) and g(Xq, ... Xp1. Xk X ), then this is in essence saying that if
a set S C R has the property that the distance between any of its two points is not larger than some d > 0, then the
set should be included in an interval whose length is d). Since also E[¢) | Fx—1] = O then a.s. the Fj,_;-measurable
function ay, is non-positive. It is noted that the third item of the lemma is what makes it different from the proof in
the Azuma-Hoeffding inequality (which, in that case, implies that & € [—dy, di| where the length of the interval
is twice large (i.e., 2dg).) [ |

Let by = ay + dy. Since E[¢;, | Fx_1] = 0 and & € [ay, by] with a;, < 0 and by, are Fj_;-measurable, then

Var(éy, | Fi—1) < —agbi = 0}

Applying the convexity of the exponential function gives (similarly to the derivation of the Azuma-Hoeffding
inequality, but this time w.r.t. the interval [ag, b;] whose length is only dj) that, for every k € {1,...,n}
bret® — aketbk

E[e" | Fy—1] <
dg

(23)

Let p = — ¢ €1[0,1], then

E[etﬁk | Fr—1]

< pre’® + (1= p)e'

= '™ [1 — py, + pre'®™]

— efe(®) (24)

where fi(t) £ tay, +In(1 — pg + pre’®) for ¢ € R. Since f;,(0) = f1.(0) = 0 and the geometric mean is less than
or equal to the arithmetic mean then, for every {,

oy A
F (1 — pi + pretd=)2 = 4

which implies by Taylor’s theorem that
t2d
8

TN

fi(t) <
so, from (24),

t242

E[e" | Froq] < e s

Similarly to the proof of the Azuma-Hoeffding inequality, by repeatedly using the recursion in (4), the last inequality

implies that
E [exp (t Z §k>] < exp (8 Z di) (25)
k=1 k=1
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which then gives from (3) that, for every ¢ > 0,
P(g(Xla e 7Xn) - ]E[g(Xla e 7Xn)] > a)

n
=P} & >a)
k=1
2 N
<exp|—at+ 3 Z dp | - (26)
k=1
An optimization over the free parameter ¢ > 0 gives that
202
P(g(X1,..., Xpn) —E[g(X1,...,. Xp)] > a) <exp | ~=—35 | - 27
> k=1 i

Similarly to the derivation of the Azuma-Hoeffding inequality, this bound is also valid for the probability
Plg(X1,..., Xn) — Elg(Xy,..., X0n)] > o),

which therefore gives the bound in (18). |

IV. REFINED VERSIONS OF THE AZUMA-HOEFFDING INEQUALITY
A. First Refinement of Azuma’s Inequality

The following theorem appears in [49] and [21, Corollary 2.4.7].
Theorem 3: Let { Xy, Fi}32, be a discrete-parameter real-valued martingale. Assume that, for some constants
d,o > 0, the following two requirements are satisfied a.s.

| Xy — Xp—1| < d,
Var(Xk\]:k_l) = E[(Xk - Xk_1)2 |]:k:—1] < 0'2

for every k € {1,...,n}. Then, for every o > 0,

o+ 0
— > < — _ | —
P(|X,, — Xo| > an) 2exp( nD(1 fyHl V)) (28)

where N
A

.52 (29)

%) 9
ale

y

and

D(pl|q) épln(g) +(1-p) IDG

is the divergence (a.k.a. relative entropy or Kullback-Leibler distance) between the two probability distributions
(p,1 —p) and (q,1 — q). If 6 > 1, then the probability on the left-hand side of (28) is equal to zero.
Remark 6: From the above conditions then without any loss of generality, 0 < d? and therefore ~ € (0, 1].
Proof: The proof of this bound starts similarly to the proof of the Azuma-Hoeffding inequality, up to (4).
The new ingredient in this proof is Bennett’s inequality which replaces the argument of the convexity of the
exponential function in the proof of the Azuma-Hoeffding inequality. From Bennett’s inequality [10] (see, e.g., [21,
Lemma 2.4.1]), if X is a real-valued random variable with 7 = E(X) and E[(X — 7)?] < o2 for some ¢ > 0, and
X < b a.s. for some b € R, then for every A > 0

—-p
—0), Ypaclol (30)

e [(b — )2 exp_% —1—02@)‘((’_@}
(b—7)?% + o2

Applying Bennett’s inequality for the conditional law of & given the o-algebra Fj_1, since E[x|Fr_1] = O,
Var[¢g|Fr_1] < 02 and &, < d ass. for k € N, then a.s.

o2 exp(td) + d* exp (—%)
d? + o? '

E[e*M] < 31)

E lexp(t&x) | Fr-1] <

(32)
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Hence, it follows from (4) and (32) that, for every ¢ > 0,
o2 exp(td) + d? exp (—%)

)] (7 ) (o)

and, by induction, it follows that for every ¢ > 0

n

o2 exp(td) + d? exp (—%)

n
E[exp<tsz>] < @2+ o2
k=1
From the definition of 7 in (29), this inequality is rewritten as

E[exp<t25k>] < <’Yexp(td)11e;{p(_7td>> V> 0. (33)
k=1

Let £ td (so z > 0). Combining Chernoff’s inequality with (33) gives that, for every @ > 0 (where from the
definition of ¢ in (29), at = dx),

P(X, — Xo > an)

< exp(—ant)E [exp (t é £k>]

< <vexp((1 —d)z) +exp(=(v + ‘5)3“”))”, Va > 0. (34)

- 14+~

Consider first the case where 6 = 1 (i.e., & = d), then (34) is particularized to

— 1 "
P(X, — Xo > dn) < <7+6Xp1(+(7+ W)) . Vz>0
vy

and the tightest bound within this form is obtained in the limit where x — co. This provides the inequality
n
g
P(X,—Xo>dn)<|——] . 35
(= Ko 2 an) < (1) a5

Otherwise, if 6 € [0, 1), the minimization of the base of the exponent on the right-hand side of (34) w.r.t. the free
non-negative parameter x yields that the optimized value is

SEBNES

and its substitution into the right-hand side of (34) gives that, for every a > 0,

]P)(Xn — XO > an)

_a+s

74—5) 14y _1-s
r+o 1 6) i
< v ( )

o[22 (229 (5]

0+ y
o (o0(220 1)

and the exponent is equal to +o0 if § > 1 (i.e., if a > d). Applying inequality (37) to the martingale {— X, F1,}72,
gives the same upper bound to the other tail-probability P(X,, — Xy < —an). The probability of the union of the
two disjoint events {X,, — Xo > an} and {X,, — Xo < —an}, that is equal to the sum of their probabilities,
therefore satisfies the upper bound in (28). This completes the proof of Theorem 3. ]

n

IN
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Example 3: Let d > 0 and ¢ € (0, %] be some constants. Consider a discrete-time real-valued martingale
{ Xk, Fr}32, where as. Xo = 0, and for every m € N

]P)(Xm — Xm—l =d ’ fm—l) =&,

ed ‘Fm_1> =1-c.
1—¢

]P’(Xm—Xm_l =—

This indeed implies that a.s. for every m € N
ed

E[Xpm — Xm—1 | F—1] = ed + <—1 )(1—6):0
and since X,,_1 is J,,_1-measurable then a.s.

E[Xm ‘fmfl] =Xm-1.
Since € € (0, 1] then a.s.

d
| X — Xom—1] < max{d, 5} =d.
1—¢
From Azuma’s inequality, for every x > 0,
2d?

independently of the value of ¢ (note that Xy = 0 a.s.). The concentration inequality in Theorem 3 enables one to
get a better bound: Since a.s., for every m € N,

2
P(X; > kz) < exp (— ke ) (38)

ed \2 d?e
E[(Xm — Xm—1)? | Fino1] = d%e + (—1 — ) (1—¢)= -
then from (29)
_e sz
i d
and from (37), for every =z > 0,
1—
P(X}, > kz) < exp (—k;D(x(dg) tell z~:>> . (39)

Consider the case where € — 0. Then, for arbitrary > 0 and k£ € N, Azuma’s inequality in (38) provides an upper
bound that is strictly positive independently of e, whereas the one-sided concentration inequality of Theorem 3
implies a bound in (39) that tends to zero. This exemplifies the improvement that is obtained by Theorem 3 in
comparison to Azuma’s inequality.

Remark 7: As was noted, e.g., in [50, Section 2], all the concentration inequalities for martingales whose
derivation is based on Chernoff’s bound can be strengthened to refer to maxima. The reason is that { X — X, ]:k}zio
is a martingale, and h(z) = exp(tz) is a convex function on R for every ¢ > 0. Recall that a composition of a
convex function with a martingale gives a sub-martingale w.r.t. the same filtration (see Section II-B), so it implies
that {exp(t(X r—X0)), ]:k}:):o is a sub-martingale for every ¢ > 0. Hence, by applying Doob’s maximal inequality
for sub-martingales, it follows that for every a > 0

IP’( max X — Xo > om)
1<k<n

_ - > >
P(lléll?%(n exp (t(Xx — Xo)) > exp(ant)) t>0

< exp(—ant) E [exp(t(Xn - XO))}

exp (th&)]

which coincides with the proof of Theorem 3 with the starting point in (3). This concept applies to all the
concentration inequalities derived in this chapter.

= exp(—ant) E
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Corollary I: In the setting of Theorem 3, for every a > 0,

2
P(|X,, — Xo| > an) <2exp (—Qn <1‘;;7> > . (40)

Proof: This concentration inequality is a loosened version of Theorem 3. From Pinsker’s inequality,
2
D(pllg) = - Vp.a€[0,1] (41

where
VE|p1-p) —(¢,1—q)l1 =2|p—q| (42)

denotes the L!-variational distance between the two probability distributions. Hence, for 7, § € [0, 1]
2
D MHL o 0 )
I+~411+7y I+~
|

Remark 8: As was shown in the proof of Corollary 1, the loosening of the exponential bound in Theorem 3
by using Pinsker’s inequality gives inequality (40). Note that (40) forms a generalization of Azuma’s inequality
in Theorem 1 for the special case where, for every i, d; £ d for some d > 0. Inequality (40) is particularized to
Azuma’s inequality when v = 1, and then

né?
P(|Xn — Xo| > an) < 2exp 9 ) (43)

This is consistent with the observation that if v = 1 then, from (29), the requirement in Theorem 3 for the conditional
variance of the bounded-difference martingale sequence becomes redundant (since if | X — Xj_1| < d a.s. then
also E[(Xy — Xp_1)?| Fr_1] < d?). Hence, if v = 1, the concentration inequality in Theorem 3 is derived under
the same setting as of Azuma’s inequality.

Corollary 2: Let { Xy, Fi} 32, be a discrete-parameter real-valued martingale, and assume that for some constant
d>0
| Xk — Xp—1] < d

a.s. for every k € {1,...,n}. Then, for every o > 0,

P(|X,, — Xo| > an) < 2exp (—nf(9)) (44)
where s
1—
ﬂ@z{lmmﬁ—hNQ)} 0<s<1 s)
400, 6>1

and ha(z) £ —xlogy(x) — (1 — ) logy(1 — z) for 0 < x < 1 denotes the binary entropy function on base 2.
Proof: By substituting v = 1 in Theorem 3 (i.e., since there is no constraint on the conditional variance, then
one can take 02 = d?), the corresponding exponent in (28) is equal to

D<1+6H2> £(8)

since D(p||3) = In2[1 — hy(p)] for every p € [0,1]. [

Remark 9: Based on Remark 8, and since Corollary 2 is a special case of Corollary 1 when v = 1, then it
follows that Corollary 2 is a tightened version of Azuma’s inequality. This can be verified directly, by showing that
f() > % for every 6 > 0. This inequality is trivial for § > 1 since f is by definition infinity. For ¢ € (0, 1], the
power series expansion of f in (45) is given by

52p 52 54 56 58 510
ﬂ&:ZZT—— CRATRE R TR (46)
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which indeed proves the inequality also for § € (0, 1]. Figure 1 shows that the two exponents in (43) and (44) nearly
coincide for § < 0.4. Also, the improvement in the exponent of Corollary 2, as compared to Azuma’s inequality,
is by factor 2In2 = 1.386 for § = 1.

Discussion 1: Corollary 2 can be re-derived by the replacement of Bennett’s inequality in (32) with the inequality

1
Elexp(t&r)[Fr—1] < 5[
that holds a.s. due to the assumption that || < d (a.s.) for every k. The geometric interpretation of this inequality
is based on the convexity of the exponential function, which implies that its curve is below the line segment that
intersects this curve at the two endpoints of the interval [—d, d]. Hence,

exp(tk) < % <1 + 5(;) etd 4 1 (1 _ §k> o—td 48)

et 4 e_td] = cosh(td) 47)

2 d

a.s. for every k € N (or vice versa since N is a countable set). Since, by assumption, { X}, F;.}7°  is a martingale
then E[¢;|Fr—1] = 0 a.s. for every k € N, so (47) indeed follows from (48). Combined with Chernoff’s inequality,
it yields (after making the substitution x = td where x > 0) that

P(X, — Xo > an) < (exp(—dz) cosh(z))", Vz >0. (49)

This inequality leads to the derivation of Azuma’s inequality. The difference that makes Corollary 2 be a tightened
version of Azuma’s inequality is that in the derivation of Azuma’s inequality, the hyperbolic cosine is replaced
with the bound cosh(z) < exp(xg—g) so the inequality in (49) is loosened, and then the free parameter z > 0 is
optimized to obtain Azuma’s inequality in Theorem 1 for the special case where dj, = d for every k € N (note that
Azuma’s inequality handles the more general case where dj is not a fixed value for every k). In the case where
dj, = d for every k, Corollary 2 is obtained by an optimization of the non-negative parameter x in (49). If § € [0, 1],
then by setting to zero the derivative of the logarithm of the right-hand side of (49), it follows that the optimized
value is equal to x = tanh_1(5 ). Substituting this value into the right-hand side of (49) provides the concentration
inequality in Corollary 2; to this end, one needs to rely on the identities

tanh™! () = %ln <1i_f§> , cosh(z) = (1 - tanhz(x))fé.

=
&
T

[,
T

§Corollary 2]
f(d)

Theorem 2:

LOWER BOUNDS ON EXPONENTS

Exponent of Azuma inequality: 52
‘ ) 1 12

0 0.2 0.4

06
6=oa/d

Fig. 1. Plot of the lower bounds on the exponents from Azuma’s inequality in (43) and the refined inequalities in Theorem 3 and Corollary 2
(where f is defined in (45)). The pointed line refers to the exponent in Corollary 2, and the three solid lines for v = and % refer to
the exponents in Theorem 3.

11
8714

In the following, a known loosened version of Theorem 3 is re-derived based on Theorem 3.
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Lemma 2: For every x,y € [0, 1]

2
D (20 = 5 o(2)
1+ylll+y 2y Yy
where ol(1 In(1
B 2 A0+ n(2 nall) Bkl VIR (51)
u
Proof: This inequality follows by calculus, and it appears in [21, Exercise 2.4.21 (a)]. [ ]

Corollary 3: Let { Xy, Fi}32, be a discrete-parameter real-valued martingale that satisfies the conditions in
Theorem 3. Then, for every a > 0,

P(|X,, — Xo| > an) < 2exp (—n’y [(1 + 6) In (1 + 5) - 5}) (52)
Y Y Y

where 7,9 € [0, 1] are introduced in (29).
Proof: This inequality follows directly by combining inequalities (28) and (50) with the equality in (183). W

B. Geometric Interpretation

A common ingredient in proving Azuma’s inequality, and Theorem 3 is a derivation of an upper bound on the
conditional expectation E[etfk |]:k—1} for t > 0 where E[ﬁk |]:k—1] =0, Var[§k|]-'k_1] < 02, and |&] < d as.
for some o,d > 0 and for every k € N. The derivation of Azuma’s inequality and Corollary 2 is based on the line
segment that connects the curve of the exponent y(z) = e'® at the endpoints of the interval [—d, d]; due to the
convexity of y, this chord is above the curve of the exponential function y over the interval [—d, d]. The derivation
of Theorem 3 is based on Bennett’s inequality which is applied to the conditional expectation above. The proof
of Bennett’s inequality (see, e.g., [21, Lemma 2.4.1]) is shortly reviewed, while adopting its proof to our notation,
for the continuation of this discussion. Let X be a random variable with zero mean and variance E[X?] = o2, and
assume that X < d a.s. for some d > 0. Let v £ g—;’. The geometric viewpoint of Bennett’s inequality is based on
the derivation of an upper bound on the exponential function y over the interval (—oo, d]; this upper bound on y is
a parabola that intersects y at the right endpoint (d, e!?) and is tangent to the curve of y at the point (—vyd, e *7%).
As is verified in the proof of [21, Lemma 2.4.1], it leads to the inequality y(x) < ¢(x) for every = € (—o0,d]
where ¢ is the parabola that satisfies the conditions

p(d) = y(d) = ",
p(—yd) = y(—vd) = e,
¢'(—d) = ¢/ (—yd) = te7.
Calculation shows that this parabola admits the form
olz) = (z 4+ vd)e! + (d — x)e 14 N alyd? + (1 —v)d z — 2?
(1+7)d (1+7)2d?

where o £ [(1 + y)td + 1]e="% — e'd. At this point, since E[X] = 0, E[X?] = yd* and X < d a.s., then the
following bound holds:

E[etx]
<E[p(X)]
B yetd 4 etd vd? — E[X?]
14y ((1+7)2d2>
,yetd + e—'ytd
=
E[X2?]etd + d2e= 5
- & + E[X?]
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which indeed proves Bennett’s inequality in the considered setting, and it also provides a geometric viewpoint to
the proof of this inequality. Note that under the above assumption, the bound is achieved with equality when X is
a RV that gets the two values +d and —vd with probabilities 117 and ﬁ, respectively. This bound also holds
when E[X?] < o2 since the right-hand side of the inequality is a monotonic non-decreasing function of E[X?] (as
it was verified in the proof of [21, Lemma 2.4.1]). Applying Bennett’s inequality to the conditional law of & given

Fr_1 gives (32) (with v in (29)).

C. Another Approach for the Derivation of a Refinement of Azuma’s Inequality

Theorem 4: Let { X}, F} 32, be a discrete-parameter real-valued martingale, and let m € N be an even number.
Assume that the following conditions hold a.s. for every k € N

| Xk — Xi—1] < d,
E[(Xe = Xe 1) | Faca]| Sy 1=2,.0m

for some d > 0 and non-negative numbers {1 };",. Then, for every o > 0,

m—1 1 n
. —8x ('VZ *Vm)x x
IP’(|Xn—X0]2na)§2{£%e 1+l§“+vm(e —1—@” (53)
where o "
5ég, ")/léj, VZ: yeeey . (54)

Proof: The starting point of this proof relies on (3) and (4) that were used for the derivation of Theorem 3.
From this point, we deviate from the proof of Theorem 3. For every k € N and £ > 0

E [exp(t& )| Fr—1]

m—1
=1+ tE[&]Feor] + ... + (ni—l)' (&)™ F—]
m—1 m—1
+E [exp(tfk) I t(m(gk)n' ‘ F’H]
m—1
=1 B [GF] o+ oy B
+E[(6) o160 Fen] (55
where
m! m—1y! i
y =

In order to proceed, we need the following lemma:

Lemma 3: For every m € N, the function ¢, has the following properties:

1) limy 0 ¢m(y) =1, so ¢, is a continuous function.

2) ¢, is a positive function over the real line.

3) ¢ is monotonic increasing over the interval [0, c0).

4) 0 < pm(y) <1 for every y < 0.

Proof: See Appendix A. ]

Remark 10: Note that [28, Lemma 3.1] states that @9 is a monotonic increasing and non-negative function over
the real line. In general, for m € N, it is easier to prove the weaker properties of (,, that are stated in Lemma 3;
these are sufficient for the continuation of the proof of Theorem 4.

From (55) and Lemma 3, since &, < d a.s., then it follows that for an arbitrary ¢ > 0
‘Pm(tgk) < Som(td)v VkeN (57)
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a.s. (to see this, lets separate the two cases where &, is either non-negative or negative. If 0 < &, < d a.s. then, for
t > 0, inequality (57) holds (a.s.) due to the monotonicity of ¢, over [0,00). If £ < O then the second and third
properties in Lemma 3 yield that, for ¢ > 0 and every k € N,

@m(tfk) < 1= gpm(O) < (Pm(td)a

so in both cases inequality (57) is satisfied). Since m is even then (£x)”" > 0 (note that although Lemma 3 holds
in general for every m € N, this is the point where we need m to be an even number), and

E[(&)™ m (t€e)|Fr-1] < om(td) E[(&)"|Fr-1], Yt > 0.

Also, since { X}, Fj}72, is a martingale then E[§k|fk_1] = 0, and based on the assumptions of this theorem

E[(&) | Fre1] < =d'y, Vi€ {2,...,m}.

By substituting the last three results on the right-hand side of (55), it follows that for every ¢ > 0 and every k € N

m—1
td)! m (EA)™ @ (td
MMM%MECJS1+§:W%)+7( %f( ) (58)
P ! !
so from (4)
n m—1 n
td)! Y (td)™ o (td
E exp(tZ&O]S(l—FZW(“) 4 dm (td) L ( )> V> 0. (59)
k=1 1=2 ) m
From (3), if o > 0 is arbitrary, then for every £ > 0
m—1 n
n(td)' | A (td)™ i (td)
P(X,, — Xo > an) < exp(—ant) (1 + lZ; 0 + " .
Let £ td. Then, based on (29) and (56), for every o > 0
P(X,, — Xo > an)
' e (@) |
_{;I;%e <1+Z ! m! )}
M m—1 o m—1 ZE n
- . —ox
L =2 =0
r m—1 ( )xl n
- {i&‘%e_dx 1+ Wﬂm(e””—l—w)” :
= L =2 )
(60)

Applying inequality (60) to the martingale {—Xj, Fi.}72, gives the same bound on the probability P(X.
Xy < —an). Finally, the concentration inequality in (53) follows by summing the common upper bound for
the probabilities of the two disjoint events {X,, — Xy > an} and {X,, — Xy < —an}. This completes the proof of

Theorem 4. ]
Remark 11: Without any loss of generality, it is assumed that « € [0, d] (as otherwise, the considered probability
is zero for o > d). Based on the above conditions, it is also assumed that y; < d' for every I € {2,...,m}. Hence,

d €[0,1], and y; € [0,1] for all values of [. Note that, from (29), v2 = .
Remark 12: From the proof of Theorem 4, it follows that the one-sided inequality (60) is satisfied if the martingale
{ Xk, Fr}}_, fulfills the following conditions a.s.

Xy — X1 < d,
E[(Xk — Xp—1)! [ Foct] S, 1=2,...,m
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for some positive number d > 0 and a sequence of arbitrary numbers {4 };”,. Note that these conditions are weaker
than those that are stated in Theorem 4. Under these weaker conditions, v; £ E may be larger than 1 or negative.
This remark will be helpful later in this chapter.

Remark 13: The infimum in (53) of Theorem 4 is attained and thus is a minimum. To show it, let f(x) for
x € RT be the base of the exponent in (53), so we need to prove that L £ inf,cg+ f(x) is attained. The infimum
is well defined since f > 0. Moreover, lim,_,~ f(z) = co. Indeed

f(x) = e %g(x) + ymet 9%, vz e RT

for some polynomial g, so for 6 € (0, 1), the first term tends to zero and the second tends to infinity as z — oo.
This implies that there exists some A > 0 such that f(x) > 1 for every z > A. As f(0) = 1, one can reduce the
set over which the infimum of f is taken to the closed interval [0, A]. The claim follows from the continuity of f,
and since every continuous function over a compact set attains its infimum.

1) Specialization of Theorem 4 for m = 2: Theorem 4 with m = 2 (i.e., when the same conditions as of
Theorem 3 hold) is expressible in closed form, as follows:

Corollary 4: Let { Xy, Fi.}72, be a discrete-parameter real-valued martingale that satisfies a.s. the conditions in
Theorem 3. Then, for every a > 0,

P(|X,, — Xo| > an) < 2exp(—nC(y,9))

where ~ and § are introduced in (29), and the exponent in this upper bound gets the following form:

e If 0 > 1 then C(v,0) = co.

e If § =1 then 1

C(v,0) = S ln(’y(e% - 1))

o Otherwise, if § € (0, 1), then
C(v,6) =6z —In(1+~(e® — 1 —2))

where z € (0, %) is given by

1 1 1—§)exts!
x:7+5—1—W0<()§> 61)

and Wy denotes the principal branch of the Lambert W function [17].

Proof: See Appendix B. [ |
Proposition 1: If v < % then Corollary 4 gives a stronger result than Corollary 2 (and, hence, it is also better

than Azuma’s inequality).

Proof: See Appendix C. ]
It is of interest to compare the tightness of Theorem 3 and Corollary 4. This leads to the following conclusion:
Proposition 2: The concentration inequality in Corollary 4 is looser than Theorem 3.

Proof: See Appendix D. [ ]

2) Exploring the Dependence of the Bound in Theorem 4 in Terms of m: In the previous sub-section, a closed-
form expression of Theorem 4 was obtained for the special case where m = 2 (see Corollary 4), but also
Proposition 2 states that this special case is looser than Theorem 3 (which is also given in closed form). Hence, it
is natural to enquire how does the bound in Theorem 4 vary in terms of m (where m > 2 is even), and if there is
a chance to obtain an improvement over Theorem 3 by assigning some even values of m > 2 in Theorem 4. Also,
due to the closed-form expression in Corollary 4, it would be pleasing to derive from Theorem 4 an inequality that
is expressed in closed form for a general even value of m > 2. The continuation of the study in this sub-section
is outlined as follows:

e A loosened version of Theorem 4 is introduced, and it is shown to provide an inequality whose tightness
consistently improves by increasing the value of m. For m = 2, this loosened version coincides with Theorem 4.
Hence, it follows (by introducing this loosened version) that m = 2 provides the weakest bound in Theorem 4.

 Inspired by the closed-form expression of the bound in Corollary 4, we derive a closed-form inequality (i.e.,
a bound that is not subject to numerical optimization) by either loosening Theorem 4 or further loosening
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its looser version from the previous item. As will be exemplified numerically in Section VI, the closed-form
expression of the new bound causes to a marginal loosening of Theorem 4. Also, for m = 2, it is exactly
Theorem 4.

o A necessary and sufficient condition is derived for the case where, for an even m > 4, Theorem 4 provides a
bound that is exponentially advantageous over Theorem 3. Note however that, when m > 4 in Theorem 4, one
needs to calculate conditional moments of the martingale differences that are of higher orders than 2; hence,
an improvement in Theorem 4 is obtained at the expense of the need to calculate higher-order conditional
moments. Saying this, note that the derivation of Theorem 4 deviates from the proof of Theorem 3 at an
early stage, and it cannot be considered as a generalization of Theorem 3 when higher-order moments are
available (as is also evidenced in Proposition 2 which demonstrates that, for m = 2, Theorem 4 is weaker
than Theorem 3).

« Finally, this sufficient condition is particularized in the asymptotic case where m — oco. It is of interest since
the tightness of the loosened version of Theorem 4 from the first item is improved by increasing the value of
m.

The analysis that is related to the above outline is presented in the following. Numerical results that are related to the
comparison of Theorems 3 and 4 are relegated to Section VI (while considered in a certain communication-theoretic
context).

Corollary 5: Let { X}, F.}}_, be a discrete-parameter real-valued martingale, and let m € N be an even number.
Assume that | X}, — X,_1| < d holds a.s. for every k € N, and that there exists a (non-negative) sequence {/};”,
so that for every k € N

w=E[|X, — Xp_1'| Fea], Vi=2,...,m. (62)

Then, inequality (53) holds with the notation in (54).
Proof: This corollary is a consequence of Theorem 4 since

IE[(Xy — Xp—1)'| Frca]l < E[|Xg — Xpo1|' | Fe1]-

|

Proposition 3: Theorem 4 and Corollary 5 coincide for m = 2 (hence, Corollary 5 provides in this case the result
stated in Corollary 4). Furthermore, the bound in Corollary 5 improves as the even value of m € N is increased.

Proof: The proof is very technical, and it is omitted for the sake of brevity. [ ]

Inspired by the closed-form inequality that follows from Theorem 4 for m = 2 (see Corollary 4), a closed-form
inequality is suggested in the following by either loosening Theorem 4 or Corollary 5. It generalizes the result in
Corollary 4, and it coincides with Theorem 4 and Corollary 5 for m = 2.

Corollary 6: Under the conditions of Corollary 5 then, for every a > 0,

P(X, — Xo > na)

m—1 . 1 n
< {e—‘”f 1+ 01 = m)a l,%")x + Ym(e® =1 — x)] }
=2 ’

(63)
where {v,}]", and ¢ are introduced in (54),
b b awe
p= 0T —WO<-61> (64)
C C
with Wy that denotes the principal branch of the Lambert W function [17], and
1 1 1
el — bé%<—1>, c2 (65)
V2 v2 \ 0 J
Proof: See Appendix E. [ |

Remark 14: 1t is exemplified numerically in Section VI that the replacement of the infimum over z > 0 on
the right-hand side of (53) with the sub-optimal choice of the value of x that is given in (64) and (65) implies a
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marginal loosening in the exponent of the bound. Note also that, for m = 2, this value of x is optimal since it
coincides with the exact value in (61).
Corollary 7: Under the assumptions of Theorem 3 then, for every a > 0,

P(X, — Xo > na) < e ¥ (66)
where 5
+ 72 Y2
E = FEy(v,0)2 D H) 67
2(72,9) <1+72 1+ 7

Also, under the assumptions of Theorem 4 or Corollary 5 then (66) holds for every o > 0 with

E = Ey({n}its0)

m—1 . 1
ésup{éx—ln <1+ZW+’Ym(€I—1—$)>}

x>0 =
(68)

where m > 2 is an arbitrary even number. Hence, Theorem 4 or Corollary 5 are better exponentially than Theorem 3
if and only if 4 > Fs.
Proof: The proof follows directly from (37) and (60). [ |
Remark 15: In order to avoid the operation of taking the supermum over x € [0, 00), it is sufficient to first check
if £4 > FE5 where

m—1
~ (Y — Ym) !
Ey =6z —1n <1+ Z Tm—{—ym(ea”—l—m)
1=2
with the value of x in (64) and (65). This sufficient condition is exemplified later in Section VL.

D. Concentration Inequalities for Small Deviations

In the following, we consider the probability of the events {|X,, — Xo| > «ay/n} for an arbitrary o > 0.
These events correspond to small deviations. This is in contrast to events of the form {|X,, — Xo| > an}, whose
probabilities were analyzed earlier in this section, referring to large deviations.

Proposition 4: Let { X}, Fi.}72, be a discrete-parameter real-valued martingale. Then, Theorem 3, and also
Corollaries 3 and 4 imply that, for every a > 0,

P(| X, — Xo| > av/n) SQexp(—i) (1+O(n*%)). (69)

Also, under the conditions of Theorem 4, inequality (69) holds for every even m > 2 (so the conditional moments
of higher order than 2 do not improve, via Theorem 4, the scaling of the upper bound in (69)).
Proof: See Appendix F. [ |
Remark 16: From Proposition 4, all the upper bounds on P(|X,, — Xo| > a/n) (for an arbitrary « > 0) improve
the exponent of Azuma’s inequality by a factor of %

E. Inequalities for Sub and Super Martingales

Upper bounds on the probability P(X,, — Xy > r) for » > 0, earlier derived in this section for martingales, can
be adapted to super-martingales (similarly to, e.g., [15, Chapter 2] or [16, Section 2.7]). Alternatively, replacing
{ Xk, Fr}p_o with {—=X}, Fi.}}'_, provides upper bounds on the probability P(X,, — Xo < —r) for sub-martingales.
For example, the adaptation of Theorem 3 to sub and super martingales gives the following theorem:

Theorem 5: Let { X}, Fi.}7°, be a discrete-parameter real-valued super-martingale. Assume that, for some con-
stants d, 0 > 0, the following two requirements are satisfied a.s.

X — E[Xy | Fr—1] < d,
Var(Xg| Fre_1) 2 E[(Xk — B[Xg | Fea])? \fk,l} <o
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for every k € {1,...,n}. Then, for every o > 0,

P(X, — Xo > an) < exp (wD(‘fiszle)) (70)
where v and ¢ are defined as in (29), and the divergence D(p||q) is introduced in (30). Alternatively, if { X}, F}72,
is a sub-martingale, the same upper bound in (70) holds for the probability P(X,, — Xo < —an). If § > 1, then
these two probabilities are equal to zero.

Proof: The proof of this theorem is similar to the proof of Theorem 3. The only difference is that for a
super-martingale, due to its basic property in Section II-B,

n n
Xn—=Xo=) (Xp—Xp1) €D &
k=1 k=1

a.s., where &, £ X, — E[X}, | Fx_1] is Fj-measurable. Hence P((X,, — Xo > an) < P(ZZ:1 & > om) where
as. & < d, B[ | Fr_1] = 0, and Var(&, | Fx_1) < o2, The continuation of the proof coincides with the proof of
Theorem 3 (starting from (3)). The other inequality for sub-martingales holds due to the fact that if { Xy, Fy} is a
sub-martingale then {— X}, i} is a super-martingale. [ ]

V. RELATIONS OF THE REFINED INEQUALITIES TO SOME CLASSICAL RESULTS IN PROBABILITY THEORY
A. Relation between the Martingale Central Limit Theorem (CLT) and Proposition 4

In this subsection, we discuss the relation between the martingale CLT and the concentration inequalities for
discrete-parameter martingales in Proposition 4.

Let (92, F,IP) be a probability space. Given a filtration {F}}, then {Y}, F}7°, is said to be a martingale-
difference sequence if, for every k,

1) Y% is Fi-measurable,

3) E[Yi|Fio1] =0.
Let

k=1

and Sy = 0, then { Sy, Fi.}72, is a martingale. Assume that the sequence of RVs {Y},} is bounded, i.e., there exists
a constant d such that |Yy| < d a.s., and furthermore, assume that the limit

o? £ lim lZ]E[Y,f | Froo1]
k=1

n—oo n

exists in probability and is positive. The martingale CLT asserts that, under the above conditions, % converges in

distribution (i.e., weakly converges) to the Gaussian distribution A/(0,02). It is denoted by S—\/% = N(0,02%). We
note that there exist more general versions of this statement (see, e.g., [11, pp. 475-478]).

Let { X}, Fir}32, be a discrete-parameter real-valued martingale with bounded jumps, and assume that there
exists a constant d so that a.s. for every k € N

|Xk*Xk_1|§d, VkeN.

Define, for every k € N,
Vi £ Xp — X

and Yy = 0, so {Y}, Fx}2, is a martingale-difference sequence, and |Yj| < d as. for every k € N U {0}.
Furthermore, for every n € N,

n
S, éZYk =X, — Xo.
k=1
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Under the assumptions in Theorem 3 and its subsequences, for every k € N, one gets a.s. that
E[Y? | Fro1] = E[(Xg — Xpo1)? | Frma] < 0%
Lets assume that this inequality holds a.s. with equality. It follows from the martingale CLT that
Xn — X
S 20 o N(0,02)
Vn

and therefore, for every a > 0,
o
lim P(| X, — Xo| > ayn) = 2Q(—)
n—oo g

where the () function is introduced in (218).
Based on the notation in (29), the equality ¢ = % holds, and

Tim B(X, — Xo| > av/m) = 2@(\%). )

Since, for every x > 0,

then it follows that for every o > 0

52
lim P(|X,, — Xo| > ayv/n) < exp (—) .
n—00 2’y

This inequality coincides with the asymptotic result of the inequalities in Proposition 4 (see (69) in the limit
where n — 00), except for the additional factor of 2. Note also that the proof of the concentration inequalities in
Proposition 4 (see Appendix F) provides inequalities that are informative for finite n, and not only in the asymptotic
case where n tends to infinity. Furthermore, due to the exponential upper and lower bounds of the Q-function in
(15), then it follows from (71) that the exponent in the concentration inequality (69) (i.e., %) cannot be improved
under the above assumptions (unless some more information is available).

B. Relation between the Law of the Iterated Logarithm (LIL) and Theorem 3

In this subsection, we discuss the relation between the law of the iterated logarithm (LIL) and Theorem 3.
According to the law of the iterated logarithm (see, e.g., [11, Theorem 9.5]) if {X}}?°, are i.i.d. real-valued
RVs with zero mean and unit variance, and S,, = Z?:l X; for every n € N, then

n

limsup —————=1 a.s. 72
n—>oop V2ninlnn (72)
and
. Sh
liminf ——— = -1 a.s. (73)

n—oo /2nlnlnn

Egs. (72) and (73) assert, respectively, that for every € > 0, along almost any realization,
Sp>(1—¢)V2nlnlnn

and

Sp < —(1—¢)V2nlnlnn

are satisfied infinitely often (i.0.). On the other hand, Egs. (72) and (73) imply that along almost any realization,

each of the two inequalities
Sp > (1+¢)V2nlnlnn

and

Sp < —(14+¢)V2nlnlnn

is satisfied for a finite number of values of n.
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Let {X}}72, be ii.d. real-valued RVs, defined over the probability space (€2, F,P), with E[X;] = 0 and
E[X?] = 1.

Let us define the natural filtration where Fy = {0,Q}, and F = o(Xi,...,X}) is the o-algebra that is
generated by the RVs X, ..., X} for every £ € N. Let Sy = 0 and S,, be defined as above for every n € N. It is
straightforward to verify by Definition 1 that {S,,, F,,}°2, is a martingale.

In order to apply Theorem 3 to the considered case, let us assume that the RVs { X}, }7° ; are uniformly bounded,
i.e., it is assumed that there exists a constant ¢ such that |X;| < c a.s. for every k € N. Since E[X?] = 1 then
¢ > 1. This assumption implies that the martingale {S,,, 7, }7>, has bounded jumps, and for every n € N

|Sp — Sn—1| < c as.
Moreover, due to the independence of the RVs {X.}7° ,, then
Var(S,, | Fn1) = E(X2| Fpo1) =E(X2) =1 as..

From Theorem 3, it follows that for every a > 0

}P’(SnZa\/innlnn) < exp <nD<5n+7H’7)) (74)
14+~ 1147
where
a [2Inlnn 1
o, & = , & —- (75)
c n c

Straightforward calculation shows that
1 Y 1 Y

- [(1 0 m(142) 4 2 s - 6n>]

gl v/
(@) ny 5%(1 1) 52(1 1) ]
= 2S+=)+2(=-=)+-.
1+7[2 ooy 6\y AP
62 nad(1 -
_ndy _noy(d-9)
2y 62

2-1) /Inl
® 2ninn [1— ol =) /In n”+...] (76)
6¢ n

where equality (a) follows from the power series expansion

(1+u)ln(1+u):u+§:k((_u)k -l<u<l
k=2

(k1)

and equality (b) follows from (75). A substitution of (76) into (74) gives that, for every o > 0,

P (Sn > wm) < (In n)_az [HO(W” (77)

and the same bound also applies to P(Sn < —av2nlnln n) for ao > 0. This provides complementary information
to the limits in (72) and (73) that are provided by the LIL. From Remark 7, which follows from Doob’s maximal
inequality for sub-martingales, the inequality in (77) can be strengthened to

P ( max S > av?2n lnlnn) < (lnn)_a2 {HO( M)} (78)

1<k<n
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It is shown in the following that (78) and the first Borel-Cantelli lemma can serve to prove one part of (72). Using
this approach, it is shown that if a > 1, then the probability that S,, > av2nlnlnn i.o. is zero. To this end, let
0 > 1 be set arbitrarily, and define

A= {Sk > a\/2klnlnk}
k: gn—1<k<gn
for every n € N. Hence, the union of these sets is
A2 ()4, = {Sk > a\/2klnlnk}
neN keN
The following inequalities hold (since 6 > 1):

< > n—ll 1 n—1
P(A,) <P <9nrpga/3(§9n Sp > a\/29 nln(f )>

o
> n n—1
P <9n_11n<akx<9n Sk > 7 V20" Inn(6 ))

«
P S > L
<1g11%)§" N

< (nln 9)‘”72 (14+62) (79)

IA

26" In ln(Q“—l))

where the last inequality follows from (78) with 3, — 0 as n — co. Since

2

Zn*% <oo, Va> Vo
n=1

then it follows from the first Borel-Cantelli lemma that P(A i.0.) = 0 for all a > /. But the event A does not
depend on 6, and # > 1 can be made arbitrarily close to 1. This asserts that P(A i.0.) = 0 for every « > 1, or
equivalently

n

limsup ————=<1 as.
naoop V2nlnlnn
Similarly, by replacing {X;} with {—X;}, it follows that
liminf ———— > -1 as.

n—oo /2nlnlnn

Theorem 3 therefore gives inequality (78), and it implies one side in each of the two equalities for the LIL in (72)
and (73).

C. Relation of Theorems 3 and 4 with the Moderate Deviations Principle

According to the moderate deviations theorem (see, e.g., [21, Theorem 3.7.1]) in R, let {Xi}?zl be a sequence
of real-valued i.i.d. RVs such that Ax()\) = E[e*¢] < oo in some neighborhood of zero, and also assume that
E[X;] = 0 and 02 = Var(X;) > 0. Let {a,}>; be a non-negative sequence such that a,, — 0 and na, — oo as

n — 00, and let .
a
Zné,/JE X;, . 80
n L VneN (80)

Then, for every measurable set I' C R,

1
— " inf 22
202 xlélFO v
<liminfa, InP(Z, €T)
n—oo

<limsupa, InP(Z, €T)

n—00

1
< ——inf 22 81
< 202;2f$ (81)
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where I' and T' designate, respectively, the interior and closure sets of T
Let n € (%, 1) be an arbitrary fixed number, and let {a,}>2; be the non-negative sequence

an=n'"?", VYneN

so that a,, — 0 and na, — oo as n — oco. Let « € RT, and I' £ (—o0, —a] U [, o). Note that, from (80),

P()gxi

so from the moderate deviations principle (MDP), for every a > 0,

n
i 1-2n )
nhﬁ\nolon InP (‘ ng

It is demonstrated in Appendix G that, in contrast to Azuma’s inequality, Theorems 3 and 4 (for every even m > 2
in Theorem 4) provide upper bounds on the probability

P <‘ ZH:XZ-
=1

which both coincide with the asymptotic limit in (82). The analysis in Appendix G provides another interesting
link between Theorems 3 and 4 and a classical result in probability theory, which also emphasizes the significance
of the refinements of Azuma’s inequality.

> an”) =P(Z, €l)

2
[0
>an | = ——. 82
_an> = (82)

Zom”), VneN a>0

D. Relation of [50, Lemma 2.8] with Theorem 4 & Corollary 4

In [50, Lemma 2.8], it is proved that if X is a random variable that satisfies E[X] = 0 and X < d a.s. (for some
d > 0), then

E[ex] < exp(ip(d) Var(X)) (83)
where
cxp(mr)z—l—m if = 7& 0
p(r) = . _ :
5 ifz=0

From (56), it follows that p(z) = %’T(z) for every « € R. Based on [50, Lemma 2.8], it follows that if {{x, Fy} is
a difference-martingale sequence (i.e., for every k € N,

E[& | Fr-1] =0
a.s.), and &, < d a.s. for some d > 0, then for an arbitrary ¢ > 0
td)? oo (td
E[exp(tfk)\}"k,l] < exp (7()2@2())
holds a.s. for every k£ € N (the parameter v was introduced in (29)). The last inequality can be rewritten as
E [exp(t&;)|Fr—1] < exp (v (exp(td) —1—td)), t=>0. (84)

This forms a looser bound on the conditional expectation, as compared to (58) with m = 2, that gets the form
E [exp(t&,)|Fr-1] <1+~ (exp(td) — 1 —td), ¢ >0. (85)

The improvement in (85) over (84) follows since e > 1+ for x > 0 with equality if and only if x = 0. Note that
the proof of [50, Lemma 2.8] shows that indeed the right-hand side of (85) forms an upper bound on the above
conditional expectation, whereas it is loosened to the bound on the right-hand side of (84) in order to handle the
case where

%ZE[(&CF | F1] < o?
k=1
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and derive a closed-form solution of the optimized parameter ¢ in the resulting concentration inequality (see the
proof of [50, Theorem 2.7] for the case of independent RVs, and also [50, Theorem 3.15] for the setting of
martingales with bounded jumps). However, if for every k£ € N, the condition

E[(éx)? | Fr-1] < 02

holds a.s., then the proof of Corollary 4 shows that a closed-form solution of the non-negative free parameter ¢ is
obtained. More on the consequence of the difference between the bounds in (84) and (85) is considered in the next
sub-section.

E. Relation of the Concentration Inequalities for Martingales to Discrete-Time Markov Chains

A striking well-known relation between discrete-time Markov chains and martingales is the following (see, e.g.,
[31, p. 473]): Let { X, }nen, (No 2 NU{0}) be a discrete-time Markov chain taking values in a countable state space
S with transition matrix P, and let the function ¢ : S — S be harmonic (i.e., Zjes pij(j) = v(i), Vied),
and assume that E[[¢)(X,,)|] < oo for every n. Then, {Y,, F; }nen, is a martingale where Y,, = ¢(X,) and
{Fn}nen, is the natural filtration. This relation, which follows directly from the Markov property, enables to apply
the concentration inequalities in Section IV for harmonic functions of Markov chains when the function % is
bounded (so that the jumps of the martingale sequence are uniformly bounded).

Exponential deviation bounds for an important class of Markov chains, called Doeblin chains (they are charac-
terized by an exponentially fast convergence to the equilibrium, uniformly in the initial condition) were derived in
[39]. These bounds were also shown to be essentially identical to the Hoeffding inequality in the special case of
1.i.d. RVs (see [39, Remark 1]).

F. Relations of [16, Theorem 2.23] with Corollary 4 and Proposition 4

In the following, we consider the relation between the inequalities in Corollary 4 and Proposition 4 to the
particularized form of [16, Theorem 2.23] (or also [15, Theorem 2.23]) in the setting where d; = d and a,% = o2
are fixed for every k£ € N. The resulting exponents of these concentration inequalities are also compared.

Let o > 0 be an arbitrary non-negative number.

e In the analysis of small deviations, the bound in [16, Theorem 2.23] is particularized to

a’n
P(|X, — Xo| > avn) <2exp | —————— | .
! 2no? + Loé\/ﬁ

From the notation in (29) then % = %, and the last inequality gets the form

o2

P(|X,, — Xo| > avn) < 2exp (—gi) (1 + 0(%)) .

It therefore follows that [16, Theorem 2.23] implies a concentration inequality of the form in (69). This shows
that Proposition 4 can be also regarded as a consequence of [16, Theorem 2.23].
« In the analysis of large deviations, the bound in [16, Theorem 2.23] is particularized to

a’n
P(|Xn — Xo| > an) < 2exp <—M .

From the notation in (29), this inequality is rewritten as

2

P(|X,, — Xo| > an) < 2exp (—%) . (86)
27 + 3

It is claimed that the concentration inequality in (86) is looser than Corollary 4. This is a consequence of the

proof of [16, Theorem 2.23] where the derived concentration inequality is loosened in order to handle the more

general case, as compared to the setting in this chapter (see Theorem 3), where dj and a,% may depend on k. In

order to show it explicitly, lets compare between the steps of the derivation of the bound in Corollary 4, and the
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particularization of the derivation of [16, Theorem 2.23] in the special setting where dj, and 0,% are independent of
k. This comparison is considered in the following. The derivation of the concentration inequality in Corollary 4
follows by substituting m = 2 in the proof of Theorem 4. It then follows that, for every a > 0,

P(X,, — Xo > an) §e_”5$(1—|—7(6x—1—:ﬂ))n, V>0 (87)

which then leads, after an analytic optimization of the free non-negative parameter x (see Lemma 6 and Appendix B),
to the derivation of Corollary 4. On the other hand, the specialization of the proof of [16, Theorem 2.23] to the
case where d; = d and J,% = o2 for every k € N is equivalent to a further loosening of (87) to the bound

P(X, — Xo > an)
< efnémen'y(emflfx) (88)

< J(“”“* ) Vae(03) (89)

and then choosing an optimal x € (0, 3). This indeed shows that Corollary 4 provides a concentration inequality
that is more tight than the bound in [16, Theorem 2.23].

In order to compare quantitatively the exponents of the concentration inequalities in [16, Theorem 2.23] and
Corollary 4, let us revisit the derivation of the upper bounds on the probability of the events {|X,, — Xo| > an}
where o > 0 is arbitrary. The optimized value of z that is obtained in Appendix B is positive, and it becomes
larger as we let the value of v € (0, 1] approach zero. Hence, especially for small values of -, the loosening of
the bound from (87) to (89) is expected to deteriorate more significantly the resulting bound in [16, Theorem 2.23]
due to the restriction that = € (0, 3); this is in contrast to the optimized value of x in Appendix B that may be

above 3 for small values of v, and it lies in general between 0 and % Note also that at 6 = 1, the exponent in

Corollary 4 tends to infinity in the limit where v — 0, whereas the exponent in (86) tends in this case to % To

illustrate these differences, Figure 2 plots the exponents of the bounds in Corollary 4 and (86), where the latter
refers to [16, Theorem 2.23], for v = 0.01 and 0.99. As is shown in Figure 2, the difference between the exponents
of these two bounds is indeed more pronounced when ~ gets closer to zero.

LOWER BOUNDS ON EXPONENTS

Fig. 2. A comparison of the exponents of the bound in Corollary 4 and the particularized bound (86) from [16, Theorem 2.23]. This
comparison is done for both v = 0.01 and 0.99. The solid curves refer to the exponents of the bound in Corollary 4, and the dashed curves
refer to the exponents of the looser bound in (86). The upper pair of curves refers to the exponents for v = 0.01, and the lower pair of
curves (that approximately coincide) refers to the exponents for v = 0.99.

Consider, on the other hand, the probability of an event {|X,, — Xo| > ay/n} where o > 0 is arbitrary. It is
shown in Appendix C that the optimized value of x for the bound in Corollary 4 (and its generalized version in
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Theorem 4) scales like ﬁ Hence, it is approximately zero for n > 1, and u £ y(e® — 1 — 1) ~ L;z scales like

%. It therefore follows that (1 4+ u)™ ~ €™ for n > 1. Moreover, the restriction on z to be less than 3 in (89)
does not affect the tightness of the bound in this case since the optimized value of x is anyway close to zero. This
explains the observation that the two bounds in Proposition 4 and [16, Theorem 2.23] essentially scale similarly
for small deviations of order /n.

VI. APPLICATIONS IN INFORMATION THEORY AND RELATED TOPICS

The refined versions of Azuma’s inequality in Section IV are applied in this section to information-theoretic
aspects. The results in this section have been presented in part in [65], [66], [67] and [82].

A. Binary Hypothesis Testing

Binary hypothesis testing for finite alphabet models was analyzed via the method of types, e.g., in [18, Chapter 11]
and [19]. It is assumed that the data sequence is of a fixed length (n), and one wishes to make the optimal decision
based on the received sequence and the Neyman-Pearson ratio test.

Let the RVs X7, Xs.... be i.i.d. ~ @), and consider two hypotheses:

(] H1 . Q = Pl.

. HQ . Q = PQ.

For the simplicity of the analysis, let us assume that the RVs are discrete, and take their values on a finite alphabet
X where Pi(x), Pa(x) > 0 for every x € X.
In the following, let

L(Xy,...,X,) %2 In

PMX1,..., Xn)  ~=, Pi(X;)
= In
PZn(X177Xn) Z

designate the log-likelihood ratio. By the strong law of large numbers (SLLN), if hypothesis H; is true, then a.s.

L(Xq,...,X
tigg 2K 2 Xn) D(P,||Py) (90)
n—o0 n
and otherwise, if hypothesis Hy is true, then a.s.
L(Xq,..., X
lim LX) —D(Py||Py) 1)
n—o00 n

where the above assumptions on the probability mass functions Py and P, imply that the relative entropies,
D(P1||P;) and D(Ps||P;), are both finite. Consider the case where for some fixed constants A, A € R that satisfy

—D(Pg”Pl) <A< X < D(P1HP2)

one decides on hypothesis H; if
L(X1,...,X,) >n\

and on hypothesis Hy if
L(Xy,...,X,) <nA.

Note that if X = X\ £ X then a decision on the two hypotheses is based on comparing the normalized log-likelihood
ratio (w.r.t. n) to a single threshold (), and deciding on hypothesis Hy or Hs if it is, respectively, above or below
A. If A < X then one decides on H; or Hy if the normalized log-likelihood ratio is, respectively, above the upper
threshold \ or below the lower threshold \. Otherwise, if the normalized log-likelihood ratio is between the upper
and lower thresholds, then an erasure is declared and no decision is taken in this case.

Let
all) 2 pr (L(Xl, LX) < nX) 92)

n

o) £ PP (L(X1,..., X0) <)) (93)
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and
B0 2 (L, Xa) 2 0)) (94)
B2 2 Py (L(X1,. ., X0) = n)) (95)

then ag) and 5&1) are the probabilities of either making an error or declaring an erasure under, respectively,

hypotheses H; and Hs; similarly, ag) and ﬁy(f) are the probabilities of making an error under hypotheses H; and
H,, respectively.

Let 71,72 € (0,1) denote the a-priori probabilities of the hypotheses H; and Ha, respectively, so
PL) = mald) +mpH (96)
is the probability of having either an error or an erasure, and
P = mal? + mpP (97)

is the probability of error.

1) Exact Exponents: When we let n tend to infinity, the exact exponents of ag ) and ﬁr(Lj ) (7 = 1, 2) are derived via
Cramér’s theorem. The resulting exponents form a straightforward generalization of, e.g., [21, Theorem 3.4.3] and
[35, Theorem 6.4] that addresses the case where the decision is made based on a single threshold of the log-likelihood
ratio. In this particular case where A= )\2 )\ the option of erasures does not exist, and Pe%) = 6(32 £ P, ,, is the
error probability.

In the considered general case with erasures, let
A2 =X A=A

then Cramér’s theorem on R yields that the exact exponents of ag), 04512), 6,(11) and 67(12) are given by

In ag)

lim — =1(\1) (98)
n—o00 n
In 'Y
lim ———" = T(\y) (99)
n—oo n
(1)
In Sy,
lim — 20 _ I(X2) — (100)
n—oo n
In 87
lim — 2P _ IO = M (101)
n—oo n
where the rate function [ is given by
I(r) £ sup(tr — H(t)) (102)
teR
and
H(t) = ln<z Pl(x)l_tpz(x)t> , VteR. (103)
TEX

The rate function I is convex, lower semi-continuous (l.s.c.) and non-negative (see, e.g., [21] and [35]). Note that
H(t) = (t — 1) Dy(P2|| 1)

where D, (P||@) designates Réyni’s information divergence of order ¢ [59, Eq. (3.3)], and I in (102) is the Fenchel-
Legendre transform of H (see, e.g., [21, Definition 2.2.2]).
From (96)— (101), the exact exponents of Pe%) and Pe(i) are equal to

In P(l)
lim — e

n—00 n

- min{[()\l),[()\Q) - )\2} (104)
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and
. In Pe(%b)
lim — ’

n—o0 n

- min{l()\g),[()\l) - )\1}. (105)

For the case where the decision is based on a single threshold for the log-likelihood ratio (i.e., \{ = Ao £ \),
then Pe(,}f = Pe(%) £ P. »,, and its error exponent is equal to

In P,
lim — " min{I()\), I0) — )\} (106)
n—oo n
which coincides with the error exponent in [21, Theorem 3.4.3] (or [35, Theorem 6.4]). The optimal threshold for
obtaining the best error exponent of the error probability P , is equal to zero (i.e., A = 0); in this case, the exact

error exponent is equal to

I(0) = — min In (Z Pl(x)l_tPg(:E)t)

0<t<1
rxeX
2 0(P, P) (107)

which is the Chernoff information of the probability measures P; and P (see [18, Eq. (11.239)]), and it is symmetric
(i.e., C(Py, Py) = C(Py, Py)). Note that, from (102), 1(0) = sup;eg (—H (t)) = — infyer (H(t)); the minimization
in (107) over the interval [0, 1] (instead of taking the infimum of H over R) is due to the fact that H(0) = H(1) =0
and the function H in (103) is convex, so it is enough to restrict the infimum of H to the closed interval [0, 1] for
which it turns to be a minimum.

Paper [12] considers binary hypothesis testing from an information-theoretic point of view, and it derives the
error exponents of binary hypothesis testers in analogy to optimum channel codes via the use of relative entropy
measures. We will further explore on this kind of analogy in the continuation to this section (see later Sections VI-A5
and VI-A6 w.r.t. moderate and small deviations analysis of binary hypothesis testing).

2) Lower Bound on the Exponents via Theorem 3: In the following, the tightness of Theorem 3 is examined by
using it for the derivation of lower bounds on the error exponent and the exponent of the event of having either an
error or an erasure. These results will be compared in the next sub-section to the exact exponents from the previous
sub-section.

We first derive a lower bound on the exponent of a%l). Under hypothesis Hi, let us construct the martingale
sequence {Uy, Fi.}}_, where Fo C Fy C ... F, is the filtration

]:0:{@,9}, ]:k:O'(Xl,...,Xk), VkE{l,...,n}

and
Ui =Epp[L(X1,...,Xn) | Fi. (108)

For every k € {0,...,n}

" P(X;
o= [ e | 5]
=1 2
k n
P (X;) P (X;)
IO o
= () k1 Py (X)
k
P (X5)
1 + (n—k)D(P||P:
z; Py(Xy) (n — k)D(P1||P2)
In particular
Up = nD(P1[| ), (109)
" P(X))
U, =351 = L(X1,..., X, 110
D gy =L ) (110)
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and, for every k € {1,...,n},

Py (Xg)
Uy =1 — D(Py||P»). 111
Ug — Ug—1 HP2<Xk) (P1||P) (111)
Let P
dy 2 max In 2L popipy) (112)

TEX Py ($)

so dy < oo since by assumption the alphabet set X is finite, and P;(x), P2(z) > 0 for every x € X. From (111)
and (112)
Uk = Ug-1]| < du

holds a.s. for every k € {1,...,n}, and due to the statistical independence of the RVs in the sequence {X;}
Epp [(Ux — Ug—1)? | Fi—1]

B Py (Xy) ?
=Ep <ln Pg(Xk) — D(P1HP2)>
P 2
P> {P1 (z) <1n P;Ei; - D(P1|]P2)> }
252 (113)
Let

e11=D(P||P) — A\, e21=D(B||P)+A (114)
€12 = D(PlHPQ) — A €99 = D(PQHPl) + A (115)

The probability of making an erroneous decision on hypothesis Hs or declaring an erasure under the hypothesis
H; is equal to ag), and from Theorem 3
all) 2 PM(L(X1,...,X,) < n))
(@)

= P{L(Un — Uy < —€1,1 n) (116)
(b) 1)
gexp(—nD( 1,1+71H 7 )) (117)
L+m Hl+m
where equality (a) follows from (109), (110) and (114), and inequality (b) follows from Theorem 3 with
2
a O7 A €11
271 £ ZL0 118
M 2 =y (113)

Note that if €11 > d; then it follows from (111) and (112) that 0“(11) is zero; in this case d1,1 > 1, so the divergence
in (117) is infinity and the upper bound is also equal to zero. Hence, it is assumed without loss of generality that
911 €[0,1].
Similarly to (108), under hypothesis Hy, let us define the martingale sequence {Uj, Fj}}_, with the same
filtration and
U =Epp [L(X1,...,Xn) | Fi|, VEke{0,...,n}. (119)

For every k € {0,...,n}

k .
U= 3 by — (= DDA

and in particular
Up = —nD(P||P1), U, =L(Xy,...,Xn). (120

For every k € {1,...,n},

Pi(Xy)

U s =1
U = U1 nP2(Xk)

+ D(Py||P1). (121)
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Let

(122)

dy £ max

P
m 2E) _ popyipy
reX

Pl(l‘)

then, the jumps of the latter martingale sequence are uniformly bounded by ds and, similarly to (113), for every
ke{l,...,n}

Epp [(Ux — Up—1)? | Fr—1]

2
= {Pg(a:) <ln ggg - D(P2HP1)> }

TeEX
o3 (123)

Hence, it follows from Theorem 3 that

BV 2 PY(L(Xy, ..., Xa) 2> nd)
= PU, — Uy > e21n) (129

< exp <_ < 2114——;32 H 14+ 72>> 25

where the equality in (124) holds due to (120) and (114), and (125) follows from Theorem 3 with

2

a 09 A €21
L2220 5,2 126
V2 2 215 (126)

and d, o9 are introduced, respectively, in (122) and (123).

From (96), (117) and (125), the exponent of the probability of either having an error or an erasure is lower
bounded by

(1) 4 .
lim _ln Fen > min D(dl’1 Tt
L+

n—00 n T i=1,2

Vi )
. 127
14+ ( )

Similarly to the above analysis, one gets from (97) and (115) that the error exponent is lower bounded by

In P2

5 , .
lim ——2om > mmD( i2 %\ % ) (128)
nr00 n =12 L+ U1+

where

€1,2 A €22
510 2 2 8o o0 & 222 129
125 g 022 = (129)
A

For the case of a single threshold (i.e., A=\ £ )\) then (127) and (128) coincide, and one obtains that the error
exponent satisfies

InP , ,
lim — 1 en > min D<(SZ o
n—00 n i=1,2 14+

Vi )
130
14+ (139)

where J; is the common value of d; 1 and d; o (for 7 = 1,2). In this special case, the zero threshold is optimal (see,
e.g., [21, p. 93]), which then yields that (130) is satisfied with

5 — D(Py||P,) 5 — D(Py||P1)
1 - 2 — 7

131
4 d (131)

with d; and ds from (112) and (122), respectively. The right-hand side of (130) forms a lower bound on Chernoff
information which is the exact error exponent for this special case.
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3) Comparison of the Lower Bounds on the Exponents with those that Follow from Azuma’s Inequality: The
lower bounds on the error exponent and the exponent of the probability of having either errors or erasures, that were
derived in the previous sub-section via Theorem 3, are compared in the following to the loosened lower bounds on
these exponents that follow from Azuma’s inequality.

We first obtain upper bounds on 04511), oz,(?), ﬁq(zl) and 57(12) via Azuma’s inequality, and then use them to derive

lower bounds on the exponents of PSB and Pe(i)

From (111), (112), (116), (118), and Azuma’s inequality

al) < exp (-%n) (132)
and, similarly, from (121), (122), (124), (126), and Azuma’s inequality

gg>5;exp<_f%;n>. (133)
From (93), (95), (115), (129) and Azuma’s inequality

ag)gexp<—g;n> (134)

B < exp (— 53;”) (135)

Therefore, it follows from (96), (97) and (132)—(135) that the resulting lower bounds on the exponents of Pe(%) and

Pe(%) are

nh_}rglo— - ZIL]{I]Q 5 j=1,2 (136)
as compared to (127) and (128) which give, for 7 =1, 2,
In PY) 5i . ,
lim —2fer 5 mlnD( ig £ ) (137)
n—00 n i=1,2 1+ Yi 1+ Yi

For the specific case of a zero threshold, the lower bound on the error exponent which follows from Azuma’s
inequality is given by

(138)

with the values of d; and d9 in (131).

The lower bounds on the exponents in (136) and (137) are compared in the following. Note that the lower bounds
in (136) are loosened as compared to those in (137) since they follow, respectively, from Azuma’s inequality and
its improvement in Theorem 3.

The divergence in the exponent of (137) is equal to

D<(5i,j+%‘ %-)
L+ W1+

S [(1 + 5’) In(1+ 54) 4 (1= 0iy) Il 5”)] .

L+ Vi Vi Vi
(139)
Lemma 4: )
{u+“2, u € [—1,0]
(I+w)In(l+wu) > ) . (140)
ut+ %5 —%, ux0
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where at u = —1, the left-hand side is defined to be zero (it is the limit of this function when v — —1 from above).
Proof: The proof follows by elementary calculus. [ ]
Since d; ; € [0, 1], then (139) and Lemma 4 imply that
2 3
D(éi,j +% || v ) > 0; — o7 . (141)
Ly W14/ 7 29 697(1+ )

Hence, by comparing (136) with the combination of (137) and (141), then it follows that (up to a second-order
approximation) the lower bounds on the exponents that were derived via Theorem 3 are improved by at least a
factor of (max %)71 as compared to those that follow from Azuma’s inequality.

Example 4: Consider two probability measures P, and P, where

Pi(0) = Py(1) =04, Pi(1) = Py(0) = 0.6,

and the case of a single threshold of the log-likelihood ratio that is set to zero (i.e., A = 0). The exact error exponent
in this case is Chernoff information that is equal to

C(Py, Py) =2.04-1072.

The improved lower bound on the error exponent in (130) and (131) is equal to 1.77 - 102, whereas the loosened

lower bound in (138) is equal to 1.39 - 1072, In this case v; = % and vy = %, so the improvement in the lower

bound on the error exponent is indeed by a factor of approximately

(o) =2
Note that, from (117), (125) and (132)—(135), these are lower bounds on the error exponents for any finite block
length n, and not only asymptotically in the limit where n — oo. The operational meaning of this example is that
the improved lower bound on the error exponent assures that a fixed error probability can be obtained based on a
sequence of i.i.d. RVs whose length is reduced by 22.2% as compared to the loosened bound which follows from
Azuma’s inequality.

4) Comparison of the Exact and Lower Bounds on the Error Exponents, Followed by a Relation to Fisher
Information: In the following, we compare the exact and lower bounds on the error exponents. Consider the case
where there is a single threshold on the log-likelihood ratio (i.e., referring to the case where the erasure option is
not provided) that is set to zero. The exact error exponent in this case is given by the Chernoff information (see
(107)), and it will be compared to the two lower bounds on the error exponents that were derived in the previous
two subsections.

Let { Py }oco, denote an indexed family of probability mass functions where © denotes the parameter set. Assume
that Py is differentiable in the parameter §. Then, the Fisher information is defined as

b 2
J(0) = Eg [69 In Pg(m)] (142)

where the expectation is w.r.t. the probability mass function P». The divergence and Fisher information are two
related information measures, satisfying the equality

i PWellPe) _ J(0)

=0 (0—0)2 2 (143)

(note that if it was a relative entropy to base 2 then the right-hand side of (143) would have been divided by In 2,
and be equal to % as in [18, Eq. (12.364)]).
Proposition 5: Under the above assumptions,
e The Chernoff information and Fisher information are related information measures that satisfy the equality
iy G0 Po) _ J(0)
0—0 (0 —06)2 8

(144)
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e Let
0 + i

L+

Ev(Py, Py) £ min D(

1=

i )
145
L+ (%)

be the lower bound on the error exponent in (130) which corresponds to P; 2 Py and P, £ Py, then also
EL(Py,Py) J(O)

li = . 14
050 (60— 0?2 8 (146)
e Let
5 i % 147
EL(Py, Pyr) = mnin - (147)

be the loosened lower bound on the error exponent in (138) which refers to P; £ Py and P, £ Py. Then,
i EL(Py, Py) _ a(6) J(9)
00— (0 —06)2 8

for some deterministic function a bounded in [0, 1], and there exists an indexed family of probability mass

functions for which a(f) can be made arbitrarily close to zero for any fixed value of 6 € ©.

Proof: See Appendix H. ]

(148)

Proposition 5 shows that, in the considered setting, the refined lower bound on the error exponent provides the
correct behavior of the error exponent for a binary hypothesis testing when the relative entropy between the pair of
probability mass functions that characterize the two hypotheses tends to zero. This stays in contrast to the loosened
error exponent, which follows from Azuma’s inequality, whose scaling may differ significantly from the correct
exponent (for a concrete example, see the last part of the proof in Appendix H).

Example 5: Consider the index family of of probability mass functions defined over the binary alphabet X =
{0,1}:

PQ(O) =1-20, Pg(l) =60, Ve (0, 1).

From (142), the Fisher information is equal to

1 1
T =5+1=%
and, at the point §# = 0.5, J(0) = 4. Let 6; = 0.51 and 03 = 0.49, so from (144) and (146)

J(0)(61 — 62)?
8
Indeed, the exact values of C(Py,, Py,) and Ey(Py,, Py,) are 2.000 - 10~ and 1.997 - 10~%, respectively.

5) Moderate Deviations Analysis for Binary Hypothesis Testing: So far, we have discussed large deviations
analysis for binary hypothesis testing, and compared the exact error exponents with lower bounds that follow from
refined versions of Azuma’s inequality.

Based on the asymptotic results in (90) and (91), which hold a.s. under hypotheses H; and Hy respectively, the
large deviations analysis refers to upper and lower thresholds A and A which are kept fixed (i.e., these thresholds
do not depend on the block length n of the data sequence) where

—D(P||P1) <A< A< D(PL||Py).

C(Py,, Fy,), EL(Py,, Po,) = =2.00-10"%

Suppose that instead of having some fixed upper and lower thresholds, one is interested to set these thresholds such
that as the block length n tends to infinity, they tend to their asymptotic limits in (90) and (91), i.e.,

lim A" = D(P||R), lim A = —D(R)[|P,).

Specifically, let n € (%, 1), and e1,e2 > 0 be arbitrary fixed numbers, and consider the case where one decides on
hypothesis H; if
L(X1,..., Xn) > ™

and on hypothesis Hy if
L(X1,...,X,) <nA™
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where these upper and lower thresholds are set to

N~ D(Py||Py) — ey~
A" = —D(P3||Py) + egn™ 77

so that they approach, respectively, the relative entropies D(P;||P2) and —D(P||P;) in the asymptotic case where
the block length n of the data sequence tends to infinity. Accordingly, the conditional probabilities in (92)—(95) are
modified so that the fixed thresholds \ and ) are replaced with the above block-length dependent thresholds X(n)
and \(™, respectively. The moderate deviations analysis for binary hypothesis testing studies the probability of an
error event and also the probability of the event of either making an erroneous decision or making no decision
(i.e., declaring an erasure) under the two hypotheses. Particularly, we also study the asymptotic scaling of these
probability under either H; and Hs when simultaneously the block length of the input sequence n tends to infinity,
and the thresholds A" and A™ tend to D(P1||P,) and —D(P,||Py), respectively (which are the asymptotic limits
in (90) and (91), respectively, when the block length tends to infinity).

Before proceeding to the moderate deviations analysis of binary hypothesis testing, the related literature in the
context of information-theoretic problems is shortly reviewed. The moderate deviations analysis in the context of
source and channel coding has recently attracted some interest among information theorists (see [1], [4], [32], [56]
and [76]).

Moderate deviations were analyzed in [1, Section 4.3] for a channel model that gets noisier as the block length
is increased. Due to the dependence of the channel parameter in the block length, the usual notion of capacity
for these channels is zero. Hence, the issue of increasing the block length for the considered type of degrading
channels was examined in [1, Section 4.3] via moderate deviations analysis when the number of codewords increases
sub-exponentially with the block length. In another recent work [4], the moderate deviations behavior of channel
coding for discrete memoryless channels was studied by Altug and Wagner with a derivation of direct and converse
results which explicitly characterize the rate function of the moderate deviations principle (MDP). In [4], the authors
studied the interplay between the probability of error, code rate and block length when the communication takes
place over discrete memoryless channels, having the interest to figure out how the decoding error probability of the
best code scales when simultaneously the block length tends to infinity and the code rate approaches the channel
capacity. The novelty in the setup of their analysis was the consideration of the scenario mentioned above, in
contrast to the case where the rate is kept fixed below capacity, and the study is reduced to a characterization of
the dependence between the two remaining parameters (i.e., the block length n and the average/ maximal error
probability of the best code). As opposed to the latter case when the code rate is kept fixed, which then corresponds
to large deviations analysis and characterizes the error exponents as a function of the rate, the analysis in [4] (via
the introduction of direct and converse theorems) demonstrated a sub-exponential scaling of the maximal error
probability in the considered moderate deviations regime. This work was followed by a work by Polynaskiy and
Verdd where they show that a DMC satisfies the MDP if and only if its channel dispersion is non-zero, and also
that the AWGN channel satisfies the MDP with a constant that is equal to the channel dispersion. The approach
used in [4] was based on the method of types, whereas the approach used in [57] borrowed some tools from a
recent work by the same authors in [56].

In [32], the moderate deviations analysis of the Slepian-Wolf problem for lossless source coding was studied.
More recently, moderate deviations analysis for lossy source coding of stationary memoryless sources was studied
in [76].

These works, including the following discussion, indicate a recent interest in moderate deviations analysis in the
context of information-theoretic problems. In the literature on probability theory, the moderate deviations analysis
was extensively studied (see, e.g., [21, Section 3.7]), and in particular the MDP was studied in [20] for continuous-
time martingales with bounded jumps.

In light of the discussion in Section V-C on the MDP for i.i.d. RVs and its relation to the concentration inequalities
in Section IV (see Appendix G), and also motivated by the recent works on moderate-deviations analysis for
information-theoretic aspects, we consider in the following moderate deviations analysis for binary hypothesis
testing. Our approach for this kind of analysis is different from [4] and [57], and it relies on concentration inequalities
for martingales. The material in the following was presented in part in [67].
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In the following, we analyze the probability of a joint error and erasure event under hypothesis Hy, i.e., derive
an upper bound on ag) in (92). The same kind of analysis can be adapted easily for the other probabilities in (93)-
(95). As mentioned earlier, let e; > 0 and n € (%, 1) be two arbitrarily fixed numbers. Then, under hypothesis Hj,
it follows that similarly to (116)—(118)

Pr(L(X, ..., X,) < oA
= P'(L(Xy,... ,X ) < nD(Pi||P;) — e1n™)
5( —I—% >
< —nD 149
_exp(n ( [P (149)
where
_(1_77) A O’%

(5(77771) é Eln £ 1
1 dl ) 71 d%

with d; and 0% from (112) and (113). From (139), (140) and (150), it follows that

p(
L+m 1+’Y1

(150)

(n:n) (nn) 1— (nm) In(1 = (n,n)
= (1+51 )ln(1+51 )+( o) In(1 =4 )]
I+m T 7 7
n sn 2 n 3 ,n
7 (65"’ L)) ) . 1<_5<n,n> MG >>2>
“14m 7 22 63 M ! 2
6, s
2m 31 (1+m)

_ E% n—2(1-m) 1 e1dy 1
T 202 C 302(1+ 1=
1 1 Y1) n

provided that 55"’") < 1 (which holds for n > ng for some ng = ng (n,e1,d1) € N that is determined from (150)).
By substituting this lower bound on the divergence into (149), it follows that

all) = PP (L(X1,...,X,) <nD(Pyi||P) — e1n")

2. 2n—1 1
< exp <—€1 o <1 - 2€1d1 . >) . (151)
207 307(1+ 1) nt=n

Consequently, in the limit where n tends to infinity,

2
lim n!=27 lna( ) < —g—l (152)
n—00 20’1

with o2 in (113). From the analysis in Section V-C and Appendix G, the following things hold:
o The inequality for the asymptotic limit in (152) holds in fact with equality.
o The same asymptotic result also follows from Theorem 4 for every even-valued m > 2 (instead of Theorem 3).
To verify these statements, consider the real-valued sequence of i.i.d. RVs
P (X;) ‘
Y, 21 — D(Py||P: =1,...
2 n(PQ(X) ( 1” 2)7 ? ) 7n

that, under hypothesis Hj, have zero mean and variance 0. Since, by assumption, {X;}? , are i.i.d., then

n
L(X1,...,Xp) —nD(Pi||Py) = ) Vi, (153)

i=1
and it follows from the one-sided version of the MDP in (82) that indeed (152) holds with equality. Moreover,
Theorem 3 provides, via the inequality in (151), a finite-length result that enhances the asymptotic result for n — co.
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The second item above follows from the second part of the analysis in Appendix G (i.e., the part of analysis in
this appendix that follows from Theorem 4).

In the considered setting of moderate deviations analysis for binary hypothesis testing, the upper bound on the
probability ag) in (151), which refers to the probability of either making an error or declaring an erasure (i.e.,
making no decision) under the hypothesis H;, decays to zero sub-exponentially with the length n of the sequence.
As mentioned above, based on the analysis in Section V-C and Appendix G, the asymptotic upper bound in (152) is
tight. A completely similar moderate-deviations analysis can be also performed under the hypothesis Hs. Hence, a
sub-exponential scaling of the probability Br(bl) in (94) of either making an error or declaring an erasure (where the
lower threshold ) is replaced with A™) also holds under the hypothesis Hy. These two sub-exponential decays to
zero for the probabilities aﬁf) and ﬁ,(LI), under hypothesis H; or Hy respectively, improve as the value of n € (%, 1)
is increased. On the other hand, the two exponential decays to zero of the probabilities of error (i.e., ag) and 57(12)
under hypothesis H; or Ha, respectively) improve as the value of 7 € (%, 1) is decreased; this is due to the fact
that, for a fixed value of n, the margin which serves to protect us from making an error (either under hypothesis
H, or H») is increased by decreasing the value of 7 as above (note that by reducing the value of n for a fixed n,

the upper and lower thresholds 2™ and A™ are made closer to D(P,||P,) from below and to —D(P||Py) from
above, respectively, which therefore increases the margin that is used for protecting one from making an erroneous
decision). This shows the existence of a tradeoff, in the choice of the parameter n € (%, 1), between the probability
of error and the joint probability of error and erasure under either hypothesis H; or Ho (where this tradeoff exists
symmetrically for each of the two hypotheses).

In [4] and [57], the authors consider moderate deviations analysis for channel coding over memoryless channels. In
particular, [4, Theorem 2.2] and [57, Theorem 6] indicate on a tight lower bound (i.e., a converse) to the asymptotic
result in (152) for binary hypothesis testing. This tight converse is indeed consistent with the asymptotic result of
the MDP in (82) for real-valued i.i.d. random variables, which implies that the asymptotic upper bound in (152),
obtained via the martingale approach with the refined version of Azuma’s inequality in Theorem 3, holds indeed
with equality. Note that this equality does not follow from Azuma’s inequality, so its refinement was essential for
obtaining this equality. The reason is that, due to Appendix G, the upper bound in (152) that is equal to —2% is
replaced via Azuma’s inequality by the looser bound —% (note that, from (112) and (113), 01 < di where o1
may be significantly smaller than d;).

6) Second-Order Analysis for Binary Hypothesis Testing: The moderate deviations analysis in the previous sub-

section refers to deviations that scale like n" for n € (%, 1). Let us consider now the case of n = % which
corresponds to small deviations. To this end, refer to the real-valued sequence of i.i.d. RVs {Y;} , with zero
mean and variance 0% (under hypothesis H;), and define the partial sums Sy, = Zle Y; for k € {1,...,n} with

So = 0. This implies that {Sy, Fx}}_, is a martingale sequence. At this point, it links the current discussion on
binary hypothesis testing to Section V-A which refers to the relation between the martingale CLT and Proposition 4.
Specifically, since from (153),

Sn — S[) = L(Xl, e ,Xn) — TLD(PlHPQ)
then from the proof of Proposition 4, one gets an upper bound on the probability
P L(X1,. .., Xn) <nD(Py||P) — e1y/n)

for a finite block length n (via an analysis that is either related to Theorem 3 or 4) which agrees with the asymptotic
result

3

lim In PP'(L(X1,...,X,) < nD(Pi||Py) —e1y/n) = — .
1

n—o0

Referring to small deviations analysis and the CLT, it shows a duality between these kind of results and recent
works on second-order analysis for channel coding (see [33], [56], and [58], where the variance a% in (113) is
replaced with the channel dispersion that is defined to be the variance of the mutual information RV between the
channel input and output, and is a property of the communication channel solely).
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B. Pairwise Error Probability for Linear Block Codes over Binary-Input Output-Symmetric DMCs

In this sub-section, the tightness of Theorems 3 and 4 is studied by the derivation of upper bounds on the
pairwise error probability under maximum-likelihood (ML) decoding when the transmission takes place over a
discrete memoryless channel (DMC).

Let C be a binary linear block code of block length n, and assume that the codewords are a-priori equi-probable.
Consider the case where the communication takes place over a binary-input output-symmetric DMC whose input
alphabet is X = {0, 1}, and its output alphabet ) is finite.

In the following, boldface letters denote vectors, regular letters with sub-scripts denote individual elements of
vectors, capital letters represent RVs, and lower-case letters denote individual realizations of the corresponding RVs.
Let

Pyx(ylz) = HPY\X (Yilz:)
=1

be the transition probability of the DMC, where due to the symmetry assumption

Py x(y[0) = Py|x(-yll), Vyel.

It is also assumed in the following that Py |x (y|x) > 0 for every (z,y) € X x Y. Due to the linearity of the code
and the symmetry of the DMC, the decoding error probability is independent of the transmitted codeword, so it is
assumed without any loss of generality that the all-zero codeword is transmitted. In the following, we consider the
pairwise error probability when the competitive codeword z € C has a Hamming weight that is equal to h, and
denote it by Wy(x) = h. Let Py denote the probability distribution of the channel output.

In order to derive upper bounds on the pairwise error probability, let us define the following two hypotheses:

o Hy: PY(Q) = H;L:l PY|X(yl|0)7 Vg S

o« Hy: Py(y) = H?:l Ple(yi’.’L'z’), Vg eyr
which correspond, respectively, to the transmission of the all-zero codeword and the competitive codeword x € C.
Under hypothesis H;, the considered pairwise error event under ML decoding occurs if and only if

P 1 1
Zl < Y|Xy|95)> > 0.
Py x (yi|0)

Let {ik}zzl be the h indices of the coordinates of x where x; = 1, ordered such that 1 < i; < ... < i < n.
Based on this notation, the log-likelihood ratio satisfies the equality

Py x (yi|xi) ) <PY|X (Yi,.|1) )
In In 154
Z ( Z Py x(9i,.10) (59

Py x(yi|0) =

For the continuation of the analysis in this sub-section, let us define the martingale sequence {Uy, F;}}_, with
the filtration

Fo=o0Yi,....Yi), k=1,...,h
]:0:{@’9}

and, under hypothesis H1, let

Py x(Yi |1
In " ‘ VEke{01,... h).
Z <PY|X }/;771 fk E{ o ’ }
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Since, under hypothesis H, the RVs Yil, ..., Y;, are statistically independent, then for k € {0,1,...,h}

Up = Z In <PYX é;)

Py x (Y
Pyx(y[1)
=1 3 Prix(olo)a
yezy Py x(yl0)
i <PYX (Y, |1)>
= \Pyx(Yi,0)
—(h — k) D(Pyx(-10) || Pyx(-]1)). (155)
Specifically
Uo = —h D(Pyx (10) | Pyix (1)) (156)
" Py x (Y;|x;
Zl < vix ( \37)> (157)
Py x(Y3]0)
where the last equality follows from (154) and (155), and the differences of the martingale sequence are given by
&= Up — Up
=ln|{—=———= D (P -10) || P |1 158
n (X )+ PP Py ) (158)

for every k € {1,...,h}. Note that, under hypothesis Hi, indeed E[{;|F;—1] = 0.
The probability of a pairwise error event, where the ML decoder prefers a competitive codeword x € C (Wy(x) =
h) over the transmitted all-zero codeword, is equal to

P, £P(U, > 0| Hy)

= P(Un = Uy > h D(Pyix (10) | Pyix (1)) | i), (159)
It therefore follows that a.s. for every k € {1,...,h}
PY|X(y|1)
< In|{ ——= D(P -0) || PP -1
6 < mag | 1 () DR 10 | Py ()
£2d< (160)

which is indeed finite since, by assumption, the alphabet ) is finite and Py x (y|z) > 0 for every (7,y) € X x ).
Note that, in fact, taking an absolute value in the maximization of the logarithm on the right-hand side of (160) is
redundant due to the channel symmetry, and also due to the equality >, Py|x(y[0) = >_, Py|x(y[1) =1 (so that
it follows, from this equality, that there exists an element y € )} such that Py x(y[1) > Py| x(9/0)).

As an interim conclusion, {Uk,]:k}k o is a martingale sequence with bounded jumps, and |Uy — Up_1| < d
holds a.s. for every k € {1,...,h}. We rely in the following on the concentration inequalities of Theorems 3 and 4
to obtain, via (158)—(160), upper bounds on the pairwise error probability. The tightness of these bounds will be
examined numerically, and they will be compared to the Bhattacharyya upper bound.

1) Analysis Related to Theorem 3: From (158), for every k € {1,...,h}

E[& | Fr-1]

= Prix(®l0) [m( yix (¥

(
= Py x(y

(

(

-3 R0 (22

yey Prix(y

1 ?
|

gﬂ

= [D(Pyx(10) 1| Prix (1) | 2 o (161)
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holds a.s., where the last equality follows from the definition of the divergence (relative entropy). Based on (159)
and the notation in (29), let
_0;2 58 D(Pyx(-10) || Py x(-1))
TEa 0T d
where d and o2 are introduced in (160) and (161), respectively. Under hypothesis Hi, one gets from (159) and
Theorem 3 that the pairwise error probability satisfies the upper bound

(162)

p, < zp (163)
where 5
71 2 exp <_D(” I 7)) (164)
144" 147y

and ~, § are introduced in (162).
In the following, we compare the exponential bound in (163) with the Bhattacharyya bound

Py < Zg (165)
where the Bhattacharyya parameter Zg of the binary-input DMC is given by
Zy 23"\ Prix (l0) Py (1) (166)
yeY

Example 6: Consider a binary symmetric channel (BSC) with crossover probability p. The Bhattacharyya pa-
rameter which corresponds to this channel is Zg = /4p(1 — p). In the following, Z; from (164) is calculated for
comparison. Without loss of generality, assume that p < % Straightforward calculation shows that

d= 2(1—p)ln<1 ;p)
o? =4p(1 —p) [ln(l ;p)]Q

D(Pyix (10)]] Py (1)) = (1 —2p) n(* ;p)

and therefore (162) gives that
P 1—-2p

S l-pt T 2(1-p)
Substituting v and ¢ into (164) gives that the base of the exponential bound in (163) is equal to

Z1 = exp <—D(; Hp)) = V/4p(1 —p)

which coincides with the Bhattacharyya parameter for the BSC. This shows that, for the BSC, Theorem 3 implies
the Bhattacharyya upper bound on the pairwise error probability.

~y

In general, it is observed numerically that Z; > Zp for binary-input output-symmetric DMCs with an equality
for the BSC (this will be exemplified after introducing the bound on the pairwise error probability which follows
from Theorem 4). This implies that Theorem 3 yields in general a looser bound than the Bhattacharyya upper
bound in the context of the pairwise error probability for DMCs.

2) Analysis Related to Theorem 4: In the following, a parallel upper bound on the pairwise error probability is
derived from Remark 12 on Theorem 4, and the martingale sequence { Uy, fk}Z:O' Under hypothesis H; (i.e., the
assumption that the all-zero codeword is transmitted), (158) implies that the conditional expectation of (U —Uj_1)"
given Fj_1 is equal (a.s.) to the un-conditional expectation where [ is an arbitrary natural number. Also, it follows
from (158) that for every k € {1,...,h} and [ € N

E[(Uy, — Ug—1)" | Fio—1]

l
— (“1)'E (m (M) — D(Pyyx ([0} PY|X<-|1>)> ]
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TABLE 1
THE BASES OF THE EXPONENTIAL BOUNDS Z1 AND Zém) IN (163) AND (168) (FOR AN EVEN-VALUED m > 2), RESPECTIVELY. THE
BASES OF THESE EXPONENTIAL BOUNDS ARE COMPARED TO THE BHATTACHARY YA PARAMETER Z3 IN (166) FOR THE FIVE DMC
CHANNELS IN (169) WITH p = 0.04 AND || = Q = 2,3,4, 5, 10.

and, based on Remark 12, let

l
W & (<1)E [(ln (M) — D(Pyyx (10} PY|X<-|1>)) ] (167)

for every | € N (for even-valued [/, there is no need to take the maximization with zero). Based on the notation
used in the context of Remark 12, let u
l
= i 1=2,3,...

and ¢ be the same parameter as in (162). Note that the equality «» = ~ holds for the parameter v in (162). Then,
Remark 12 on Theorem 4 yields that for every even-valued m > 2

By < (2M)" (168)
where

m—1

1+
x>0

Zém) £ inf {6_53;

l
CEAiop—
=2

Example 7: In the following example, the bases of the two exponential bounds on the pairwise error probability
in (163) and (168) are compared to the corresponding Bhattacharyya parameter (see (166)) for some binary-input
output-symmetric DMCs.

For a integer-valued @ > 2, let Pl(/%)( be a binary-input output-symmetric DMC with input alphabet X = {0, 1}
and output alphabet ) = {0,1,...,Q — 1}, characterized by the following probability transitions:

P9 (0j0) = PLLQ-11) = 1 - (Q — D)p,

Y|X = yx
A0 =...= AR @10 =p
PEO0]1) = .. = PR (Q—21) =p (169)

where 0 < p < %1 The considered exponential bounds are exemplified in the following for the case where

p = 0.04 and @ = 2,3,4,5,10. The bases of the exponential bounds in (163) and (168) are compared in Table I
to the corresponding Bhattacharyya parameters of these five DMCs that, from (166), is equal to

Zs =2\/p[1 - (@~ D] + Q- 2)p.

As is shown in Table I, the choice of m = 2 gives the worst upper bound in Theorem 4 (since Z§2) > Zém)

for every even-valued m > 2). This is consistent with Corollary 3. Moreover, the comparison of the third and
forth lines in Theorem 4 is consistent with Proposition 2 which indeed assures that Theorem 4 with m = 2 is
looser than Theorem 3 (hence, indeed 77 < 222) for the considered DMCs). Also, from Example 6, it follows
that Theorem 3 coincides with the Battacharyya bound (hence, Z; = Zp for the special case where ) = 2, as is
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TABLE 11
THE BASE Z§m> OF THE EXPONENTIAL BOUND IN (163) AND ITS (TIGHT) UPPER BOUND Z§m> THAT FOLLOWS BY REPLACING THE
INFIMUM OPERATION BY THE SUB-OPTIMAL VALUE IN (64) AND (65). THE FIVE DMCS ARE THE SAME AS IN (169) AND TABLE 1.

Q 2 3 4 5 10

z819 | 03919 | 0.4237 | 0.4552 | 0.4866 | 0.6400

Z§819 | 03919 | 0.4237 | 0.4553 | 0.4868 | 0.6417

indeed verified numerically in Table I). It is interesting to realize from Table I that for the five considered DMCs,
the sequence {ZéZ), Z§4), Z§6), ...} converges very fast, and the limit is equal to the Bhattacharyya parameter for
all the examined cases. This stays in contrast to the exponential base Z; that was derived from Theorem 3, and
which appears to be strictly larger than the corresponding Bhattacharyya parameter of the DMC (except for the
BSC, where the equality Z; = Zg holds, as is shown in Example 6).

Example 7 leads to the following conjecture:
Conjecture 1: For the martingale sequence {Uy, fk}ﬁzo introduced in this sub-section,
lim Z{™ = Zg

m— 00
and this convergence is quadratic.

Example 8: The base Zém) of the exponential bound in (168) involves an operation of taking an infimum over
the interval [0, c0). This operation is performed numerically in general, except for the special case where m = 2
for which a closed-form solution exists (see Appendix B for the proof of Corollary 4).

Replacing the infimum over = € [0, 00) with the sub-optimal value of z in (64) and (65) gives an upper bound
on the respective exponential base of the bound (note that due to the analysis, this sub-optimal value turns to be
optimal in the special case where m = 2). The upper bound on Zém) which follows by replacing the infimum with
the sub-optimal value in (64) and (65) is denoted by Zém), and the difference between the two values is marginal
(see Table II).

C. Minimum Distance of Binary Linear Block Codes

Consider the ensemble of binary linear block codes of length n and rate R. The average value of the normalized
minimum distance is equal to
E[dmm(c)} — h2—1(1 _ R)
n
where hy ! designates the inverse of the binary entropy function to the base 2, and the expectation is with respect
to the ensemble where the codes are chosen uniformly at random (see [8]).

Let H designate an n(1 — R) x n parity-check matrix of a linear block code C from this ensemble. The minimum
distance of the code is equal to the minimal number of columns in H that are linearly dependent. Note that the
minimum distance is a property of the code, and it does not depend on the choice of the particular parity-check
matrix which represents the code.

Let us construct a martingale sequence Xg,..., X, where X; (for i = 0,1,...,n) is a RV that denotes the
minimal number of linearly dependent columns of a parity-check matrix that is chosen uniformly at random from
the ensemble, given that we already revealed its first ¢ columns. Based on Remarks 2 and 3, this sequence forms
indeed a martingale sequence where the associated filtration of the o-algebras Fy C F; C ... C F, is defined so
that F; (for i = 0,1, ..., n) is the o-algebra that is generated by all the sub-sets of n(1— R) x n binary parity-check
matrices whose first ¢ columns are fixed. This martingale sequence satisfies | X; — X;_;| < 1fori=1,...,n (since
if we reveal a new column of H, then the minimal number of linearly dependent columns can change by at most 1).
Note that the RV X is the expected minimum Hamming distance of the ensemble, and X, is the minimum distance
of a particular code from the ensemble (since once we revealed all the n columns of H, then the code is known
exactly). Hence, by Azuma’s inequality

2

P(|duin(€) — Eldmin(C)]] = av/t) < 2exp (—‘3) Va0,
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This leads to the following theorem:
Theorem 6: [The minimum distance of binary linear block codes] Let C be chosen uniformly at random from
the ensemble of binary linear block codes of length n and rate R. Then for every a > 0, with probability at least

1—2exp (—%), the minimum distance of C is in the interval

nhy'(1— R) — ayv/n, nhy'(1— R) + ayvn]

and it therefore concentrates around its expected value.

Note, however, that some well-known capacity-approaching families of binary linear block codes possess a
minimum Hamming distance which grows sub-linearly with the block length n. For example, the class of parallel
concatenated convolutional (turbo) codes was proved to have a minimum distance which grows at most like the
logarithm of the interleaver length [14].

D. Concentration of the Cardinality of the Fundamental System of Cycles for LDPC Code Ensembles

Low-density parity-check (LDPC) codes are linear block codes that are represented by sparse parity-check
matrices [29]. A sparse parity-check matrix enables to represent the corresponding linear block code by a sparse
bipartite graph, and to use this graphical representation for implementing low-complexity iterative message-passing
decoding. The low-complexity decoding algorithms used for LDPC codes and some of their variants are remarkable
in that they achieve rates close to the Shannon capacity limit for properly designed code ensembles (see, e.g.,
[61]). As a result of their remarkable performance under practical decoding algorithms, these coding techniques
have revolutionized the field of channel coding and they have been incorporated in various digital communication
standards during the last decade.

In the following, we consider ensembles of binary LDPC codes. The codes are represented by bipartite graphs
where the variable nodes are located on the left side of the graph, and the parity-check nodes are on the right.
The parity-check equations that define the linear code are represented by edges connecting each check node with
the variable nodes that are involved in the corresponding parity-check equation. The bipartite graphs representing
these codes are sparse in the sense that the number of edges in the graph scales linearly with the block length n of
the code. Following standard notation, let A\; and p; denote the fraction of edges attached, respectively, to variable
and parity-check nodes of degree i. The LDPC code ensemble is denoted by LDPC(n, A, p) where n is the block
length of the codes, and the pair A(z) £ >, \;z*~! and p(x) £ 3, piz~! represents, respectively, the left and
right degree distributions of the ensemble from the edge perspective. For a short summary of preliminary material
on binary LDPC code ensembles see, e.g., [64, Section II-A].

It is well known that linear block codes which can be represented by cycle-free bipartite (Tanner) graphs have
poor performance even under ML decoding [25]. The bipartite graphs of capacity-approaching LDPC codes should
therefore have cycles. For analyzing this issue, we focused on the notion of “the cardinality of the fundamental
system of cycles of bipartite graphs”. For the required preliminary material, the reader is referred to [64, Section II-
E]. In [64], we address the following question:

Question: Consider an LDPC ensemble whose transmission takes place over a memoryless binary-input output
symmetric channel, and refer to the bipartite graphs which represent codes from this ensemble where every code
is chosen uniformly at random from the ensemble. How does the average cardinality of the fundamental system of
cycles of these bipartite graphs scale as a function of the achievable gap to capacity ?

In light of this question, an information-theoretic lower bound on the average cardinality of the fundamental
system of cycles was derived in [64, Corollary 1]. This bound was expressed in terms of the achievable gap to
capacity (even under ML decoding) when the communication takes place over a memoryless binary-input output-
symmetric channel. More explicitly, it was shown that if £ designates the gap in rate to capacity, then the number
of fundamental cycles should grow at least like log % Hence, this lower bound remains unbounded as the gap to
capacity tends to zero. Consistently with the study in [25] on cycle-free codes, the lower bound on the cardinality
of the fundamental system of cycles in [64, Corollary 1] shows quantitatively the necessity of cycles in bipartite
graphs which represent good LDPC code ensembles. As a continuation to this work, we present in the following
a large-deviations analysis with respect to the cardinality of the fundamental system of cycles for LDPC code
ensembles.
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Let the triple (n, A, p) represent an LDPC code ensemble, and let G be a bipartite graph that corresponds to a
code from this ensemble. Then, the cardinality of the fundamental system of cycles of G, denoted by 5(G), is equal
to

B(G) = [EG)] = [V(9)] + ¢(9)

where E(G), V(G) and ¢(G) denote the edges, vertices and components of G, respectively, and |A| denotes the
number of elements of a (finite) set A. Note that for such a bipartite graph G, there are n variable nodes and
m = n(l — Ry) parity-check nodes, so there are in total |V (G)| = n(2 — Rq) nodes. Let ar designate the average
right degree (i.e., the average degree of the parity-check nodes), then the number of edges in G is given by
|E(G)| = mag. Therefore, for a code from the (n, A, p) LDPC code ensemble, the cardinality of the fundamental
system of cycles satisfies the equality

B(G) = n[(l — Rg)ar — (2 — Rd)] + ¢(9) (170)

where L
Jo pz) dz 1
— 1 - SN ar = 1, < .
Jo Mz) dz Jo p(x) dx
denote, respectively, the design rate and average right degree of the ensemble.

Let
E = |E(G)| =n(1 - Rq)ar (171)

denote the number of edges of an arbitrary bipartite graph G from the ensemble (where we refer interchangeably
to codes and to the bipartite graphs that represent these codes from the considered ensemble). Let us arbitrarily
assign numbers 1,..., E to the F edges of G. Based on Remarks 2 and 3, lets construct a martingale sequence
Xo,...,Xg where X; (fori=20,1,...,F) is a RV that denotes the conditional expected number of components
of a bipartite graph G, chosen uniformly at random from the ensemble, given that the first ¢ edges of the graph G
are revealed. Note that the corresponding filtration Fy C F; C ... C Fg in this case is defined so that F; is the
o-algebra that is generated by all the sets of bipartite graphs from the considered ensemble whose first ¢ edges are
fixed. For this martingale sequence

Xo = ErppcinapB(9)], Xe=B(G)

and (a.s.) | Xy — Xx—1| <1 for k =1,..., E (since by revealing a new edge of G, the number of components in
this graph can change by at most 1). By Corollary 2, it follows that for every a > 0

P (Ie(G) = Erppcinap)[c(G)]] = aE) < 2¢7(0F
=P (|8(G) — Erppc(nap)B(G)]] > aE) < 2¢—f(0)E (172)

where the last transition follows from (170), and the function f was defined in (45). Hence, for o > 1, this
probability is zero (since f(a) = +oo for a > 1). Note that, from (170), Eyppc(n,r,p)[8(F)] scales linearly with n.
The combination of Egs. (45), (171), (172) gives the following statement:

Theorem 7: [Concentration inequality for the cardinality of the fundamental system of cycles] Let LDPC(n, A, p)
be the LDPC code ensemble that is characterized by a block length n, and a pair of degree distributions (from the
edge perspective) of A and p. Let G be a bipartite graph chosen uniformly at random from this ensemble. Then,
for every o > 0, the cardinality of the fundamental system of cycles of G, denoted by 3(G), satisfies the following
inequality:

P (18(G) — Evppc(urp[B(@)]] = an) < 2. 27154l

where hy designates the binary entropy function to the base 2, n £ m, and R4 and agr designate, respectively,
the design rate and average right degree of the ensemble. Consequently, if 77 > 1, this probability is zero.
Remark 17: The loosened version of Theorem 7, which follows from Azuma’s inequality, gets the form

727L

P (|B(Q) — ELppc(nap)[8(9)]] > Om) <2

for every o > 0, and 7 as defined in Theorem 7. Note, however, that the exponential decay of the two bounds is
similar for values of « close to zero (see the exponents in Azuma’s inequality and Corollary 2 in Figure 1).
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Remark 18: For various capacity-achieving sequences of LDPC code ensembles on the binary erasure channel,
the average right degree scales like log% where ¢ denotes the fractional gap to capacity under belief-propagation
decoding (i.e., Ry = (1 — &)C') [45]. Therefore, for small values of «, the exponential decay rate in the inequality
of Theorem 7 scales like (log %)72. This large-deviations result complements the result in [64, Corollary 1] which
provides a lower bound on the average cardinality of the fundamental system of cycles that scales like log %

Remark 19: Consider small deviations from the expected value that scale like y/n. Note that Corollary 2 is a
special case of Theorem 3 when v = 1 (i.e., when only an upper bound on the jumps of the martingale sequence is
available, but there is no non-trivial upper bound on the conditional variance). Hence, it follows from Proposition 4
that Corollary 2 does not provide in this case any improvement in the exponent of the concentration inequality (as
compared to Azuma’s inequality) when small deviations are considered.

E. Performance of LDPC Codes under Iterative Message-Passing Decoding

In the following, we consider ensembles of binary LDPC codes. Following standard notation, let A\; and p;
denote the fraction of edges attached, respectively, to variable and parity-check nodes of degree . The LDPC
code ensemble that is denoted by LDPC(n, A, p) is characterized by the block length n of the codes, and the pair
Mz) £ 3, Mzt and p(x) £ Y, p;a’~! which represent, respectively, the left and right degree distributions from
the edge perspective.

The following theorem was proved in [61, Appendix C] based on Azuma’s inequality:

Theorem 8: [Concentration of the bit error probability around the ensemble average] Let C, a code chosen
uniformly at random from the ensemble LDPC(n, A, p), be used for transmission over a memoryless binary-input
output-symmetric (MBIOS) channel characterized by its L-density ampos. Assume that the decoder performs [
iterations of message-passing decoding, and let P,(C, ampios,!) denote the resulting bit error probability. Then, for
every 0 > 0, there exists an a > 0 where o = (A, p, 6,1) (independent of the block length n) such that

P (|Pb(C, amBios; 1) — ELDPC(n)\,p) [P (C, amsios, 1)]| > 5) < exp(—an)

This theorem asserts that all except an exponentially (in the block length) small fraction of codes behave within an
arbitrary small § from the ensemble average (where ¢ is a positive number that can be chosen arbitrarily small).
Therefore, assuming a sufficiently large block length, the ensemble average is a good indicator for the performance
of individual codes, and it is therefore reasonable to focus on the design and analysis of capacity-approaching
ensembles (via the density evolution technique). This theorem is proved in [61, pp. 487-490] based on Azuma’s
inequality.

FE. On the Conditional Entropy for LDPC Code Ensembles

A large-deviation analysis of the conditional entropy for random ensembles of LDPC codes was introduced in
[52, Theorem 4] and [54, Theorem 1]. The following theorem is proved in [52, Appendix I] based on Azuma’s
inequality:

Theorem 9: [Large deviations of the conditional entropy] Let C be chosen uniformly at random from the
ensemble LDPC(n, A, p). Assume that the transmission of the code C takes place over an MBIOS channel. Let
H(X][Y) designate the conditional entropy of the transmitted codeword X given the received sequence Y from
the channel. Then for any & > 0,

P(|H(X]Y) — Evppcin ) [H(X[Y)]| 2 n€) < 2exp(—nBE?)

where B £ m, dg*®* is the maximal check-node degree, and Ry is the design rate of the ensemble.
The conditional entropy scales linearly with n, and this inequality considers deviations from the average which also
scale linearly with n.

In the following, we revisit the proof of Theorem 9 in [52, Appendix I] in order to derive a tightened version
of this bound. Based on this proof, let G be a bipartite graph which represents a code chosen uniformly at random

from the ensemble LDPC(n, A, p). Define the RV
Z = Hg(X|Y)
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which forms the conditional entropy when the transmission takes place over an MBIOS channel whose transition
probability is given by Pyx(y|x) = [I;_; py|x (yi|x:) where py|x(y[1) = py|x(—y|0). Fix an arbitrary order
for the m = n(1 — Ry) parity-check nodes where R4 forms the design rate of the LDPC code ensemble. Let
{Ft}t€{0’17.."m} form a filtration of g-algebras 7y C F; C ... C F,,, where F; (for t = 0,1,...,m) is the
o-algebra that is generated by all the sub-sets of m X n parity-check matrices that are characterized by the pair
of degree distributions (), p) and whose first ¢ parity-check equations are fixed (for ¢ = 0 nothing is fixed, and
therefore Fy = {0, Q} where () denotes the empty set, and {2 is the whole sample space of m X n binary parity-check
matrices that are characterized by the pair of degree distributions (), p)). Accordingly, based on Remarks 2 and 3,
let us define the following martingale sequence

Zi =B[Z|F] te{0,1,...,m}.

By construction, Zy = E[Hg(X]|Y)] is the expected value of the conditional entropy for the LDPC code ensemble,
and Z,, is the RV that is equal (a.s.) to the conditional entropy of the particular code from the ensemble (see
Remark 3). Similarly to [52, Appendix 1], we obtain upper bounds on the differences |Z;11 — Z;| and then rely on
Azuma’s inequality in Theorem 1.

Without loss of generality, the parity-checks are ordered in [52, Appendix I] by increasing degree. Let r =
(ri,72,...) be the set of parity-check degrees in ascending order, and I'; be the fraction of parity-check nodes of
degree i. Hence, the first m; = n(1— Ry)I',, parity-check nodes are of degree 1, the successive mo = n(1—Rg)[',
parity-check nodes are of degree 3, and so on. The (¢+ 1)th parity-check will therefore have a well defined degree,
to be denoted by r. From the proof in [52, Appendix I]

| Zu11 — Zi| < (r+1) Hg(X[Y) (173)

where Hg(X|Y) is a RV which designates the conditional entropy of a parity-bit X = X; & ... & X; (ie, X
is equal to the modulo-2 sum of some r bits in the codeword X) given the received sequence Y at the channel
output. The proof in [52, Appendix I] was then completed by upper bounding the parity-check degree r by the
maximal parity-check degree d'®*, and also by upper bounding the conditional entropy of the parity-bit X by 1.
This gives

| Zip1 — Zy] <dP**+1 t=0,1,...,m— L (174)

which then proves Theorem 9 from Azuma’s inequality. Note that the d;’s in Theorem 1 are equal to d2*** + 1,
and n in Theorem 1 is replaced with the length m = n(1 — Rq) of the martingale sequence {Z;} (that is equal to
the number of the parity-check nodes in the graph).

In the continuation, we deviate from the proof in [52, Appendix I] in two respects:

o The first difference is related to the upper bound on the conditional entropy Hg(X|Y) in (173) where X is
the modulo-2 sum of some r bits of the transmitted codeword X given the channel output Y. Instead of taking
the most trivial upper bound that is equal to 1, as was done in [52, Appendix I], a simple upper bound on the
conditional entropy is derived; this bound depends on the parity-check degree » and the channel capacity C
(see Proposition 6).

o The second difference is minor, but it proves to be helpful for tightening the large-deviation inequality for
LDPC code ensembles that are not right-regular (i.e., the case where the degrees of the parity-check nodes
are not fixed to a certain value). Instead of upper bounding the term » + 1 on the right-hand side of (173)
with d"®* + 1, it is suggested to leave it as is since Azuma’s inequality applies to the case where the bounded
differences of the martingale sequence are not fixed (see Theorem 1), and since the number of the parity-check
nodes of degree  is equal to n(1— Ry)T',. The effect of this simple modification will be shown in Example 10.

The following upper bound is related to the first item above:

Proposition 6: Let G be a bipartite graph which corresponds to a binary linear block code whose transmission
takes place over an MBIOS channel. Let X and Y designate the transmitted codeword and received sequence at the
channel output. Let X = X, @ ... X, be a parity-bit of some r code bits of X. Then, the conditional entropy
of X given Y satisfies

Hg(X[Y) < hy <1 _202) . (175)
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Further, for a binary symmetric channel (BSC) or a binary erasure channel (BEC), this bound can be improved to

" <1 1 2h22 (1-0)] ) 176
and
1—C" Aa77)

respectively, where hy in (176) designates the inverse of the binary entropy function on base 2.
Note that if the MBIOS channel is perfect (i.e., its capacity is C' = 1 bit per channel use) then (175) holds with
equality (where both sides of (175) are zero), whereas the trivial upper bound is 1.

Proof: Let us upper bound the conditional entropy H ( X {Y ) with H ( X }Yz ..., Y; ), where the latter condi-
tioning refers to the intrinsic information for the bits X, ,... X; which are used to calculate the parity-bit X . Then,
from [64, Eq. (17) and Appendix I], the conditional entropy of the bit X given the n-length received sequence Y
satisfies the inequality

~ B 1 « (gp)r
H(X|Y) <1 2ln2pz::lp(2p—1) 17®
where (see [64, Eq. (19)])
g2 / a(l)(1+ ') tanh? (;) dl, VpeN a7
0

and a(-) denotes the symmetric pdf of the log-likelihood ratio at the output of the MBIOS channel, given that the
channel input is equal to zero. From [64, Lemmas 4 and 5], it follows that

gp>CP, VpeN.

Substituting this inequality in (178) gives that

. 1 cr
HX|Y) < 1- >
2In2 = p(2p—1)
1-C>
= ho ( ) (180)
2
where the last equality follows from the power series expansion of the binary entropy function:
1 & (1—22)%
h =1- 0<z<1. 181
2() 21n2p; p2p—1) ~=F= (181)

The tightened bound on the conditional entropy for the BSC is obtained from (178) and the equality
g = (1—-20"1-0)*", VpeN

which holds for the BSC (see [64, Eq. (97)]). This replaces C' on the right-hand side of (180) with (1—2h2_1 (1—0))2,
thus leading to the tightened bound in (176).
The tightened result for the BEC holds since from (179)

gp=0C, VpeN

(see [64, Appendix II]), and a substitution of this equality in (178) gives (176) (note that Zp 1 m = 2In2).
This completes the proof of Proposition 6. [ ]
From Proposition 6 and (173)

1-C:
|Zt+1_Zt|§(7‘+1)h2< 5 > (182)

with the corresponding two improvements for the BSC and BEC (where the second term on the right-hand side of
(182) is replaced by (176) and (177), respectively). This improves the loosened bound (d"**+1) in [52, Appendix IJ.
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From (182) and Theorem 1, we obtain the following tightened version of the large-deviation inequality in
Theorem 9.

Theorem 10: [A first tightened large-deviation inequality for the conditional entropy] Let C be chosen
uniformly at random from the ensemble LDPC(n, \, p). Assume that the transmission of the code C takes place
over an MBIOS channel. Let H(X]|Y) designate the conditional entropy of the transmitted codeword X given the
received sequence Y at the channel output. Then

B(|H(X[Y) — Erppcup HX|Y)]| > n€) < 2exp(~nBe?)

for every £ > 0, and
1
B2 (183)

max £\12
21— Re) ST 4+ 121 [y (152
where d'* is the maximal check-node degree, Ry is the design rate of the ensemble, and C' is the channel capacity

(in bits per channel use).
For the BSC and BEC, the parameter B can be improved (increased) to

1

B4
max _1—9hTY(1— i 2
21— Ra) ST (i + 1) [y (25 000 |
and 1
B2 s - (184)
2(1 = Ra) 255 (i+ 1) (1 - C9)?
respectively

Remark 20: From (183), Theorem 10 indeed yields a stronger large-deviation inequality than Theorem 9.

Remark 21: In the limit where C' — 1 bit per channel use, it follows from (183) that if dJ*** < oo then B — oo.
This is in contrast to the value of B in Theorem 9 which does not depend on the channel capacity and is finite.
Note that B should be indeed infinity for a perfect channel, and therefore Theorem 10 is tight in this case.

In the case where d*®* is not finite, we prove the following:

Lemma 5: If d*** = oo and p'(1) < oo then B — oo in the limit where C' — 1.

Proof: See Appendix I. [ ]
This is in contrast to the value of B in Theorem 9 which vanishes when d*** = oo, and therefore Theorem 9 is
not informative in this case (see Example 10).

Example 9: [Comparison of Theorems 9 and 10 for right-regular LDPC code ensembles] In the following, we
exemplify the improvement in the tightness of Theorem 10 for right-regular LDPC code ensembles. Consider the
case where the communications takes place over a binary-input additive white Gaussian noise channel (BIAWGNC)
or a BEC. Let us consider the (2,20) regular LDPC code ensemble whose design rate is equal to 0.900 bits per
channel use. For a BEC, the threshold of the channel bit erasure probability under belief-propagation (BP) decoding
is given by .

PBp = xElI(l()le} m = 0.0531
which corresponds to a channel capacity of C' = 0.9469 bits per channel use. For the BIAWGNC, the threshold
under BP decoding is equal to ogp = 0.4156590. From [61, Example 4.38] which expresses the capacity of the
BIAWGNC in terms of the standard deviation o of the Gaussian noise, the minimum capacity of a BIAWGNC
over which it is possible to communicate with vanishing bit error probability under BP decoding is C' = 0.9685
bits per channel use. Accordingly, let us assume that for reliable communications on both channels, the capacity
of the BEC and BIAWGNC is set to 0.98 bits per channel use.

Since the considered code ensembles is right-regular (i.e., the parity-check degree is fixed to d. = 20), then B
in Theorem 10 is improved by a factor of

5 = 5.134.
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This implies that the inequality in Theorem 10 is satisfied with a block length that is 5.134 times shorter than the
block length which corresponds to Theorem 9. For the BEC, the result is improved by a factor of

o
(1-c%)

due to the tightened value of B in (184) as compared to Theorem 9.

Example 10: [Comparison of Theorems 9 and 10 for a heavy-tail Poisson distribution (Tornado codes)] In the
following, we compare Theorems 9 and 10 for Tornado LDPC code ensembles. This capacity-achieving sequence
for the BEC refers to the heavy-tail Poisson distribution, and it was introduced in [45, Section IV], [71] (see also
[61, Problem 3.20]). We rely in the following on the analysis in [64, Appendix VI].

Suppose that we wish to design Tornado code ensembles that achieve a fraction 1 — € of the capacity of a BEC
under iterative message-passing decoding (where € can be set arbitrarily small). Let p designate the bit erasure
probability of the channel. The parity-check degree is Poisson distributed, and therefore the maximal degree of the
parity-check nodes is infinity. Hence, B = 0 according to Theorem 9, and this theorem therefore is useless for the
considered code ensemble. On the other hand, from Theorem 10

S i+ 1) [lm (1 _20;>

<Y (i+ 1)y

=9.051

D (1) + 3)d 4 1

(@) <X(0)p’(1)

= 3) de 41
» +>C+

(

INe

1
— +3)di+1
<P>\2 )
(f) 21
=0 | log (g)

where inequality (a) holds since the binary entropy function on base 2 is bounded between zero and one, equality (b)

holds since )

I =—"—
Jo plx)dz

where I'; and p; denote the fraction of parity-check nodes and the fraction of edges that are connected to parity-check
nodes of degree i respectively (and also since ) , I'; = 1), equality (c) holds since

At = —4——— !
Jo p(z)dz

where d¢'® denotes the average parity-check node degree, equality (d) holds since X' (0) = \o, inequality (e) is due
to the stability condition for the BEC (where p\'(0)p’(1) < 1 is a necessary condition for reliable communication
on the BEC under BP decoding), and finally equality (f) follows from the analysis in [64, Appendix VI] (an upper
bound on Ay is derived in [64, Eq. (120)], and the average parity-check node degree scales like log %). Hence,
from the above chain of inequalities and (183), it follows that for a small gap to capacity, the parameter B in

Theorem 10 scales (at least) like
1
O ————~1.
(bgz(i))
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Theorem 10 is therefore useful for the large-deviation analysis of this LDPC code ensemble. As shown above,
the parameter B in (183) tends to zero rather slowly as we let the fractional gap ¢ tend to zero (which therefore
demonstrates a rather fast concentration in Theorem 10).

Example 11: This Example forms a direct continuation of Example 9 for the (n,dy,d.) regular LDPC code
ensembles where d, = 2 and d. = 20. With the settings in this example, Theorem 9 gives that

P(|H(X[Y) = ELppc(nap) [H (X[Y)]| = n&)
< 2exp(—0.0113n&?) (185)

for every £ > 0. As was mentioned already in Example 9, the exponential inequalities in Theorem 10 achieve an
improvement in the exponent of Theorem 9 by factors 5.134 and 9.051 for the BIAWGNC and BEC, respectively.
One therefore obtains via the inequalities in Theorem 10 that for every £ > 0

P H(X[Y) = Erppc(na0) [H (X[Y)]| = né)
{ 2 exp(—0.0580n£2) BIAWGNC
<

(186)
2exp(—0.1023n¢2%),  BEC

G. Concentration Theorems for LDPC Code Ensembles over ISI channels

Concentration analysis on the number of erroneous variable-to-check messages for random ensembles of LDPC
codes was introduced in [46] and [60] for memoryless channels. It was shown that the performance of an individual
code from the ensemble concentrates around the expected (average) value over this ensemble when the length of
the block length of the code grows and that this average behavior converges to the behavior of the cycle-free case.
These results were later generalized in [36] for the case of channels with memory (i.e., for ISI channels). In this
section, we revisit the proofs of [36, Theorems 1 and 2] for the case of regular LDPC code ensembles in order
to derive an explicit expression for the exponential rate that is related to the concentration inequality. It is then
shown that particularizing the expression for memoryless channels provides a tightened concentration inequality as
compared to [46] and [60].

1) The ISI Channel and its message-passing decoding: In the following, we briefly describe the ISI channel and
the graph used for its message-passing decoding. For a detailed description, the reader is referred to [36]. Consider
a binary discrete-time ISI channel with a finite memory length, to be denoted by I . The channel’s output Y; at

time ¢t € Z is given by the equality
T

Y= hiXei+ N
1=0

where X; € {+1,—1} is the channel’s input, h; is the channel’s response and Ny ~ N(0,0?) is an i.i.d. AWGN
noise sequence. The information block of length & is coded using a regular (n, dy, d.) LDPC code, and the resulting
n coded bits are converted to X; € {+1,—1} before transmission over the channel. For decoding we consider the
windowed version of the ’sum-product” algorithm when applied to ISI channels (see details in [36] and [22]). As in
the memoryless case, this is a message passing algorithm. The variable-to-check and check-to-variable messages are
computed as in the min-sum algorithm for the memoryless case with the difference that a variable node’s message
from the channel is not only a function of the the channel output that corresponds to the considered symbol but
also a function of 2W neighboring channel outputs and 2W neighboring variables nodes as illustrated in Fig. 3.

2) Concentration: It is proved in this sub-section that for a large n, a neighborhood of depth ¢ of a variable-to-
check node message is tree-like with high probability. Using Azuma’s inequality and the later result, it is shown that
for most graphs and channel realizations, if s is the transmitted codeword, then the probability of a variable-to-check
message being erroneous after ¢ rounds of message-passing decoding is highly concentrated around its expected
value. This expected value is shown to converge to the value of p*)(s) which corresponds to the cycle-free case.
Also, we prove that if the transmitted sequence is i.u.d., then the probability highly concentrated around the value
Pl a = EpO(s))

In the following theorems, we consider an ISI channel and windowed message-passing decoding algorithm, when
the code graph is chosen uniformly at random from the ensemble of the graphs with variable and check node degree
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2W+I+1
<—symbols

Fig. 3. Message flow neighborhood of depth 1. In this figure (I, W,dy = L,d. = R) = (1,1,2,3)

dy and d. respectively. Denote N ef as the neighborhood of depth ¢ of an edge € = (v,c) between a variable-to-
check node. Let NY, N* and N’ to the be total number of check nodes, variable nodes and code related edges
respectively in this neighborhood. Similarly denote N{; as the number of variable-to-check node messages in the
directed neighborhood of depth ¢ of a received value of the channel.

Theorem 11: [Probability of a neighborhood of depth ¢/ of a variable-to-check node message to be tree-like
for channels with ISI] Define Pf = Pr {N 5 not a tree} as the probability that N ef is not tree-like. Then, there
exists a positive constant y(d,, d., {) = NfQ + %Nvﬂ such that P{Z <

Proof: This proof follows from the proof in [60] and extends it to the case of ISI channels. Consider a
neighborhood N} of fixed depth ¢ . Note that at each level the graph expands by factor a = (dy—1+2Wd,)(d.—1),
therefore there are in total

/—
NE=1+4[(dy = 1)(de = 1) + 2W (1 + dy(de — 1)] Yo
=0

—_

variable nodes and

T
L

NE=1+4(dy—1+2Wd)) o

i

I
=)

check nodes in this neighborhood.
In order to lower bound Pf we can upper bound Pf =1 — Pf . This is done by factorizing P/ as

-1
P! =Pr{N? is tree} H Pr {J\fef*Jrl is tree| N2 is tree} (187)
£*=0

and bounding each factor. For £* = 0 we have a single edge which is a tree, therefore Pr {Neg is tree} = 1. To

bound Pr {J\/ ef*ﬂ is tree| NV, ef* is tree} we assume that J\/ef* is tree-like and reveal the code related edges (variable-
to-check node or vice versa, as opposed to the channel related edges which are predetermined) one at a time. If in
this process (of revealing the ¢* + 1-th level of the tree) no loops are created then N, g“ is also a tree. We start
by revealing the leaves of a variable node . As opposed to the case with no ISI, where each variable node has only
dy — 1 direct paths to check nodes from the next level, here also 2Wd, indirect paths through trellis nodes exist
(i.e, variable-trellis-variable-check). Since the edges connected to the trellis nodes are predetermined then also the
indirect path requires the revelation of a single variable-to-check node edge. Assume that k£ additional edges have
been revealed at this stage without creating a loop. The next revealed edge is chosen among md, — k — Nf* edges
and it does not create a loop if it is connected to one of the (m — k — N!*) un-explored check nodes. Since each
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(m—k—N")d

un-explored check node has d. edges then the probability for not creating a loop is given by - - e fo. For

large n we have
(m —k — N)d,
md. — k — N¥
_ (NS 4 R)(de — 1)
mde — k — N¥
¢

N
> e (188)
m

We have Nf*“ — Nf* edges to reveal (one for each check node), therefore, the probability that revealing all variable
NN

N . Next, we

m

reveal the outgoing edges of the check node leaves one at a time (here only d. direct paths exist, as in the case
without ISI). Assuming k variable nodes have been revealed without creating a loop, then the probability that the
%. For large n we have

(n—k— Ny )dy

ndy —k — N

_ (VY A E)(dy — 1)

ndy — k — N
N

>1—-—. (189)
n

node leaves does not creates a loop, given N ef* is tree-like is lower bounded by (1 —

next revealed edge does no create a loop is

We have N +1 — NY edges to reveal (one for each variable node), therefore, the probability that revealing
all check node leaves does not creates loop, given the neighborhood is tree-like so far is lower bounded by

NN
<1 — 7»') . Combining (187), (189), (188) and P{ = 1 — P! we have
4 4
NE Nv NZ Nc
e (20
n m

2 2
B NE + &N!

Thus, for n sufficiently large

32

¢
P -
|

Theorem 12: [Concentration of the number of erroneous variable-to-check messages for channels with ISI]
Let s be the transmitted codeword. Let Z¢(s) be the number of erroneous variable-to-check messages after ¢ rounds
of the windowed message-passing decoding algorithm when the code graph is chosen uniformly at random from
the ensemble of the graphs with variable and check node degree d, and d. respectively. Let p(©) (s) be the expected
fraction of incorrect messages passed along an edge with a tree-like directed neighborhood of depth ¢. Then, there
exist positive constants 3(dy, d., ) = 8(4d\,(Nf[)iZ+(N$)2) and (dy, d., ¥) = NfQ + %Ncﬂ such that

[Concentration around expectatioh] For any ¢ > 0 we have

Pr{ Z's) E[Z%s)]

- ‘ > 6/2} < 2¢~fn (190)
[Convergence to cycle-free case] For any ¢ > 0 and n > 2% we have

nd, nd,

E[Z'(s)] (o
e 2 191
‘ i, p(s)| <€/ (191)
[Concentration around cycle-free case] For any ¢ > 0 and n > 2% we have
zZt ,
Pr{ C(;) —pO(s)| > e} < 9¢~Ben (192)
na,
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Proof: First note that for n > 2% the following inequality holds

{0 -
< Pr{ Z; C(f) - E[ifl(f” ‘ > e/2} + Pr{'E[f;(VS” —p9(s)| > 6/2} (193)

If inequality (191) holds, then Pr { Z;gf) —p® (§)‘ > e/ 2} = 0, therefore using (193) we deduce that (192) follows

from (190) and (191). We start by proving (190). For a deterministic sequence s the random variable VA (s) denotes
the number of incorrect variable-to-check node messages among all nd, variable-to-check node messages passed in
the /th iteration for a particular graph G and decoder’s input Y. Let us form a Doob’s martingale by first exposing
the nd, edges of the graph one by one and then exposing the n received values Y; one by one. For i = 0, ...n(dy+1),
define the RV Z; = E[Z%(s)|ay, ...a;], where the sequence a is the sequence of the nd, variable-to-check node
edges of the graph followed by the sequence of the n received values. Note that it is a martingale sequence where
Zy = E[Z!(s)] and Zn(de) — Z%(s). We can use Azuma’s inequality if we can bound the sequence of differences
| Zit1 — Z;] < d;. 5

We now consider the effect of exposing an edge of the graph. Consider two graphs G and G whose edges are
identical except an exchange of the endpoint of two edges. A variable-to-check message is affected by this change
if one (or both) of the edges is in its directed neighborhood of depth /.

Consider a neighborhood of depth ¢ of a variable-to-check node message. Since at each level the graph expands
by factor o = (dy — 1 + 2Wd,)(d. — 1) then there are, in total

-1
N/ =1+4de(dy —1+2Wd,) > o

i=0
edges related to the code structure (variable-to-check node edges or vice versa) in the neighborhood /\/’f. By
symmetry the two edges can affect at most 2N neighborhoods (Alternatively we could directly sum the number
of variable-to-check node edges in a neighborhood of a variable-to-check node edge and in a neighborhood of a
check-to-variable node edge). The change in the number of incorrect variable-to-check node messages is bounded
by the case that each change in the neighborhood of a message introduces an error. In a similar manner, when we
reveal a received value, then variable-to-check node messages whose directed neighborhood include that channel
input can be affected. We consider a neighborhood of depth ¢ of a received value. By counting, it can be shown

that this neighborhood includes
-1

Ny =dy(2W +1)) o
i=0
variable-to-check node edges. Therefore a change in a received value can affect up to Nf/ variable-to-check node
messages. We conclude that d; < 2N’ for the first d,n exposures and d; < Nfﬁ for the last n exposures. By
applying Azuma’s inequality we get

Pr { ) _EZ(s) (nave/2)?

_ > /28 <o 2naveNDHZin(vg)?)
ndy ndy ]‘ ¢/ }_e
By comparing the result to (190), we get an expression for 3
1
5 =8 (4 (N + (ND)?)
Next, we prove inequality (191), again it is adopted from [60] and [36]. Let E[Z{(s)],i € [nd,] be the expected
number of incorrect messages passed along edge ¢ ;, where the average is over all graphs and all received values.
Then by linearity of expectation and by symmetry

E[Z'(s)] = >  E[Z{(s)] = nd,E[Z{(s)]. (194)
1€[ndy]
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Furthermore

E(Z{(s)] = E[Z{(s)|N} is tree] Pf + E[Z{(s)| N not a tree] Pf

As shown in Theorem 11, Pf < T where v is a positive constant independent of n. Furthermore, we have

E[Z{(s) | neighborhood is tree] = p(¥)(s) and by definition 0 < E[Z{(s)|neighborhood not a tree] < 1. Hence

E[Zi(s)] < (1—PHp(s)+ Pf <p(s) + Pf
E[Z{(s)] > (1-P)p(s)>p(s) - P (195)
Using (194), (195) and f < % we get that
E[Z‘(s)] 0
PR < P < -
ndy pUe)| = Fr < n
It follows that if n > 2?7 then (191) holds. [ |

Discussion 2: The concentration result proved above is a generalization of the results given in [60] for the
memoryless case. One can degenerate the expression % =38 (4alv(.7\f£)2 + (Nfi)z) /d? to the memoryless case by
setting W = 0 and I = 0. Since we used exact expressions for N/ and NY in the proof, we can expect a tighter
bound as compared to the earlier result 5— = 544d%~1d?* given in [60]. For example for (dy, d., ) = (3,4,10) w
get an improvement by a factor of about 1 million. However even with this improved expression, the required size
of n according to our proof can be absurdly large. This is because the proof is very pessimistic. We assume that
any change in an edge or the decoder’s input will introduce an error in every message it affects. This is especially
pessimistic if large ¢ is considered, since as £ grows each message is a function of many edges and received values
(since the neighborhood grows with £). However in practice, the probability that changing a single edge or input
will change the message is close to zero for long codes.

Theorem 13: Let s be a random sequence of i.u.d. binary variables S7,.S5s....5,. Let zt (S) be the number of
erroneous variable-to-check messages after £ rounds of the windowed message-passing decoding algorithm when
the code graph is chosen uniformly at random from the ensemble of the graphs with variable and check node
degree d, and d. respectively. Let p( =Elp Z)( )] be the expected fraction of incorrect messages passed along
an edge with a tree-like directed nelghborhood of depth ¢. Then, there exist positive constants 3 = ((d,,d,, ¢),
and v = ~(d,, d., ¢) such that for any ¢ > 0 and n > 2% we have

Pr { LZ (S) (©)

nd, Dy
Furthermore, p( ) 4. 1s equal to the error probability when all neighborhood types are equally probable.
Proof: The proof follows closely the one presented in [36]. First, note that the following chain of inequalities

hold
Pr{ > e}
> e}

2 Z(s)
_ -n RN ()
B 22 PI‘{ ndv Piya.
7j=1
2'”
>6/2}—|—22_"Pr{’p€) plud‘>e/2}
7j=1

2n ZZ >
<Z2‘"Pr{ ) —p9(sy)
=1

nd,

> e} < 4eBen (196)

Z'(8)

ndv iu.d.

271,
S22_”~26_552”/4+Pr{’p(f)( plud’ >e/2}
j=1

= 2¢7 P L Pr{|pO(8) — 50 | > ¢/2) (197)

To bound the second term in the last line we shall use Azuma’s inequality. Let us form a Doob’s martingale by
exposing the n received symbols one by one. For t = 1, ...,n, define the RV M; = E[p®(S)|S1, Sa, ..., S¢]. Note
that My = E[p*(9)] = Y and M, = E[p*(S)|S1, S2, ..., Sn] = p*(S). In order to use Azuma’s inequality we

i.u.d.
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shall show that the sequence of differences is bounded |M;;1 — M| < d;. Since the channel has IST of degree
I, then exposing a single channel input affects I channel output (which are the received values for the decoder).
A variable-to-check node message is affected only if one of the affected received values are in its neighborhood.
Therefore, changing a channel input can affect at most [ Ng variable-to-check node messages among the nd,

messages in the graph. Thus |M;; — M| < % and by using Azuma’s inequality we have

Pr {‘pm (8) =Pl | > e/2) <2670 (198)

where § = ¢ (IN[ ) Combining (198), (197) and comparing it to (196) gives that 5’ = min(g, 9).
)

Next, we get an expression for p; . . and show it is equal to the error probability when all neighborhood types
are equally probable. In Fig. 3, a depth 1 message-flow neighborhood is shown. The row of bits ”0101” given
above the trellis section represent the binary symbols of the codeword S corresponding to the trellis nodes that
influence the message flow. Since the channel has ISI memory of length I, there are 2W + I + 1 binary symbols
of that influence the message flow. we call this sequence of bits a neighborhood type. For example, Fig. 3, the
neighborhood type is § = [0101]. We expand this definition to a depth ¢ neighborhood by cascading the bits of
each sub-neighborhood of depth /. Since at each level, the graph expends by factor a = (dy — 1 4+ 2Wd,)(d. — 1)
then there are exactly 2V possible types of message flow neighborhoods of depth ¢, where

~

-1 2_1

N(0) = (2@W +1+1) ai:(2W+I+1)O‘a_1

I
=)

7

We can now define
74 = Pr (tree delivers incorrect message|tree type 6)

and
P(0|s) = Pr(tree type f|transmitted sequence = s)

Therefore we can express p()(S) as
2N(l)

p(s ZW Pr(6,]S).

Next, recognize that if S is an i.u.d. sequence, all neighborhood types are equally probable, i.e. Pr (9]S) = 2=V @,
Using this we have

on

E[p®(S)] = Zg—np(f) s
N (&)
= ZQ ”Zwe Pr(0;]s,)
2N(l) on
= Yo D2 Pr(ils)
=0 i=0
N (&)
= > my) Pr(g,|9)
=0
2N(1{)

- e
-0

The last term is equal to the error probability when all neighborhood types are equally probable. Since E[p(z) (9)] =

pf{i 4 the theorem is proved.
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H. Expansion of Random Regular Bipartite Graphs

Azuma’s inequality is useful for analyzing the expansion of random bipartite graphs. The following theorem was
introduced in [72, Theorem 25]. It is stated and proved here slightly more precisely, in the sense of characterizing
the relation between the deviation from the expected value and the exponential convergence rate of the resulting
probability.

Theorem 14: [Expansion of random regular bipartite graphs] Let G be chosen uniformly at random from
the regular ensemble LDPC(n,z!~!,2"~!). Let a € (0,1) and § > 0 be fixed. Then, with probability at least
1 —exp(—dn), all sets of an variables in G have a number of neighbors that is at least

(1—(1—-a)"
n [((ro‘)) — \/2la (h(a) + 0) (199)
where h designates the binary entropy function to the natural base (i.e., h(z) = —zIn(z) — (1 — z) In(1 — z) for

x € [0,1)).
Proof: The proof starts by looking at the expected number of neighbors, and then exposing one neighbor at a
time to bound the probability that the number of neighbors deviates significantly from this mean.
Note that the number of expected neighbors of an variable nodes is equal to
nl(1—(1-a)")
r

since for each of the ”71 check nodes, the probability that it has at least one edge in the subset of na chosen variable
nodes is 1 — (1 — «)". Let us form a martingale sequence to estimate, via Azuma’s inequality, the probability that
the actual number of neighbors deviates by a certain amount from this expected value.

Let V denote the set of na nodes. This set has nal outgoing edges. Let us reveal the destination of each of
these edges one at a time. More precisely, let .S; be the RV denoting the check-node socket which the i-th edge is
connected to, where i € {1,...,nal}. Let X(G) be a RV which denotes the number of neighbors of a chosen set
of na variable nodes in a bipartite graph G from the ensemble, and define for ¢ = 0, ..., nal

Xi = ]E[X(g)‘SL . '7Si—1]'

Note that it is a martingale sequence where Xy = E[X(G)] and X,,o; = X(G). Also for every i € {1,...,nal},
we have |X; — X,;_1| < 1 since every time only one check-node socket is revealed, so the number of neighbors
of the chosen set of variable nodes cannot change by more than 1 at every single time. Thus, by the one-sided
Azuma’s inequality derived in Section III-A

2

P(E[X(G)] — X(G) > AWian) < exp( Az ), YA>0.

Since there are (n"a) choices for the set V then, from the union bound, the event that there exists a set of size nao
n

whose number of neighbors is less than E[X (G)] — Av/lan occurs with probability that is at most () exp(—)‘g).
Since (,") < e™(®), then we get the loosened bound

A2
exp(nh(a) - —)
2
Finally, the choice A = y/2n(h(c) + ) gives the required result. |
Remark 22: 1t is noted that Theorem 14 uniformly improves the statement in [61, Problem C.4] for every § > 0.
This holds even in the case where o« — 1 (i.e., when considering a set that includes almost all the variable nodes in
the bipartite graph, and whose number of neighbors is expected to be close to ”7l). The expression which appears
there, instead of (199), is given by

" [l(l . (1_ e V2leha) - 5\/ 2;?;)]

so it tends to —oo (for every d > 0) in the case where oo — 1, whereas (199) tends nearly to ”TZ (for small § > 0)
as expected.
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1. Concentration of the Crest-Factor for OFDM Signals

Orthogonal-frequency-division-multiplexing (OFDM) is a modulation that converts a high-rate data stream into
a number of low-rate steams that are transmitted over parallel narrow-band channels. OFDM is widely used in
several international standards for digital audio and video broadcasting, and for wireless local area networks. For
a textbook providing a survey on OFDM, see e.g. [53, Chapter 19]. One of the problems of OFDM signals is
that the peak amplitude of the signal can be significantly higher than the average amplitude. This issue makes the
transmission of OFDM signals sensitive to non-linear devices in the communication path such as digital to analog
converters, mixers and high-power amplifiers. As a result of this drawback, it increases the symbol error rate and it
also reduces the power efficiency of OFDM signals as compared to single-carrier systems. Commonly, the impact
of nonlinearities is described by the distribution of the crest-factor (CF) of the transmitted signal [43], but its
calculation involves time-consuming simulations even for a small number of sub-carriers. The expected value of
the CF for OFDM signals is known to scale like the logarithm of the number of sub-carriers of the OFDM signal
(see [43], [62, Section 4] and [79]).

Given an n-length codeword {X; }l *0 ,a single OFDM baseband symbol is described by

s(t fZX exp(]?”), 0<t<T. (200)

Lets assume that Xj,..., X,,—1 are complex RVs, and that a.s. |X;| = 1 (these RVs should not be necessarily
independent). Since the sub-carriers are orthonormal over [0, 7], then the signal power over the interval [0,77] is 1
a.s., i.e.,

— / t)2dt = 1. (201)
The CF of the signal s, composed of n sub-carriers, is defined as
CFy(s) = max [s(t)]. (202)

From [62, Section 4] and [79], it follows that the CF scales with high probability like v/Inn for large n. In [43,
Theorem 3 and Corollary 5], a concentration inequality was derived for the CF of OFDM signals. It states that for

an arbitrary ¢ > 2.5
clnlnn 1
P ‘CFn(s) - \/lnn‘ < ) —1-o[——).
< Vinn (lnn)4

Remark 23: The analysis used to derive this rather strong concentration inequality (see [43, Appendix C]) requires
some assumptions on the distribution of the X;’s (see the two conditions in [43, Theorem 3] followed by [43,
Corollary 5]). These requirements are not needed in the following analysis, and the derivation of concentration
inequalities that are introduced in this subsection are much more simple and provide some insight to the problem,
though they lead to weaker concentration result than in [43, Theorem 3].

In the following, Azuma’s inequality and a refined version of this inequality are considered under the assumption
that {X; };-‘:_01 are independent complex-valued random variables with magnitude 1, attaining the M points of an
M-ary PSK constellation with equal probability. This material was presented in part in [66].

1) Establishing Concentration of the Crest-Factor via Azuma’s Inequality: In the following, Azuma’s inequality
is used to derive a concentration result. Let us define

Y; = E[CF,(s)| Xo,...,Xi-1], ¢=0,...,n (203)
Based on a standard construction of martingales, {Y;, 7;}7 , is a martingale where F; is the o-algebra that is

generated by the first ¢ symbols (Xp,...,X;—1) in (200). Hence, Fy C F; C ... C F, is a filtration. This
martingale has also bounded jumps, and

lY; = Yiq] < f

for i € {1,...,n} since revealing the additional i-th coordinate X; affects the CF, as is defined in (202), by at
most 2 (see the first part of Appendix J). It therefore follows from Azuma’s inequality that, for every a > 0,

2
B(|CFa(s) — ECF,(s)]| > o) < 2exp (—“8) (204)
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which demonstrates concentration around the expected value.

2) Establishing Concentration of the Crest-Factor via the Refined Version of Azuma’s Inequality in Proposition 4:
In the following, we rely on Proposition 4 to derive an improved concentration result. For the martingale sequence
{Y;}, in (203), Appendix J gives that a.s.

Y = Yiq| <

E[(Y; = Yi1)?Fia] < (205)

SN

2
vn'
for every ¢ € {1,...,n}. Note that the conditioning on the o-algebra F;_; is equivalent to the conditioning on the

symbols Xy, ..., X;_9, and there is no conditioning for ¢ = 1. Further, let Z; = \/nY; for 0 < i < n. Proposition 4
therefore implies that for an arbitrary o > 0

P(|CFy(s) — E[CF.(s)]| > @)
=P(|Y, — Y| > o)
=P(|1Zn — Zo| = av/n)

2
< 2exp <—

o 1

2 (1+ o()) (206)
(1ol

(since 6 = § and v = % in the setting of Proposition 4). Note that the exponent in the last inequality is doubled as

compared to the bound that was obtained in (204) via Azuma’s inequality, and the term which scales like O (ﬁ)
on the right-hand side of (206) is expressed explicitly for finite n (see Appendix F).

3) A Concentration Inequality via Talagrand’s Method: In his seminal paper [74], Talagrand introduced an
approach for proving concentration inequalities in product spaces. It forms a powerful probabilistic tool for
establishing concentration results for coordinate-wise Lipschitz functions of independent random variables (see,
e.g., [21, Section 2.4.2], [50, Section 4] and [74]). This approach is used in the following to derive a concentration
result of the crest factor around its median, and it also enables to derive an upper bound on the distance between
the median and the expected value. We provide in the following definitions that will be required for introducing a
special form of Talagrand’s inequalities. Afterwards, this inequality will be applied to obtain a concentration result
for the crest factor of OFDM signals.

Definition 2 (Hamming distance): Let X,y be two n-length vectors. The Hamming distance between x and y is
the number of coordinates where x and y disagree, i.e.,

X y) £ ZI{%#%}
=1

where I stands for the indicator function.
The following suggests a generalization and normalization of the previous distance metric.
Definition 3: Let a = (ay,...,a,) € R (i.e., a is a non-negative vector) satisfy ||a||*> = Y7, (a;)? = 1. Then,

define .
i=1

Hence, du(x,y) = v/nd.(x,y) for a = (\/ﬁ,,%)
The following is a special form of Talagrand’s inequalities ([50, Chapter 4], [74], [75]).
Theorem 15 (Talagrand’s inequality): Let the random vector X = (Xi,...,X,,) be a vector of independent

random variables with X, taking values in a set Ay, and let A £ [1i—; Ak. Let f: A — R satisfy the condition
that, for every x € A, there exists a non-negative, normalized n-length vector a = a(x) such that

f(x) < fly) +oda(x,y), VycA (207)

for some fixed value o > 0. Then, for every o > 0,

P(f(X) —m]| > a) < dexp (—fj) (208)
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where m is the median of f(X) (ie., P(f(X) <m) >
holds if the condition in (207) is replaced by

1 and P(f(X) > m) > 1). The same conclusion in (208)

fly) < f(x) +0da(x,y), Vye€A. (209)

At this stage, we are ready to apply Talagrand’s inequality to prove a concentration inequality for the crest factor
of OFDM signals. As before, let us assume that X, Yy, ..., X,—1,Y,_1 are i.i.d. bounded complex RVs, and also

assume for simplicity that |X;| = |Y;| = 1. In order to apply Talagrand’s inequality to prove concentration, note
that
o?%’%‘ s(t; Xo, ., Xn—1)| — o?%)ﬁr} s(t; Yo, ..., YVao1)|
< Oréltaé\ s(t; Xo, ..., Xn-1) = s(t; Yo, ..., Yn1)|
-1 o
1|5 2mit
< LIS v es(27)
"o
1 n—1
<—= Y |Xi Y
iz
9 n—1
< — Iy 2y,
\/ﬁ; {I"L?éyz}
=2d,(X,Y)
where
a 1 1

a (210)

(v )

is a non-negative unit-vector of length n (note that a in this case is independent of x). Hence, Talagrand’s inequality
in Theorem 15 implies that, for every a > 0,

2

B(ICF,(s) = ma| > a) < 4exp(—T¢) 211)

where m,, is the median of the crest factor for OFDM signals that are composed of n sub-carriers. This inequality
demonstrates the concentration of this measure around its median. As a simple consequence of (211), one obtains
the following result.
Corollary 8: The median and expected value of the crest factor differ by at most a constant, independently of
the number of sub-carriers n.
Proof: By the concentration inequality in (211)

|E[CF,(s)] — mn| < E|CF,(s) — my
= /0 P(|CF,(s) —my| > «a) da
o) Oé2
g/o 4exp<—ﬁ) da
= 8/T.

|
Remark 24: This result applies in general to an arbitrary function f satisfying the condition in (207), where
Talagrand’s inequality in (208) implies that (see, e.g., [50, Lemma 4.6])

[B[f(X)] - m| < dov/7.
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4) Establishing Concentration via McDiardmid’s Inequality: McDiardmid’s inequality (see Theorem 2) is applied
in the following to prove a concentration inequality for the crest factor of OFDM signals. To this end, let us define
U = max |S(t; Xo, e ,Xifl,Xi, Ce ,anl)}
0<t<T
4 = Hl&ST‘S(t; XOa SRR z{—in, ) anl)‘
where the two vectors (Xo,...,X;—1,X;,...,X,—1) and Xo,..., X/ |, X;,...,X,—1) may only differ in their
i-th coordinate. This then implies that
‘U - V| < max }S(t; X(), e ,X,L',l,Xi, e >Xn71)
0<t<T
—s(t; Xo, ..., X{_1, Xiy ..., Xn1)|

1 j2mit
= x| (i = XLy esp (S50
|Xz—1 Xz{—ll < l
N vn ~n
where the last inequality holds since | X;_1| = |X/_;| = 1. Hence, McDiarmid’s inequality in Theorem 2 implies
that, for every o > 0,
o2
B(ICFu(s) — E[CF,(s)]] > @) < 2exp(— ) (212)

which demonstrates concentration of this measure around its expected value. By comparing (211) with (212), it
follows that McDiarmid’s inequality provides an improvement in the exponent. The improvement of McDiarmid’s
inequality is by a factor of 4 in the exponent as compared to Azuma’s inequality, and by a factor of 2 as compared
to the refined version of Azuma’s inequality in Proposition 4.

5) Summary: This subsection derives four concentration inequalities for the crest-factor (CF) of OFDM signals
under the assumption that the symbols are independent. The first two concentration inequalities rely on Azuma’s
inequality and a refined version of it, and the last two concentration inequalities are based on Talagrand’s and
McDiarmid’s inequalities. Although these concentration results are weaker than some existing results from the
literature (see [43] and [79]), they establish concentration in a rather simple way and provide some insight to the
problem. The use of these bounding techniques, in the context of concentration for OFDM signals, seems to be
new. McDiarmid’s inequality improves the exponent of Azuma’s inequality by a factor of 4, and the exponent of
the refined version of Azuma’s inequality from Proposition 4 by a factor of 2. Note however that Proposition 4
may be in general tighter than McDiarmid’s inequality (if v < i in the setting of Proposition 4). It also follows
from Talagrand’s method that the median and expected value of the CF differ by at most a constant, independently
of the number of sub-carriers.

J. Random Coding Theorems via Martingale Inequalities

The following sub-section establishes new error exponents and achievable rates of random coding, for channels
with and without memory, under maximum-likelihood (ML) decoding. The analysis relies on some exponential
inequalities for martingales with bounded jumps. The characteristics of these coding theorems are exemplified in
special cases of interest that include non-linear channels. The material in this sub-section is based on [80], [81]
and [82] (and mainly on the latest improvements of these achievable rates in [82]).

Random coding theorems address the average error probability of an ensemble of codebooks as a function of the
code rate R, the block length N, and the channel statistics. It is assumed that the codewords are chosen randomly,
subject to some possible constraints, and the codebook is known to the encoder and decoder.

Nonlinear effects are typically encountered in wireless communication systems and optical fibers, which degrade
the quality of the information transmission. In satellite communication systems, the amplifiers located on board
satellites typically operate at or near the saturation region in order to conserve energy. Saturation nonlinearities of
amplifiers introduce nonlinear distortion in the transmitted signals. Similarly, power amplifiers in mobile terminals
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are designed to operate in a nonlinear region in order to obtain high power efficiency in mobile cellular commu-
nications. Gigabit optical fiber communication channels typically exhibit linear and nonlinear distortion as a result
of non-ideal transmitter, fiber, receiver and optical amplifier components. Nonlinear communication channels can
be represented by Volterra models [9, Chapter 14].

Significant degradation in performance may result in the mismatched regime. However, in the following, it is
assumed that both the transmitter and the receiver know the exact probability law of the channel.

We start the presentation by writing explicitly the martingale inequalities that we rely on, derived earlier along
the derivation of the concentration inequalities in this chapter.

1) Martingale inequalities:

o The first martingale inequality is a known result (see [21, Corollary 2.4.7] and [49]) that will be useful later
in this paper.
Theorem 16: Let { X}, fk}Z:oa for some n € N, be a discrete-parameter, real-valued martingale with bounded
jumps. Let

&2 Xk — Xp1, Vke{l,...,n}
designate the jumps of the martingale. Assume that, for some constants d, o > 0, the following two requirements
& <d, Var(&|Fr1) <0

hold almost surely (a.s.) for every k € {1,...,n}. Let y £ g—j. Then, for every ¢t > 0,
n —~td td\ "
E[exp(tsz)] < (‘51:776) . 213)
k=1

The proof of this theorem relies on Bennett’s inequality (see [10] and [21, Lemma 2.4.1], and it was presented
earlier in this chapter for the derivation of the first refinement of the Azuma-Hoeffding inequality.

o Second inequality: The following theorem presents a new martingale inequality that will be useful later in this
sub-section.
Theorem 17: Let {Xk,}"k}zzg, for some n € N, be a discrete-time, real-valued martingale with bounded
jumps. Let

fkéXk—Xk_l, V/{G{l,...,n}

and let m € N be an even number, d > 0 be a positive number, and {/};", be a sequence of numbers such

that
& < d, (214)
E[(&)" | Fre1] <, Vie{2,...,m} (215)
holds a.s. for every k € {1,...,n}. Furthermore, let
2B yie 2 } (216)
’}/l—dl, yeees My,

Then, for every ¢ > 0,

n m—1
E[exp (tz£k>] < (1 + MM + V(e — 1 — td)) . (217)



62 A SURVEY WITH SOME ORIGINAL RESULTS. LAST UPDATED: OCTOBER 28, 2012

2) Achievable Rates under ML Decoding: The goal of this sub-section is to derive achievable rates in the random
coding setting under ML decoding. We first review briefly the analysis in [81] for the derivation of the upper bound
on the ML decoding error probability. This review is necessary in order to make the beginning of the derivation
of this bound more accurate, and to correct along the way some inaccuracies that appear in [81, Section II]. After
the first stage of this analysis, we proceed by improving the resulting error exponents and their corresponding
achievable rates via the application of the martingale inequalities in the previous sub-section.

Consider an ensemble of block codes C of length N and rate R. Let C € C be a codebook in the ensemble. The
number of codewords in C is M = [exp(NR)]. The codewords of a codebook C are assumed to be independent,
and the symbols in each codeword are assumed to be i.i.d. with an arbitrary probability distribution P. An ML
decoding error occurs if, given the transmitted message m and the received vector y, there exists another message
m’ # m such that

|y — Duyy|l2 < |y — Dup2.

The union bound for an AWGN channel implies that

Pym(€) < Z 0 <\|Dum—Dum/H2)

20,
m'#m
where
0w e [ (t2>dt VzeR (218)
—_ — X —_ s
Vot Ja P 2

is the complementary Gaussian cumulative distribution function. By using the inequality Q(z) < % exp(—‘%Z) for
x > 0, it gives the loosened bound (by also ignoring the factor of one-half in the bound of Q)

| Dy, — Dy ||3
8o2 ’

At this stage, let us introduce a new parameter p € [0, 1], and write

p | Dy, — Dum/H%
Pe|m(c) < Z exp <_ 80’3 .

Pe|m(c) < Z €xp

m'#m

m'#m

Note that at this stage, the introduction of the additional parameter p is useless as its optimal value is pope = 1.
The average ML decoding error probability over the code ensemble therefore satisfies

P |Duy, — Duyy |13
82

Fe‘m <E Z exp

m/#m

and the average ML decoding error probability over the code ensemble and the transmitted message satisfies

=2
P.<(M—-1)E [exp <—p”D‘;02DuH2ﬂ (219)

where the expectation is taken over two randomly chosen codewords u and 1 where these codewords are indepen-
dent, and their symbols are i.i.d. with a probability distribution P.
Consider a filtration Fy C F; C ... C Fy where the sub o-algebra F; is given by

Fi 2 o(Uy,Uy,...,U;,U;), Vie{l,...,N} (220)

for two randomly selected codewords u = (uq,...,un), and u = (41,...,uy) from the codebook; F; is the
minimal o-algebra that is generated by the first i coordinates of these two codewords. In particular, let 7y = {0, Q}
be the trivial o-algebra. Furthermore, define the discrete-time martingale {Xj, ]-'k}ff:o by

Xy, = E[||Du — Dul|3 | F] (221)
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designates the conditional expectation of the squared Euclidean distance between the distorted codewords Du and
Du given the first ¢ coordinates of the two codewords u and u. The first and last elements of this martingale
sequence are, respectively, equal to

Xo=E[[|[Du-Dulj3], Xy =|Du- Dul. (222)
Furthermore, following earlier notation, let £, = X — Xj;_1 be the jumps of the martingale, then
N
> & =Xy — Xp =|[[Du— Du|f} - E[||Du - Dlfj
k=1

and the substitution of the last equality into (219) gives that

5 E[||Du — Du| |2
P. < exp(NE) exp <_P [1Du u|||2]>IE

2
8o%

N
p
exp (-802 : ;&)] . (223)

Since the codewords are independent and their symbols are i.i.d., then it follows that

E||Du - Du|[3
N
= S E[(1Duli - [Du))’]
k;l
= ZVar ([Du]k — [Dll]k)
e
=2 Z Var ([Du]y,)
k=1
q—1 N
=2 ZVar ([Du]y) + ZVar ([Du]y)
k=1 k=q

Due to the channel model (see Eq. (240)) and the assumption that the symbols {u;} are i.i.d., it follows that
Var ([Du]y,) is fixed for k = g,...,N. Let Dy(P) designate this common value of the variance (i.e., Dy(P) =
Var ([Duly) for k > g), then

q—1
E|[Du — Dul||3 =2 (ZVar ([Dulg) + (N — g+ 1)DV(P)) .
k=1

Let

p
2

C,(P) £ exp {_80

qg—1
(ZVM ([Dulk) — (¢ - 1)DV(P)> }
k=1

which is a bounded constant, under the assumption that ||u||sc < K < 400 holds a.s. for some K > 0, and it is
independent of the block length /N. This therefore implies that the ML decoding error probability satisfies

P, < C,(P) exp {_N<p2;(gp) - R)} E [exp <8§g : iz&

where Z;, & —&, so {Zy,, Fi.} is a martingale-difference that corresponds to the jumps of the martingale {— Xy, F3}.
From (221), it follows that the martingale-difference sequence {Z, Fi} is given by

Z = X1 — Xi
= E[||Du — Du|[3| Fi—1] — E[||Du — Du|f5 | Fy). (225)

. Vpelo1]. (224)

For the derivation of improved achievable rates and error exponents (as compared to [81]), the two martingale
inequalities presented earlier in this sub-section are applied to the obtain two possible exponential upper bounds
(in terms of NN) on the last term on the right-hand side of (224).
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Let us assume that the essential supremum of the channel input is finite a.s. (i.e., ||u||o is bounded a.s.). Based
on the upper bound on the ML decoding error probability in (224), combined with the exponential martingale
inequalities that are introduced in Theorems 16 and 17, one obtains the following bounds:

D

2)

First Bounding Technique: From Theorem 16, if
Zy <d, Var(Zy|Fp1) <o’
holds a.s. for every k > 1, and v, £ ‘C’l—z, then it follows from (224) that for every p € [0, 1]

- pDy(P) exp (~455) + e (&) i
< - - :
P. < C,(P) exp{ N< 102 R> } 1

Therefore, the maximal achievable rate that follows from this bound is given by

2 pd
Dy (P exp< pZﬂ)—i-’ygexp( )
Ri(0?) £ max max pDAP) In : (226)
P pel0,1] 402 14+

where the double maximization is performed over the input distribution P and the parameter p € [0, 1]. The
inner maximization in (226) can be expressed in closed form, leading to the following simplified expression:

) Y2 d exp<7d(1+z2)) 1
D<<112'Y2 + d(1+72 ) H 1+’Y2> if DV(P) (1( (d(1+'72> )>
Ry(02) = max () 227)
D4V<§133) —In (exp( 21322 it >>, otherwise
where )
D(pllg) £ pln (Z) +(1—p)n <1_§> . Vpqe(0,1) (228)

denotes the Kullback-Leibler distance (a.k.a. divergence or relative entropy) between the two probability
distributions (p,1 — p) and (¢,1 — q).

Second Bounding Technique Based on the combination of Theorem 17 and Eq. (224), we derive in the
following a second achievable rate for random coding under ML decoding. Referring to the martingale-
difference sequence {Z, fk}évzl in Egs. (220) and (225), one obtains from Eq. (224) that if for some even
number m € N

Zy, < d, ]E[(Zk)l‘]:k_l] <, Y0ie{2,...,m}

hold a.s. for some positive constant d > 0 and a sequence {/};",, and

wé% Vie{2,...,m},

then the average error probability satisfies, for every p € [0, 1],

P. < C,(P) exp{_N<pDV(P)_ >} 1+Z% . <8a2>l+%<e"p(;ci)_l_8pj2>]]v

2
4UV v v

This gives the following achievable rate, for an arbitrary even number m € N,

m—1 l
2y & pDy(P) Z’Vl—’ym pd pdy . pd
Ry(,) = mpx prg[%ﬁ] { 402 e 1 —~ 82 T Ym exp(8 a,%) ! 802 229)

where, similarly to (226), the double maximization in (229) is performed over the input distribution P and
the parameter p € [0, 1].
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3) Achievable Rates for Random Coding: In the following, the achievable rates for random coding over various
linear and non-linear channels (with and without memory) are exemplified. In order to assess the tightness of the
bounds, we start with a simple example where the mutual information for the given input distribution is known, so
that its gap can be estimated (since we use here the union bound, it would have been in place also to compare the
achievable rate with the cutoff rate).

1) Binary-Input AWGN Channel: Consider the case of a binary-input AWGN channel where
Yi =Ur + vy

where U; = +A for some constant A > 0 is a binary input, and v; ~ N(0,02) is_an additive Gaussian
noise with zero mean and variance o2. Since the codewords U = (Uy,...,Uy) and U = (Uy,...,Uy) are
independent and their symbols are i.i.d., let

PUy=A)=P(U,=A) =a, PU,=—-A)=PU,=-A)=1-a

for some « € [0, 1]. Since the channel is memoryless and the all the symbols are i.i.d. then one gets from
(220) and (225) that

Z, = E[||U = U|)3| Fiei] — E[||U — U|12| F]

k—1 N k N
YW -U)+ Y E(U; - | - | DU =T+ > E[U; - U;)?]
j=1 j=k j=1 j=k+1
= E[(Ux — Uh)?] - (U — Tp)?
= a(l - a)(-24)%* + a(1 - a)(24)* — (Uy, — Uy)?
= 8a(1l — a)A? — (Uy, — Uy)?.
Hence, for every k,
Z, < 8a(l —a)A2 2 4. (230)
Furthermore, for every k,[ € N, due to the above properties
E[(Z1) | Fii]
=E[(Z)]
E[ 8a(l — a)A% — (Uy, — Up) )}
— [1—2a(1 — a)] (8a(l — @) 42)' +2a(1 — a) (8a(l — a) A% — 442)' 2 4 231)
and therefore, from (230) and (231), for every [ € N
n = Zf =[1-2a(1-a)] |1+ (-1) (W)l_ll : (232)

Let us now rely on the two achievable rates for random coding in Eqgs. (227) and (229), and apply them to the
binary-input AWGN channel. Due to the channel symmetry, the considered input distribution is symmetric
(ie., a= % and P = (2, 2)) In this case, we obtain from (230) and (232) that

_ 1+ (=
= 5 ,
Based on the first bounding technique that leads to the achievable rate in Eq. (227), since the first condition
in this equation cannot hold for the set of parameters in (233) then the achievable rate in this equation is
equal to

Dy(P) = Var(Uy,) = A%, d =24 VieN. (233)

2 2

A
o (03) - 402 )

2
4oz

— In cosh (
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in units of nats per channel use. Let SNR £ g‘—j designate the signal to noise ratio, then the first achievable
rate gets the form

SNR SNR
R} (SNR) = 4 In cosh (4) . (234)
It is observed here that the optimal value of p in (227) is equal to 1 (i.e., p* = 1).

Let us compare it in the following with the achievable rate that follows from (229). Let m € N be an even
number. Since, from (233), ; = 1 for all even values of [ € N and «; = 0 for all odd values of [ € N, then

= [ pd ! pd pd
I — Im

1 2 o (onf22) 1
+lz_; il <8U§> + Ym <exp 802 805)

2 1 pd 20+1 pd pd
1=y — (£ (Z5)-1- 235
lzl ] (&:g) TP 552 P (239)
. . . =1 1 d 2l+1 . . . . . .
Since the infinite sum )2 | @ &5 is monotonically increasing with m (where m is even and

p € [0, 1]), then from (229), the best achievable rate within this form is obtained in the limit where m is even
and m — oo. In this asymptotic case one gets

= (pd ! pd pd

. L — "Im

i (”2 T (&.2) T Ym (eXp(&cg>_1_803)>
@ 5L (pd) pd pd
-1 Z(2l+1)! <8ag> - eXp(sag) =502

8o
0 (un(2) - 28+ (c(£) -1 - 22)

v

© pd
©) h( ) 236
cos 802 (236)
where equality (a) follows from (235), equality (b) holds since sinh(z) = ) ?io % for z € R, and

equality (c) holds since sinh(z) 4 cosh(z) = exp(z). Therefore, the achievable rate in (229) gives (from
(233). gz = i7)

2\ _ pA? pA?
Ry(o}) = plg[%,}i] <40’3 —1In cosh(402) .

v

Since the function f(z) £ z—Incosh(x) for x € R is monotonic increasing (note that f’(z) = 1—tanh(x) >
0), then the optimal value of p € [0, 1] is equal to 1, and therefore the best achievable rate that follows from
the second bounding technique in Eq. (229) is equal to
A? A?
2y
Rs(0;) = o~ In cosh<402>

v

in units of nats per channel use, and it is obtained in the asymptotic case where we let the even number
m tend to infinity. Finally, setting SNR = %, gives the achievable rate in (234), so the first and second
achievable rates for the binary-input AWGN channel coincide, i.e.,

SNR SNR

Note that this common rate tends to zero as we let the signal to noise ratio tend to zero, and it tends to In 2
nats per channel use (i.e., 1 bit per channel use) as we let the signal to noise ratio tend to infinity.

In the considered setting of random coding, in order to exemplify the tightness of the achievable rate in
(237), it is compared in the following with the symmetric i.i.d. mutual information of the binary-input AWGN
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channel. The mutual information for this channel (in units of nats per channel use) is given by (see, e.g., [61,
Example 4.38 on p. 194])

C(SNR) = In2 + (2 SNR — 1) Q(VSNR) — /2% exp(~23%)
[ (=1) » ,
+§;{K%+D.@m@uw+USchxu+anv§mq} (238)

where the Q-function that appears in the infinite series on the right-hand side of (238) is the complementary
Gaussian cumulative distribution function in (218). Furthermore, this infinite series has a fast convergence
where the absolute value of its n-th remainder is bounded by the (n + 1)-th term of the series, which scales
like 1 (due to a basic theorem on infinite series of the form >, . (—1)" a,, where {a,} is a positive and
monotonically decreasing sequence; the theorem states that the n-th remainder of the series is upper bounded
in absolute value by a,41).

The comparison between the mutual information of the binary-input AWGN channel with a symmetric i.i.d.
input distribution and the common achievable rate in (237) that follows from the martingale approach is
shown in Figure 4.

0.7

o o ° o o
N w > 3 o
T T T T T

~
~
N
N
\
i i i i i

Achievable rates (nats per channel use)

°
[
T
<
i

SNR = A% @’

Fig. 4. A comparison between the symmetric i.i.d. mutual information of the binary-input AWGN channel (solid line) and the common
achievable rate in (237) (dashed line) that follows from the martingale approach in this sub-section.

From the discussion in this sub-section, the first and second bounding techniques in Section VI-J2 lead to
the same achievable rate (see (237)) in the setup of random coding and ML decoding where we assume a
symmetric input distribution (i.e., P(£A) = %). But this is due to the fact that, from (233), the sequence
{~i}1>2 is equal to zero for odd indices of [ and it is equal to 1 for even values of [ (see the derivation of
(235) and (236)). Note, however, that the second bounding technique may provide tighter bounds than the
first one (which follows from Bennett’s inequality) due to the knowledge of {~;} for [ > 2. This approach
was exemplified in Table I in the context of the pairwise error probability (under ML decoding) for some
binary-input discrete memoryless channels.

2) Nonlinear Channels with Memory - Third-Order Volterra Channels: The channel model is first presented in
the following (see Figure 5). We refer in the following to a discrete-time channel model of nonlinear Volterra
channels where the input-output channel model is given by

y; = [Du]; +v; (239)
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TABLE III
KERNELS OF THE 3RD ORDER VOLTERRA SYSTEM [D; WITH MEMORY 2

kernel h1(0) | h1 (1) | h1(2) h2(0,0) | h2(1,1) | h2(0,1)
value 1.0 0.5 —0.8 1.0 —0.3 0.6

kernel || h3(0,0,0) | hs(1,1,1) | h3(0,0,1) | h3(0,1,1)
value 1.0 —05 1.2 0.8

kernel h3(0,1,2)
value 0.6

where ¢ is the time index. Volterra’s operator D of order L and memory g is given by
L g q
[Dul; =ho+ YY) hilin, i), i, (240)
j=li1=0  i;=0

and v is an additive Gaussian noise vector with i.i.d. components v; ~ N(0, o2).

Gaussian noise
v

l

Volterra
" Operator D @ Y

Fig. 5. The discrete-time Volterra non-linear channel model in Egs. (239) and (240) where the channel input and output are {U;} and

{Y:}, respectively, and the additive noise samples {v;}, which are added to the distorted input, are i.i.d. with zero mean and variance 03.

Under the same setup of the previous subsection regarding the channel input characteristics, we consider
next the transmission of information over the Volterra system D; of order L = 3 and memory q = 2,
whose kernels are depicted in Table III. Such system models are used in the base-band representation of
nonlinear narrow-band communication channels. Due to complexity of the channel model, the calculation of
the achievable rates provided earlier in this sub-section requires the numerical calculation of the parameters
d and o2 and thus of v, for the martingale {Z;, .7-}}?;0. In order to achieve this goal, we have to calculate
|Z; — Zi_1| and Var(Z;|F;—1) for all possible combinations of the input samples which contribute to the
aforementioned expressions. Thus, the analytic calculation of d and +; increases as the system’s memory ¢
increases. Numerical results are provided in Figure 6 for the case where o2 = 1. The new achievable rates
Rgz)(Dl, A,0?%) and Ry(Dq, A,02), which depend on the channel input parameter A, are compared to the
achievable rate provided in [81, Fig.2] and are shown to be larger than the latter.

To conclude, improvements of the achievable rates in the low SNR regime are expected to be obtained via existing
improvements to Bennett’s inequality (see [26] and [27]), combined with a possible tightening of the union bound
under ML decoding (see, e.g., [63]). This direction of research is studied in [69].

VII. SUMMARY AND OUTLOOK

This section provides a short summary of this work, followed by a discussion on some directions for further
research.

A. Summary

This chapter derives some classical concentration inequalities for discrete-parameter martingales with uniformly
bounded jumps, and it considers some of their applications in information theory and related topics. The first
part is focused on the derivation of these refined inequalities, followed by a discussion on their relations to some
classical results in probability theory. Along this discussion, these inequalities are linked to the method of types,
martingale central limit theorem, law of iterated logarithm, moderate deviations principle, and to some reported



THE MARTINGALE APPROACH FOR CONCENTRATION AND APPLICATIONS 69

% 0.2+

=

T

c

g

i 0.15}

[%2]

b

o

£ o1}

4]

B

% Ro(D1A02) —
S 005 / : RP(D1A0D) ...
5 Ro(D1A0D) —-o-
<

0 02 04 06 08 1 12 14 16 18 2
A

Fig. 6. Comparison of the achievable rates in this sub-section Ry(D1, A, o2) and RéQ)(thLO',%) (where m = 2) with the bound
R, (D1, A, 03) of [81, Fig.2] for the nonlinear channel with kernels depicted in Table III and noise variance o2 = 1. Rates are expressed
in nats per channel use.

concentration inequalities from the literature. The second part of this work exemplifies these refined inequalities in
the context of hypothesis testing and information theory, communication, and coding theory. The interconnections
between the concentration inequalities that are analyzed in the first part of this work (including some geometric
interpretation w.r.t. some of these inequalities) are studied, and the conclusions of this study serve for the discussion
on information-theoretic aspects related to these concentration inequalities in the second part of this work. Rather
than covering a large number of applications, we chose to exemplify the use of the concentration inequalities by
considering several applications carefully, which also provide some insight on these concentration inequalities.
Several more applications and information-theoretic aspects are outlined shortly in the next sub-section, as a
continuation to this work. It is aimed to stimulate the use of martingale approach for establishing concentration in
information and communication-theoretic aspects.

B. Topics for Further Research

We gather here what we consider to be the most interesting directions for future work as a follow-up to the
discussion in this chapter.

e Possible refinements of Theorem 3: The proof of the concentration inequality in Theorem 3 relies on Bennett’s
inequality (31). This inequality is applied to a martingale-difference sequence where it is assumed that the
jumps of the martingale are uniformly upper bounded, and a global upper bound on their conditional variances
is available (see (32)). As was noted in [10, p. 44] with respect to the derivation of Bennett’s inequality:
“The above analysis may be extended when more information about the distribution of the component random
variables is available.” Hence, in the context of the proof of Theorem 3, consider a martingale-difference
sequence {&x, Fi}_, where, e.g., { is conditionally symmetrically distributed around zero given Fj_; (for
k = 1,...,n). This additional property enables to obtain a tightened version of Bennett’s inequality, and
accordingly to improve the exponent of the concentration inequality in Theorem 3 under such an assumption.
This direction has been recently studied in [68], and it calls for suitable applications.

o Channel polarization: Channel polarization was recently introduced by Arikan [5] to develop a channel coding
scheme, called polar codes, that was demonstrated to be a capacity-achieving coding scheme for memoryless
symmetric channels under sequential decoding, and with a feasible encoding and decoding complexity. The
fundamental concept of channel polarization was introduced in [5, Theorem 1], and it was proved via the
convergence theorem for martingales. This analysis was strengthened in [6] where the key to this analysis
is in [6, Observation 1]; it stated that the random processes that keep track of the mutual information and
Bhattacharyya parameter arising in the course of the channel polarization are, respectively, a martingale and
a super-martingale. Since both random processes are bounded (so they fit the setting in Theorem 5), it is of
interest to consider the applicability of concentration inequalities for refining the martingale-based analysis of
channel polarization for finite block-lengths. A martingale approach to optimize the kernel of polar codes for
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g-ary input channels (where ¢ is a prime number) has been studied in [2] by maximizing the spread of the polar
martingale for noise additive channels. It shows that over GF(q), for ¢ > 2 that is prime, the martingale spread
can be significantly increased as compared to the original kernel in [5], leading in some cases to remarkable
improvements in the performance of polar codes even with small to moderate block lengths. The study in [2]
stimulates further research of the issue of optimizing the polar kernels by following the martingale approach,
and possibly some concentration inequalities introduced in our work.

o Message-passing decoding for graph-based codes: The concentration inequalities which have been proved in
the setting of iterative message-passing decoding so far rely on Azuma’s inequality. They are rather loose,
and much stronger concentration phenomena are observed in practice for moderate to large block lengths.
Therefore, to date, these concentration inequalities serve mostly to justify theoretically the ensemble approach,
but they are not tight bounds for finite block lengths. It is of interest to apply martingale-based concentration
inequalities, which improve the exponent of Azuma’s inequality, to obtain better concentration results. To this
end, one needs to tackle the problem of evaluating (or efficiently bounding) the conditional variance of the
related martingales. Some results on this direction are presented in [24] by refining the proper constants that
follow from the Azuma-Hoeffding inequality for the studied applications.

o Martingale-based Inequalities Related to Exponential Bounds on Error Probability with Feedback: As a follow-
up to [55, Section 3.3] and [58, Theorem 11], an analysis that relies on the refined versions of Azuma’s
inequality in Section IV (with the standard adaptation of these inequalities to sub-martingales) has the potential
to provide further results in this direction.

APPENDIX A
PROOF OF LEMMA 3

The first and third properties of ,, follow from the power series expansion of the exponential function where

— = —=— VyeR
ym £ 1] lz(:] m+nr Y
From its absolute convergence then lim,_.o gom( ) = 1, and it follows from the above power series expansion that

©m 18 strictly monotonic increasing over the interval [O, o0). The fourth property of ¢,, holds since

m!
em(y) = yfm Rin-1(y)
where R,,_1 is the remainder of the Taylor approximation of order m — 1 for the exponential function f(y) = €Y.
Hence, for every y < 0,

for some £ € [y,0], so 0 < ¢,(y) < 1. The second property of ¢,, follows by combining the third and fourth
properties.

APPENDIX B
PROOF OF COROLLARY 4

The proof of Corollary 4 is based on the specialization of Theorem 4 for m = 2. This gives that, for every
a > 0, the following concentration inequality holds:

n
P(| X, — Xo| > na) < 2 {n;% e~0" [1 (e —1— a:)} } (241)
z>
where v = 72 according to the notation in (29).
By differentiating the logarithm of the right-hand side of (241) w.r.t. x (where x > 0) and setting this derivative
to zero, it follows that
l—yz 1-9

=1~ -
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1

Let us first consider the case where = 1. In this case, this equation is satisfied either if z = 5 or in the limit

where © — oo. In the former case where © = % the resulting bound in (241) is equal to

exp [—n (i — 1n<y(e% _ 1)))] . (243)

In the latter case where x — oo, the resulting bound in (241) when § = 1 is equal to
: —nx T 1 _ n
mli)noloe (1+~(e”—1—1))

= lim (efx +y(1-(1+ a:)e*x))n

T—00

ln(’ly) = ’1y — ln<’ye%)
< }y — ln(*y(e% — 1))

then the optimized value is x = % and the resulting bound in the case where § = 1 is equal to (243).

Let us consider now the case where 0 < 6 < 1 (the case where § = 0 is trivial). In the following lemma, the
existence and uniqueness of a solution of this equation is assured, and a closed-form expression for this solution
is provided.

Lemma 6: If § € (0,1), then equation (242) has a unique solution, and it lies in (0, %) This solution is given
in (61).

Proof: Consider equation (242), and note that the right-hand side of this equation is positive for 6 € (0, 1).
The function

Hence, since for vy € (0, 1)

1—~x
v(et = 1)
on the left-hand side of (242) is negative for x < 0 and = > % Since the function ¢ is continuous on the interval
(0, %] and

reR

t(z) =

t <1> =0, lim t(z) = 400

Y z—0+

then there is a solution x 6(0, %) Moreover, the function ¢ is monotonic decreasing in the interval (O, %] (the
numerator of ¢ is monotonic decreasing and the denominator of ¢ is monotonic increasing and both are positive in
this interval). This implies the existence and uniqueness of the solution, which lies in the interval (0, %) In the

following, a closed-form expression of this solution is derived. Note that Eq. (242) can be expressed in the form

a—x

=b (244)
er —1
where 1 1—s5
at = be —— (245)
v )

are both positive. The substitution u = a + b — x in (244) gives

ue® = bet?

whose solution is, by definition, given by u = Wy (be““? where Wy denotes the principal branch of the multi-
valued Lambert W function [17]. Since a,b > 0 then be®"” > 0, so that the principal branch of W is the only one
which is a real number. In the following, it will be confirmed that the selection of this branch also implies that
x > 0 as required. By the inverse transformation one gets

r=a-+b—1u
—at+b—W, (bea+b) (246)
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Hence, the selection of this branch for W indeed ensures that x is the positive solution we are looking for (since
a,b > 0, then it readily follows from the definition of the Lambert W function that W) (be‘”‘b) < a+b and it was
earlier proved in this appendix that the positive solution x of (242) is unique). Finally, the substitution of (245)
into (246) gives (61). This completes the proof of Lemma 6. ]
The bound in (241) is given by

P(|X,, — Xo| > an) < 2exp<—n [530 —In(1+7(e" —1- x))}) (247)
with the value of = in (61).

APPENDIX C
PROOF OF PROPOSITION 1

Lets compare the right-hand sides of (49) and (241) that refer to Corollaries 2 and 4, respectively. Proposition 1
follows by showing that if v < %

1+ v(exp(x) —1 —z) < cosh(z), Va >0. (248)

To this end, define
f(x) £ cosh(z) — y(exp(z) —1—x), Va=>0.

Ify< %, then for every = > 0
f'(x) = sinh(z) — v(exp(z) — 1)

= (& —7) expla) + 7 - C2D

2
>(1 )+ L
2 )T TR T

so, since f is monotonic increasing on [0,00) and f(0) = 0, then f(x) > 0 for every = > 0. This validates (248),
and it therefore completes the proof of Proposition 1.

APPENDIX D
PROOF OF PROPOSITION 2
Lemma 7: For every v,z > 0
vet 4+ e " .
— <1+q("—1—-2). 249
T ( ) (249)

Proof: Let v be an arbitrary positive number, and define the function

f+(2)

T —~yz
éw—[1—1—’y(e”“"—1—:13)], x> 0.

1+~
Then, f,(0) = 0, and the first derivative is equal to
e
/ — 1— e
fle) = (1- 255

From the convexity of the exponential function y(u) = e*, then for every = > 0

ve¥ + e % 5 1
— + —
Ty <1+7>y@) (1+7>y(7@

¥ 1
>y<1+7‘l‘+1+7‘(—7$))
=y(0)=1

50, it follows that f!(x) < 0 for every x > 0. Since f,(0) = 0 and the first derivative is negative over (0, o), then
f~(x) < 0 for every > 0. This completes the proof of inequality (249). ]
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This claim in Proposition 2 follows directly from Lemma 7, and the two inequalities in (33) and (59) with m = 2.
In the case where m = 2, the right-hand side of (59) is equal to

(1+ (et —1 - td))".

Note that (33) and (59) with m = 2 were used to derive, respectively, Theorem 3 and Corollary 4 (based on
Chernoff’s bound). The conclusion follows by substituting x £ td on the right-hand sides of (33) and (59) with
m = 2 (so that x > 0 since t > 0 and d > 0, and (249) turns from an inequality if x > 0 into an equality if x = 0).

APPENDIX E
PROOF OF COROLLARY 6
A minimization of the logarithm of the exponential bound on the right-hand side of (63) gives the equation
m—1

(v — 'Ym)xlil
; (I—1)!

—1
1_‘_mz('71_'7m)xl+ (" —1—x)
Il m
1—2

+ %n(em - 1)
=40

and after standard algebraic operations, it gives the equation

1 @ 2%
7m<6—1>(e 1—x)+ 5

3 )1 SR
=2

As we have seen in the proof of Corollary 4 (see Appendix B), the solution of this equation can be expressed in
a closed-form for m = 2, but in general, a closed-form solution to this equation is not available. A sub-optimal
value of = on the right-hand side of (53) is obtained by neglecting the sum that appears in the second line of this
equation (the rationality for this approximation is that {-;} was observed to converge very fast, so it was verified
numerically that +; stays almost constant starting from a small value of /). Note that the operation of inf,>( can
be loosened by taking an arbitrary non-negative value of x; hence, in particular, x will be chosen in the following

to satisfy the equation
1 z
’ym<5—1>(e$—1—1:) %:1.

By dividing both sides of the equation by ~», then it gives the equation a + b — cx = be® with a, b and ¢ from (65).
This equation can be written in the form
b b
<a L :L') e’ =-.
c c

Substituting u = “TH’ — z gives the equation

whose solution is given by

b a+b
u:WO(-ei>
c

where W) denotes the principal branch of the lambert W function [17]. The inverse transformation back to x gives

that . .
$:a+ —W()(-eatb).

C C

This justifies the choice of x in (64), and it provides a loosening of either Theorem 4 or Corollary 5 by replacing
the operation of the infimum over the non-negative values of x on the right-hand side of (53) with the value of x
that is given in (64) and (65). For m = 2 where the sum on the left-hand side of (250) that was later neglected is
anyway zero, this forms indeed the exact optimal value of x (so that it coincides with Eq. (61) in Corollary 4).
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APPENDIX F
PROOF OF PROPOSITION 4

Let { X}, Fi.}72 , be a discrete-parameter martingale. We prove in the following that Theorems 3 and 4, and also
Corollaries 3 and 4 imply (69). For the sake of brevity, we introduce in the following the analysis that is related
to Theorem 3. The others are technical as well.

Let { Xy, Fr}72, be a discrete-parameter martingale that satisfies the conditions in Theorem 3. From (28)

&+
_ > < _ _
P(| X X0|_a\/ﬁ)_2exp< nD<1+7H1+7 (251)
where from (29) N
NN J
= — = —, 2 2
e (252)

From the right-hand side of (251)
D<5/+7H 0% >
14+~ 11+~
Qe G R G R G0
=—|{l1+—|I(l+—)+—-(l1—-—|In|1l——]]. (253)
1+7[< TVn wWn/) oy vn vn

k

From the equality

(1+u)ln(1+u):u+§:k((_u) -l<u<l

k—1)’
k=2
then it follows from (253) that for every n > f%

D<5’+7H v > 52 B(1-q) 1
14+l 47

Substituting this into the exponent on the right-hand side of (251) gives (69).

APPENDIX G
ANALYSIS RELATED TO THE MODERATE DEVIATIONS PRINCIPLE IN SECTION V-C

It is demonstrated in the following that, in contrast to Azuma’s inequality, both Theorems 3 and 4 provide upper

bounds on "
(o
i=1

which coincide with the exact asymptotic limit in (82). It is proved under the further assumption that there exists
some constant d > 0 such that | X}| < d a.s. for every k € N. Let us define the martingale sequence {Si, Fi}}_,
where

20471"), Va>0

k
Sk2Y X Fu2o(Xi,...,Xp)
i=1
for every k € {1,...,n} with Sy =0 and Fy = {0, F}.

1) Analysis related to Azuma’s inequality: The martingale sequence {Sy, Fi}}_, has uniformly bounded jumps,
where |Si — Sk—1| = | Xk| < d as. for every k € {1,...,n}. Hence it follows from Azuma’s inequality that, for
every a > 0,

a2n2n—1
P > m <2 —_
(18] = an”) < 20xp (-5 )
and therefore

2
. 1-2 a
nlg]gon K ln]P’(]Sn] > om”) < o (254)

This differs from the limit in (82) where o is replaced by d2, so Azuma’s inequality does not provide the asymptotic
limit in (82) (unless 02 = d?, i.e., | Xi| = d a.s. for every k).
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2) Analysis related to Theorem 3: The analysis here is a slight modification of the analysis in Appendix F with
the required adaptation of the calculations for n € (%, 1). It follows from Theorem 3 that, for every a > 0,

N+ v
> m < — U
P(]S,| > an') Qexp< nD(1 Hl 5

where + is introduced in (29), and ¢’ in (252) is replaced with

a

5 A % — §p (=) (255)

due to the definition of ¢ in (29). Following the same analysis as in Appendix F, it follows that for every n € N

2, 2n—1 1—
P(|S,| > an”) < 2exp <_5 7;7 {1 L= ey D

3vd

2

and therefore (since, from (29), 57—2 =9)

2
. 1-2 a
nh_}n(lon ” ln]P’(]Sn] > an") < Syt (256)

Hence, this upper bound coincides with the exact asymptotic result in (82). It can be shown that the same conclusion
also follows from Theorem 4.

APPENDIX H
PROOF OF PROPOSITION 5

The proof of (144) is based on calculus, and it is similar to the proof of the limit in (143) that relates the
divergence and Fisher information. For the proof of (146), note that

52 53
C(Py,Py) > B (Py,Py) > min § —4 — ——t—— 5. 257

(Fo. For) 2 B (P 9)_1111%7%{2% 6%2(1+%)} 7

The left-hand side of (257) holds since Ep is a lower bound on the error exponent, and the exact value of this

error exponent is the Chernoff information. The right-hand side of (257) follows from Lemma 4 (see (141)) and
N

the definition of Fy in (145). By definition v; = 2—2 and §; £ fl— where, based on (131),
e1 £ D(Py||Py), €22 D(Fy||Py). (258)

The term on the left-hand side of (257) therefore satisfies

so it follows from (257) and the last inequality that

. g2 €id;
C(Py, Py) > Ev(Py, Py) > mnin { 502 (1 -3 >} - (259)

Based on the continuity assumption of the indexed family {Py}yco, then it follows from (258) that
lime; =0, Vied{l,2}
0'—0
and also, from (112) and (122) with P; and P>, replaced by P and Pe’ respectively, then
lim d; =0, Vie{l,2}.
0'—0
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It therefore follows from (144) and (259) that

J(0)
8

' EL(P€7 P@’) . . 62
> ZLAN0, 707 (- ?
= 0—02 — 6530 =12 { 207(0 —0') -

The idea is to show that the limit on the right-hand side of this inequality is J0) (same as the left-hand side), and

8
hence, the limit of the middle term is also @.
2
. &1
91'1319 203(0 — 0')2
@ 1, PEPollPe)*
0’0 20%(9 — 02
® JO) . D(PG\QIPH')
4 0—0 o7
© Jgf) lim, D(i9|P9/) i
[N 0 (2
S er Po() <ln Dia) _ p(p, |p9,))
(@) Jgf) lim, D(PP0||P02/)
[N 0 (2
ex Po(z) <ln ps,((x))) — D(Py||Py)?
2 a2
= J(SG) ehme (i : )2
[N 0 (2
Soex Po(a) (I 2525 ) = D(Byl|Py)?
2 a2
0 IOF g O0F
'— Pg X
erX P9 ($) <ln Pe/((ar)))
© 539) (261)

where equality (a) follows from (258), equalities (b), (e) and (f) follow from (143), equality (c) follows from (113)
with P = Py and P» = Py, equality (d) follows from the definition of the divergence, and equality (g) follows
by calculus (the required limit is calculated by using L’Hopital’s rule twice) and from the definition of Fisher
information in (142). Similarly, also

& J(0)

li =
0502030 — 002 8

SO

lim min{ e } _J0

1
06 i=12 | 202(0 — 0')? 8

Hence, it follows from (260) that limg:_.g % = @. This completes the proof of (146).

We prove now equation (148). From (112), (122), (131) and (147) then

Ey(Py, Py) = min

~
Il
— =

with €1 and €5 in (258). Hence,

Ev(Py, Py)
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and from (261) and the last inequality, it follows that

- EL(Py, Py)
0—0 (0 —6)2
J(0) of

< — lim —
8 0—6dj

Po(z)
) 10) | e Po@) (n #285 — D(Py||Py))

8 050 )2 '

It is clear that the second term on the right-hand side of (262) is bounded between zero and one (if the limit
exists). This limit can be made arbitrarily small, i.e., there exists an indexed family of probability mass functions
{Py}gco for which the second term on the right-hand side of (262) can be made arbitrarily close to zero. For a
concrete example, let o € (0,1) be fixed, and 6 € R* be a parameter that defines the following indexed family of
probability mass functions over the ternary alphabet X = {0, 1,2}:

bl=0)  py—a, P2)= =2

2

—
(S

(262)

(maxme/y ’ln 1];:/((?) — D(Py||Py)

P(0) =

1+6 1+6°
Then, it follows by calculus that for this indexed family
Py(z) 2
Ssex Po(@) (n 545 — D(Py||Py))
Jim =(1—-a)b

2
<maxxe/y ‘m k- D(Pgupg,)))

so, for any 6 € R, the above limit can be made arbitrarily close to zero by choosing « close enough to 1. This
completes the proof of (148), and also the proof of Proposition 5.

APPENDIX I
PROOF OF LEMMA 5

In order to prove Lemma 5, one needs to show that if p/(1) < co then

i 2
> 1-C3
li 4+ 1)°T
2 H 2 )

=1

=0 (263)

which then yields from (183) that B — oo in the limit where C' — 1.
By the assumption in Lemma 5 where p/(1) < oo then Y 2, ip; < oo, and therefore it follows from the

Cauchy-Schwarz inequality that
o
; 1
Yl e >0
=1 " 2

i=1Pi
Hence, the average degree of the parity-check nodes is finite
1

i ¥

The infinite sum Y o, (i + 1)°I'; converges under the above assumption since

dE = < 0.

[e.9]

> (i +1)°Ty

i=1

[o.¢] [o¢]
= PTi+2) i+ ) Ty
=1 =1 A
o0
— e (Zipi+2> +1 < oo.

=1
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where the last equality holds since

=

i
1
fo p(x)dz
— e (&) , VieNl.
i
The infinite series in (263) therefore uniformly converges for C' € [0, 1], hence, the order of the limit and the infinite

sum can be exchanged. Every term of the infinite series in (263) converges to zero in the limit where C' — 1,
hence the limit in (263) is zero. This completes the proof of Lemma 5.

APPENDIX J
PROOF OF THE PROPERTIES IN (205) FOR OFDM SIGNALS

Consider an OFDM signal from Section VI-I. The sequence in (203) is a martingale due to basic properties of
martingales. From (202), for every i € {0,...,n}

Y, :E[ maT\s(t;Xo,...,Xn_l)”Xo,...,Xi_l}.

0<t<
The conditional expectation for the RV Y;_; refers to the case where only Xg,..., X;_o are revealed. Let XZLl
and X;_; be independent copies, which are also independent of Xy,..., X;_2,X;,..., X,,—1. Then, for every
1< <n,
Y;—l = E[Uréltag)g“|$(t’ X07 R 7,(—17X7§7 cee >Xn—1)‘ ‘ XO: s 7Xi—2:|

= E[OIéltELS)%{S(t; Xo, ce 7X£—17X’L'7 ce ,Xn,1)| ‘Xo, PN ,Xi,Q,XZ‘,11|.

Since |[E(Z)| < E(]Z|), then for i € {1,...,n}

Y =Y 1| <Ex:  x..X._. [|U - V] ‘ Xoy .- >Xiflj| (264)
where
= Orgtag)%‘s(t; Xo, .., X1, X5, ... 7Xn—1)‘
Va O%ag%ls(t;)(o,...,X{_l,Xi,...,Xn,l)].
From (200)
U —-V|< Ogltag\s(t; X0, Xic1, Xiy oo, Xno1) = s(6 X0, -, X) 1, Xy oo, Xns))|
=, Uz (s = X e (1)
/
_ X—l\_ﬁLX—l‘ (265)

By assumption, |X;_1| = |X/_;| = 1, and therefore a.s.

[ Xi1— X[ 4| <2= Vi =Y 4| <

Bl

In the following, an upper bound on the conditional variance Var(Y; | F;—1) = E[(YZ —Y;1)?| F -_1] is obtained.
Since (E(Z))2 < E(Z?) for a real-valued RV Z, then from (264) and (265)

1
E[(Y; - Yie1)?|Fima] < —Ex,, (X1 — X[ | Fi]
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where F; is the o-algebra that is generated by Xy, ..., X;_;. Due to symmetry of the PSK constellation, it follows
that

E[(Y; = Yi1)? | Fici]
1
< - Ex, . [|Xi—1 - X4 |FZ]

1

= EE[\Xi_l - X/ Xo, ..., Xi—1]
1

= —E[|1X;1 - X{ 1 Xia]
1

= EE[|X1-,1 — X X1 = 6%}

M-1
1 ‘ jm FTCIESAE
= g eM —e M
n
=0

M-1
4 . o[ Tl 2
_W;SID (M)_n

2

g3

=
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