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Abstract

Low-density parity-check (LDPC) codes are efficiently encoded and decoded due to the sparseness of
their parity-check matrices. Motivated by their remarkable performance and feasible complexity under
iterative message-passing decoding, we derive lower bounds on the density of parity-check matrices of binary
linear codes whose transmission takes place over a memoryless binary-input output-symmetric (MBIOS)
channel. The bounds are expressed in terms of the gap between the rate of these codes for which reliable
communications is achievable and the channel capacity; they are valid for every sequence of binary linear
block codes. For every MBIOS channel, we construct a sequence of ensembles of regular LDPC codes, so that
an upper bound on the asymptotic density of their parity-check matrices scales similarly to the lower bound.
The tightness of the lower bound is demonstrated for the binary erasure channel by analyzing a sequence
of ensembles of right-regular LDPC codes which was introduced by Shokrollahi, and which is known to
achieve the capacity of this channel. Under iterative message-passing decoding, we show that this sequence
of ensembles is asymptotically optimal (in a sense to be defined in this paper), strengthening a result of
Shokrollahi. Finally, we derive lower bounds on the bit error probability and on the gap to capacity for
binary linear block codes which are represented by bipartite graphs, and study their performance limitations
over MBIOS channels. The latter bounds provide a quantitative measure for the number of cycles of bipartite

graphs which represent good error-correction codes.
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1 Introduction

Low-density parity-check (LDPC) codes are well known capacity-approaching linear codes. Due to
the sparseness of their parity-check matrices, these codes are efficiently encoded and decoded (see
e.g. [14], [20] and [21]). We start our discussion by considering the following question: How sparse
can parity-check matrices of binary linear codes be, as a function of their gap to capacity ¢ (where
this gap depends in general on the channel and on the decoding algorithm). We derive information
theoretic lower bounds on the density of parity-check matrices for binary linear codes which are used
over memoryless binary-input output-symmetric (MBIOS) channels, and the bounds are expressed
in terms of the gap of the codes to the channel capacity. In order to assess the tightness of the latter
bounds, we construct sequences of ensembles of codes so that the asymptotic density of their parity-
check matrices behaves similarly to these bounds. We continue our discussion with a derivation of
information theoretic lower bounds on the bit error probability and on the gap to capacity of binary
linear codes which are represented by bipartite graphs, and study their performance limitations over
MBIOS channels. The latter bounds substantiate the statement that good error correction codes
should have cycles, and in particular the bounds are exemplified for the binary erasure channel
(BEC) and the binary symmetric channel (BSC). The discussion on the lower bounds here applies
to every binary linear code which is used over an MBIOS channel and maximum-likelihood (ML)
decoded (hence, the lower bounds are also valid under any sub-optimal decoding algorithm).

Using standard notation, an ensemble of (n,\, p) LDPC codes is characterized by its length n,
and the polynomials \(z) = > 0%, hiz'™! and p(x) = > 02, pir' ™!, where \; (p;) is equal to the
probability that a randomly chosen edge is connected to a variable (parity-check) node of degree i.
The variables (parity-check sets) are represented by the left (right) nodes of bipartite graphs which
represent LDPC codes. It is now well known (see e.g. [13], [18] and [25]) how to design ensembles
of LDPC codes which asymptotically, as the block length tends to infinity, approach the capacity
of the BEC within any desired gap. In [25], Shokrollahi proved that the growth rate of the average
right degree is at least logarithmic in terms of the gap to capacity. The statement in [25] is a
high probability result, and hence it is not necessarily satisfied for every particular code from this
ensemble. Further, it assumes a sub-optimal (iterative) decoding algorithm. In [11, 16], Khandekar
and McEliece have suggested to study the encoding/ decoding complexity of ensembles of turbo-
like codes as a function of their gap to capacity. They conjectured that if the achievable rate
under iterative message-passing decoding is a fraction 1 — ¢ of the channel capacity, then for a
wide class of channels, the encoding complexity scales like ln% and the decoding complexity scales
like %hl % However, there is one exception: for a BEC, the decoding complexity behaves like ln%
(same as encoding complexity). This is true since for a BEC, the iterative message-passing decoding
algorithm can be modified so that each edge is only used once (due to the absolute reliability of
information which is not erased by the BEC). For a general MBIOS channel however, one has to
consider the average number of iterations which are required for successful decoding; under iterative
message-passing decoding, this number is conjectured to scale like %

The inherent gap of binary linear codes to the capacity of a BSC was analyzed in [5, 15], and it
was based on the calculation of the composite capacity of a linear block encoder and the BSC. The
analysis in [5, 15] requires the knowledge of the coset weight distribution of the linear code whose
calculation is in general a hard task [3]. For ensembles of LDPC codes, it is possible (though not
easy) to calculate the average asymptotic coset weight distribution, but it is currently unknown
whether the coset weight distribution concentrates (as the block length tends to infinity). Therefore,
the typical gap for these ensembles cannot be derived yet, and even if concentration will be proved
in this case, it will only lead to a probabilistic statement which does not necessarily hold for every
binary linear code from this ensemble.



Consider the number of ones in a parity-check matrix which represents a binary linear code, and
normalize it per information bit (i.e., with respect to the dimension of the code). This quantity
(which will be later defined as the density of the parity-check matrix) is equal to % times the
average right degree of the bipartite graph that represents the code, where R is the rate of the code
in bits per channel use. In his thesis [8], Gallager proved that right-regular LDPC codes (i.e., LDPC
codes with a constant degree (ag) of the parity-check nodes) cannot achieve the channel capacity
on a BSC, even under optimal ML decoding. This inherent gap to capacity is well approximated
by an expression which decreases to zero exponentially fast in ar. Richardson et al. [20] have
extended this result, and proved that the same conclusion holds if ar designates the maximal right
degree. It is a simple observation, but has far reaching consequences, that the result still applies
if we consider the average right degree instead. Gallager’s bound [8, pp. 37-38] provides an upper
bound on the rate of right-regular LDPC codes which achieve reliable communications over the
BSC. Burshtein et al. have recently generalized Gallager’s bound for a general MBIOS channel
[4], and in this work we rely on their generalization. The bounds which are derived in this work
provide an operational meaning to the density of parity-check matrices of binary linear codes used
over an MBIOS channel, and relate the density with a lower bound on the gap of the code to the
channel capacity under ML decoding (or any other decoding algorithm).

For every MBIOS channel and for every sequence of binary linear codes which achieves a fraction
1 — e (where 0 < € < 1) of the channel capacity with vanishing bit error probability, we prove

that the asymptotic densiity of parity-check matrices which represent this sequence of codes is lower
bounded by W, where K; and K> are constants which only depend on the channel. The
tightness of this information theoretic lower bound is studied by suitable constructions of sequences
of ensembles of LDPC codes, so that the asymptotic density of their parity-check matrices behaves
similarly to the lower bound. For a general MBIOS channel, we construct a sequence of ensembles
of regular LDPC codes, and show that under ML decoding, an upper bound on the asymptotic
density of their parity-check matrices scales like the lower bound above. This indicates that the
latter bound reflects the correct behavior of the growth rate of the asymptotic density of parity-check
matrices (although there may be room to improve the coefficients of the lower bound). For the BEC,
the tightness of the information theoretic lower bound is emphasized by constructing a sequence
of ensembles of irregular LDPC codes which achieves this bound (up to a small constant) under
iterative message-passing decoding. For the BEC, the optimality (in a weaker sense) of this sequence
was proved by Shokrollahi [25] in the context of ensembles and iterative message-passing decoding;
we strengthen this result by showing that this sequence is asymptotically optimal in a sense to
be defined later. We note here that the requirement of achieving a certain fraction of capacity
with vanishing bit error probability is the milder requirement (or alternatively, yields the stronger
result) with respect to the information theoretic lower bound on the asymptotic density (this is
true since vanishing block error probability implies also vanishing bit error probability, so proving
a certain information theoretic bound on the asymptotic density under the assumption of vanishing
bit error probability makes the bound also valid under the stronger condition of vanishing block
error probability). On the other hand, the requirement of achieving the same fraction of capacity
with vanishing block error probability is stronger than the one with vanishing bit error probability if
one wishes to construct a sequence of ensembles which approaches the latter information theoretic
lower bound. In each case, we prove our statement with respect to the requirement which yields
the stronger result.

If a linear block code of length n can be represented by a factor graph without cycles (where it only
includes variable nodes and parity-check nodes, but does not include state nodes), then it is known
that ML soft-decision decoding can be achieved in time O(n?). However, the very poor minimum
distance of cycle-free codes (see [7, Theorem 5]) indicates that cycle-free bipartite graphs cannot



support good error correction codes. The bounds in [7] refer to the minimum distance of cycle-free
codes,! and in this work we derive lower bounds on their bit error probability and on their gap to
capacity. The results are easily extended to linear codes whose bipartite graphs have cycles, and in
fact, we first present the general results, and derive the results for cycle-free codes as a particular
case. We present in this paper information theoretic lower bounds on the bit error probability of a
binary linear code used over an MBIOS channel. The bounds are expressed in terms of the density
of an arbitrary parity-check matrix of a binary linear code, and they are valid for codes which are
represented by bipartite graphs with or without cycles. We introduce a quantitative measure for
the cycles in a bipartite graph which represents a binary linear code. The latter bounds provide an
information-theoretic interpretation for the tradeoff between the bit error probability or the gap
to capacity of an LDPC code (i.e., its performance limitations), and the density of an arbitrary
parity-check matrix which represents the code (where the latter affects the decoding complexity
per information bit and per iteration, under iterative message-passing decoding). We present here
quantitative results which indicate that in order to approach the channel capacity with vanishing
bit error probability, LDPC codes should not have too sparse parity-check matrices, as otherwise
their inherent gap to capacity becomes large. The latter lower bounds are tighter for a BEC.

The paper is organized as follows: the results are presented in Section 2 and proved in Section 3.
Numerical results are exemplified and explained in Section 4. Finally, in Section 5, we present
interesting open problems. Throughout this paper, h(z) = —zlog(xz) — (1 —x)log(1 — x) designates
the binary entropy function to the base 2. The rate of a code and the capacity of a channel are
expressed in units of bits per channel use. Though throughout the paper we use the terms of bit
error probability and block error probability for all MBIOS channels, we note that for the case of
a BEC, the latter terms have the meaning of bit erasure probability and block erasure probability,
respectively.

! According to Theorem 5 in [7], the minimum distance of a cycle-free code is upper bounded by % (which does
not depend on n).



2 Main Results

Definition 2.1. Let {C,,} be a sequence of codes of rate R,,, and assume that for every m, the
codewords of the code C,, are transmitted with equal probability over a channel whose capacity is
C'. This sequence is said to achieve a fraction 1 —e of the channel capacity with vanishing bit (block)
error probability if lim,,_ Ry = (1 — €)C, and if there exists a decoding algorithm under which
the average bit (block) error probability of the code C,, tends to zero in the limit where m — oo.

Definition 2.2. Let C be a binary linear code of rate R and block length n, which is represented by
a parity-check matrix H. We define the density of H, call it A = A(H), as the normalized number
of ones in H per information bit. The total number of ones in H is therefore equal to nRA.

Theorem 2.1. Let {C,,} be a sequence of binary linear codes achieving a fraction 1 — ¢ of the
capacity of an MBIOS channel with vanishing bit error probability. Then, the asymptotic density
(A,,) of their parity-check matrices satisfies

K+ Kolnl
liminf A,, > St famg , (1)
m— 00 l1—¢
where
1-C)-In (515 - 2€ 1-C
Ky — ( ) (21n2 C ) Ky = 7 (2)
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and where C is the channel capacity, w £ %ffooo min (f(y), f(—y)) dy, and f(y) = p(ylz = 1)
designates the conditional pdf of the output of the MBIOS channel.? For a BEC, the coefficients
in (2) can be improved to

Ky = P'ln(l%ﬁ
<1—m-m(£;

where p designates the probability of erasure.
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Note that a-fortiori the same statement holds if we require that the block error probability tends
asymptotically to zero.

Theorem 2.2. For any MBIOS channel, there exists a sequence of ensembles of regular LDPC
codes which achieves under ML decoding a fraction 1 — ¢ of the channel capacity with vanishing
block error probability, and the asymptotic density of their parity-check matrices satisfies

K3+ Kylni
lim A, < fHzT hame

n—oo 1—¢
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where K3 and K4 are the following coefficients which only depend on the channel
1 2 1-C

(1—a)-e-ln(?1m;) +67 fa= (1—a)-C’-ln<ﬁ)‘

? Under the mild condition that f(y) > f(—y) for y > 0, then w = Pr(Y < 0|X =1)+1 Pr(Y = 0|X = 1), where
X and Y designate the input and the output, respectively, of an MBIOS channel. This condition is satisfied for e.g.
a BEC, a BSC with crossover probability less than %, a binary-input AWGN channel etc.

3The improvement for the BEC doubles the coefficient of the logarithmic growth rate (i.e., K2) of the lower bound
(1) as compared to (2), and it also increases the coefficient K1 by more than twice (since w = § and C =1 —p for
a BEC with erasure probability p). This indicates that the coefficients in (2) are not tight in general, but as will be
stated in Theorem 2.2, the logarithmic growth rate of the asymptotic density in the lower bound (1) reflects the real

behavior for any MBIOS channel.

K3 = max(&1,£2,83,84) + (5)




Here, C' designates the channel capacity and

( In (5(1_25)2111(1—5))
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where h=! : [0,1] — [0, %] is the inverse of the binary entropy function, and 0 <n < 1,0<a < 1

are arbitrary numbers.?

Based on Theorems 2.1 and 2.2, we derive bounds on the ratio between the logarithmic growth
rates of the upper and lower bounds on the asymptotic density (i.e., % where K> and K, are given

in (2) and (5), respectively).

Corollary 2.1. For any MBIOS channel, there exists a sequence of ensembles of regular LDPC
codes so that under ML decoding, the minimal value of % (with respect to a and 1 in Theorem 2.2)

satisfies
Ky 2In (%)

K> In <m) |

These lower and upper bounds on % are achieved for the BSC and BEC, respectively.

2<

(11)

However, we will see in Theorem 2.3 that for a BEC, the lower bound (1) with the improved
coefficients in (3) is tight by showing that up to a small additive constant, there is a sequence of
ensembles of right-regular LDPC codes which achieves this lower bound under iterative decoding.

From a point of view of code construction, the requirement of vanishing block error probability is
stronger than the same requirement on the bit error probability. Theorems 2.1 and 2.2 motivate
the following definition.

Definition 2.3. Let {C,,} be a sequence of binary linear codes which achieves for a corresponding
sequence of decoders {II,,} a fraction 1 — ¢ of the capacity of a BEC with vanishing block error
probability. The combined sequence {(Cy,,1I1,,)} is said to be asymptotically optimal if the codes
Cnm, can be represented by parity-check matrices whose asymptotic density fulfills the condition

K|+ Kylnl
limsup A,, < S

m—o00 1—¢ ’

4The parameter § equals a fraction of the normalized Gilbert-Varshamov minimum distance of a code of rate
R=C. If ¢ — 0 (i.e., the gap to capacity tends to zero), then the tightest upper bound (4) is achieved in the limit
where 7 — 1 and a — 0, since in the latter case the coefficient of In é (i.e., K4) is minimized.



where K is the same coefficient as in (3), and K 1 is a constant which does not depend on ¢ (K 1
may only depend on the channel, and from Theorem 2.1, K 1 > Kj).

Consider the sequence of ensembles of (n, Aq,n, pa) LDPC codes, introduced in [25]:

o SSN=L (@) (L1 )k+ gk )
AaN(z) = ?f:];((jig_i;]vﬂ , pa(z) =22, 0<a<l. (12)
N

Based on the proofs in [25], it can be verified that under iterative message-passing decoding and
a suitable choice of the parameters a and N, the sequence of ensembles of LDPC codes in (12)
achieves a fraction 1 — ¢ of the capacity of a BEC with vanishing bit erasure probability. For this
purpose, it is possible to choose the parameters in (12) as follows

P — ECRUEIES | N S B ()

where p designates the erasure probability of the BEC, ¢; = % el 0.5092, and ~ ~ 0.5772 is
Fuler’s constant. The following statement refines the analysis in the proofs of Proposition 1 and
Theorem 2 in [25],% and it also demonstrates the tightness of the lower bound (1) for the BEC.

Theorem 2.3. For the sequence of ensembles of LDPC codes in (12) used over a BEC with erasure
probability p, let

N 2 Ny(e,p) :max(’VI_CQ(p) : (i—p)(l—g)-‘ ’ [(1—]9)_117—‘) , 0= lnlgll]ip) , (14)

where co(p) = (1 —p)%z -6(7272_7)1’ (0<p<1).

This sequence of ensembles achieves a fraction 1 — e of the channel capacity with vanishing bit error
probability (as the block length tends to infinity) under iterative message-passing decoding.® The
asymptotic density of its parity-check matrices satisfies the inequality”

K1+ KaIn + g(e,p)

nh—>ngo A, < 1—¢ ) (15)
where K7, Ky are the coefficients in (3), and g(-,-) is the positive function
I—- 1- 1
gle.p) = ~— it (KI + Ky 1n> ' (16)
In () p e

The function ¢(-,p) is upper bounded by a function which only depends on p, and the increase in
(15) (as compared to the lower bound (1)) in the limit where capacity is achieved is

p-In (1*02(12-(1710))

lim g(e,p) = (17)

e—0+F (1-p)-In (ﬁ)

®The inequality derived in the proof of Theorem 2 in [25] refers to the average right degree (which is the normalized
number of ones in the parity-check matrix per parity bit). In our terminology, we normalize the number of ones in
this matrix per information bit, which implies the term 1 — € in the denominators of (1) and (15), since the rate of
the codes tends to 1 — € times the channel capacity.

5Based on the proof of Shokrollahi in [25], this property can be proved for other settings of parameters, e.g. (13),
but the significance of (14) is connected with the properties of the function g(-,-) in the continuation of this theorem.

"Inequality (15) becomes an equality when € — 0 (i.e. for the asymptotic case where capacity is achieved).




which is upper bounded for 0 < p < 1 by a constant (whose value is 0.5407).8

There also exists a sequence of ensembles of LDPC codes? which under iterative message-passing
decoding achieves a fraction 1 — ¢ of the capacity of the BEC with vanishing block error probability,
so that

K+ Koln L +g(¢',p) + 2
lim A, < £ ( ) 1=p

n— o0 1—¢

, (18)

where ¢’ < ¢, and €’ can be chosen to be arbitrarily close to e.

le=
2:e=
3e=
de=
5:e -

g(e, p) for Egs. (13), (16)
9(e, p) for Egs. (14), (16)

Figure 1: A comparison between the plots of the function g(e,) in (16) for the settings of the
parameters in (13) and (14) (which refer to the left-hand side plot and the right-hand side plot,
respectively). These plots are compared for the same values of €, and are depicted as a function of
the erasure probability (p) of the BEC (curves 1-4 are discontinuous because of the ceil operations
in (13) and (14)).

Corollary 2.2. On the BEC, the sequence of ensembles satisfying inequality (18) under iterative
message-passing decoding is asymptotically optimal in the sense of Definition 2.3.

Theorem 2.1 provides a lower bound on the asymptotic density of parity-check matrices for a
sequence of codes {C,,} whose average bit error probability tends to zero. The following theorem
can be used as a guidance for designing codes of a finite length over an MBIOS channel, where a
pre-determined block or bit error probability is desired.

Theorem 2.4. Let C be a binary linear code of length n and rate R, used over an MBIOS channel.
Let C' designate the channel capacity, and assume that the codewords of the code C are transmitted
with equal probability. Let ¢ be a positive number so that R = (1 — €)C, and let Pg (P,) be the

8Note that for the choice of parameters in (13), the limit lim,_ o+ g(e, p) tends to infinity as p — 0 (as reflected
from curve 5 in the left-hand side plot of Fig. 1). This motivated the choice of the two parameters o and N in (14).
We note that the small constant above can be further reduced in the limit where ¢ — 0: by choosing the parameters

m 1 In( —1—
in (12) to be N = max ( 1-calp )'élip)(lfs)—‘ ) ((1 —p)” P | ] (for an arbitrary positive value of m) and o = n(lnl]_vp)

(this selection of parameters yields that the sequence of ensembles (12) achieves a fraction 1—e¢ of the channel capacity

with vanishing bit error probability), it can be verified that for large values of m, the limit lim,_,o+ g(e,p) can be

made arbitrarily close to zero for all 0 < p < 1. However, for large values of m, the curves which refer to positive

values of € become considerably worse as compared to those in the right-hand side plot of Fig. 1 (referring to m = 1).
9This sequence is specified in the proof of Theorem 2.3 (see Section 3.3.2).



average block (bit) error probability of the code C under an arbitrary decoding algorithm.!® Then,
the density of every parity-check matrix which represents this code satisfies

1 1-C+eC
1-— (1 — S)C ln <2h’l ’ 5104-;2 )

2
A > : (19)
- 2(1-—
T ()
where w is defined in Theorem 2.1.
For the BEC with an erasure probability p, this lower bound can be improved to'!
p+e(1—p)
A (;119 + 5521_ p)) ' In ((1_p)161+52) (20)
P ()
In the lower bounds above, for a block error probability (Pg)
h( P
0 =e+ (1 - S)PB , 09 = (nB) s (21)
and for a bit error probability (F},)
51 =&, (52 = h(Pb) . (22)

We note that Theorem 2.4 refers to particular codes (as opposed to Theorems 2.1, 2.2 and 2.3 which
refer to sequences of codes or to sequences of ensembles of codes). The reason for this difference
is that in the first three theorems we require vanishing bit/block error probability, whereas in
Theorem 2.4 we allow a fixed positive decoding error probability. Clearly, Theorem 2.4 can be
also stated for sequences of codes, and then it extends Theorem 2.1 to the case where achieving
a fixed positive bit error probability is sufficient. We see that if ¢ < B, then the logarithmic
growth rate of the lower bound in Theorem 2.1 is replaced in Theorem 2.4 by a constant which
is dominated by P, the parameter w and the channel capacity (where the latter two parameters
depend on the channel). This phenomenon is attributed to the fact that in the latter case, there
is no need to increase the average right degree without limit (as opposed to the case where the bit
error probability should be arbitrarily small for sufficiently large values of the block length n).

The following theorem relies on Theorem 2.4, and presents lower bounds on the bit error probability
of binary linear codes which are represented by bipartite graphs with or without cycles. It refers
to the performance limitations of these codes over MBIOS channels (in terms of their bit error
probability and their gap to capacity). To this end, we define the normalized density of a parity-
check matrix and then express the following results in terms of the normalized density.

Lemma 2.1. Let C be a binary linear code of block length n and rate R, and assume that its factor
graph is a tree (where we only allow in this graph variable nodes and parity-check nodes). Then the
density of the parity-check matrix which represents this cycle-free code is equal to A = 228 — L

R nR?’
and it is therefore equal to Q;RR in the limit where n — oo.

Definition 2.4. Let C be a binary linear code of rate R, which is represented by a parity-check
matrix H whose density is A. We define the normalized density of H, call it t = t(H), to be
t= 2RfAR. This normalized density is therefore equal to the ratio of A = A(H) and the density of a
parity-check matrix which corresponds to a cycle-free code of asymptotically infinite block length

and of the same rate R.

9Ps (B,) can also denote an upper bound on the block (bit) error probability.
"¥or the BEC, the improvement in the lower bound (20) as compared to the lower bound (19) (where the latter
is valid for a general MBIOS channel) is at least by a factor of two.



Theorem 2.5. Let C be a binary linear block code of rate R which is used over an MBIOS
channel whose capacity is C. Assume that the codewords of the code C are transmitted with equal
probability. Let H be a parity-check matrix which represents the code C, and t be its normalized
density. Then under any decoding algorithm, the bit error probability (/) of the code C satisfies

the inequality

1 22-R)t
WBy) 2 R=C 4 gz (1= R)- (1 - 2w) =R . (23)

where w is the same as in Theorem 2.1.
For a BEC with erasure probability p, the lower bound on B, is improved to

(2—R)t

hWB)=zR=-(1-p)+(1-R)-(1-p) =7 . (24)

Let e = 1— £ for R < C. Then, the lower bounds (23) and (24) are meaningful (i.e., the right-hand
sides of (23) and (24) are positive) for € < gy where

1 1
Eo — 1-— 5 1-— 2t(2—C) ’ (25)
1 (;) 'W<t-ln(172w)-(1f2w) 1-C
1-C 2t In(1—2w) In2-(1-C)
and W (-) in (25) designates the Lambert W-function [28].
For a BEC with erasure probability p, the value of ¢g is improved to
1 1
g=1—-—]1- . (26)
L=p L (o )wvcwhmﬂwﬂH“>
p tIn(1—p) P

Corollary 2.3. Let {C,,} be a sequence of binary linear codes, achieving a fraction 1 — ¢ of the
capacity of an MBIOS channel with vanishing bit error probability. Then & > ¢y under ML decoding
(or any other decoding algorithm), where ¢q is introduced in (25) and improved for a BEC in (26).

We note that a direct consequence of Lemma 2.1, Definition 2.4 and Theorem 2.5 yields the following
result for cycle-free codes:

Corollary 2.4. By settingt =1— ﬁ, the results in Theorem 2.5 are valid for cycle-free codes.
Similarly, by setting ¢t = 1, the conclusion in Corollary 2.3 is valid for a sequence of cycle-free codes
with vanishing bit error probability (since the block length tends to infinity in the latter case).

Intuitively, the number of cycles in a bipartite graph is expected to increase with ¢ (i.e., for a
bipartite graph Which is cycle-free and connected, we obtain from Lemma 2.1 and Definition 2.4
that t =1 3 By increasing the value of ¢ above this number, one would expect that the
increasing numi)er of edges which connect variable nodes and parity-check nodes in the graph will
also increase its number of cycles). For a quantitative measure of this argument, we present here
relevant definitions from graph theory (see e.g. [9]).

Definition 2.5. Let G be an arbitrary graph with |Vg| vertices, | Eg| edges and C(G) components.'?
The cycle rank of G, denoted by 5(G), equals to the maximal number of edges which can be removed
from the graph without increasing its number of components (so that it remains to be C(G)).

121f G is a connected graph then C(G) = 1.
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From Definition 2.5, it is clear that the cycle rank is a measure of the edge redundancy with respect
to the connectedness of the graph G. It is easy (see [9, p. 154]) to verify that

B(G) = |Eg| — [Va| + C(G). (27)

Definition 2.6. Let G be an arbitrary graph. The full spanning forest F' of the graph G is the
remaining part of G after removing the 3(G) edges in Definition 2.5. Clearly, the number of
components of F' and G is the same (i.e., C(F) = C(Q)).

Definition 2.7. Let F be a full spanning forest of a graph G, and let e be any edge in the relative
complement of F. The cycle in the subgraph F +e (whose existence and uniqueness are guaranteed
by Theorem 3.1.11 in [9]) is called a fundamental cycle of G (associated with F').

Definition 2.8. The fundamental system of cycles of a graph G which is associated with a full
spanning forest F' is the set of all fundamental cycles of G associated with F.

In our context, let G be a connected bipartite graph of a linear block code C of block length n and
rate R. Let ¢ be the normalized density of the parity-check matrix which corresponds to GG. Since
the number of edges in the graph G is |Eg| = (2 — R)tn, the number of vertices is |Vg| = (2 — R)n
(i.e., n variable nodes and (1 — R)n parity-check nodes), and C(G) =1 (since we assume that G is
a connected graph), then from Eq. (27), one calculates the cycle rank of G, which is also equal to
the cardinality of the set of the fundamental cycles of GG. This leads to the following result

Corollary 2.5. Let C be a linear block code of length n and rate R which is represented by a
parity-check matrix whose normalized density is ¢. Then the cardinality of the fundamental cycles
in the corresponding bipartite graph (i.e., the cycle rank) is given by

B(G) = (2~ R)(t —1)n+1. (28)

We note that for a cycle-free code (so that from Lemma 2.1 and Definition 2.4, t = 1 — m),
one obtains from Eq. (28) that 5(G) = 0 (as could be expected). From Eq. (28), the cardinality of
the fundamental set of cycles increases linearly with the normalized density ¢, which agrees with
the intuition that the larger is the normalized density of a parity-check matrix, one would expect
an increased number of cycles in the corresponding bipartite graph which represents the code. In

this context, we also refer the reader to [7, Section 5-BJ.
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3 Proofs of the Theorems in Section 2

3.1 Proof of Theorem 2.1

The first part of this proof refers to a general MBIOS channel, and the second part refines the
bound on the asymptotic density for a BEC.

Let w,, = (uy,u2, - ,up,, ) be a codeword of the code C,, which is transmitted over an MBIOS
channel, and let v,,, = (v1,v2,- -+ ,vp,,) be the received sequence. Let k designate the degree of a
specific parity-check node in the representation of the code C,, by a bipartite graph, let dj,, be the
fraction of the parity-check nodes of degree k, and let R, be the rate of the code C,,. Based on [4,
Theorems 1 and 2] (see [4, Egs. (14) and (15)] for the right-regular case, where the transition to
the irregular case is immediate), one obtains that

I—W21—C—(1—Rm)-2{dk,m-h<1_(12_2w)k>}- (29)

k

Since the function f(x) = h <M> (for x > 0) is concave for every 0 < w < % we obtain

by Jensen’s inequality that

ol 5 1o 1y (L0200 30)

Nm, 2

where ag(m) = Y, kdy,, denotes the average right degree.

Since the sequence {C,,} achieves a fraction 1 — ¢ of the channel capacity with vanishing bit
error probability, then according to Definition 2.1, there exists a decoding algorithm (e.g., ML
decoding) so that the average bit error probability of the code C,, tends to zero as m gets large,

and lim,, oo Ry = (1 —€)C. Let Péi) (m) designate the bit error probability of the digit u; in the
nm (%)
code Cp, (where 1 <1i <mn,,), and P,(m) = w be the average bit error probability, then

m

H(um|vm) @ Z?:"iH(ui\vm,ul,...,ui,l)
(;) Lz} Hulv)
Ay (31)
9 Z?:”ithé”(m))
(d)
< h(Py(m)),

where equality (a) is based on the chain rule for the entropy, inequality (b) is since conditioning
reduces the entropy, inequality (c) follows from Fano’s inequality and since the code Cy, is binary,
and inequality (d) is based on Jensen’s inequality. This implies that if the bit error probability of
H(up|vim) 0

a sequence of binary linear codes {C,,} tends to zero (as m — o0), then lim,,
Nm

By letting m tend to infinity, we obtain from Eq. (30) that

1—0—(1—(1—5)0)'h<1_(1_2W)aR(OO)>§0, (32)

2

27 2In2 1—-2w (1—-2w)=
monotonically decreasing function on the interval [0,00), and therefore f”(z) < 0 for z > 0. If w = 1,
constant.

131f 0 < w < I, the function f(-) is concave since f'(x) = (1= 2uw) -ln( L ) -ln( (1= 2w) )
f0)
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where ag(0o) £ liminf,, .o, ag(m). For the continuation of the proof, we prove the following
lemma.

Lemma 3.1. h(z) <1— % (3 —z)?for 0 <z < 1.
Proof. Define the function m(z) = h(z) — [1 — 2 (53— x)ﬂ for 0 < 2 < 3. The first three

derivatives of m(-) are

1 1
2~ (1-x)2
In2

1 1
4- (5+m>
In2

In (%) —2(1 - 2z)
In 2 ’

- ) =

m//(x) —

m/(z) =
The third derivative of m(-) is positive on the interval (0, %) and vanishes at x = %, and therefore
the second derivative of m(-) is monotonically increasing on the interval (0, 3]. Since m”(3) = 0,
then m”(z) < 0 for 0 < z < % (with equality if and only if 2 = ), which yields that the first
derivative of m(-) is a monotonically decreasing function on the interval (0, 1]. Since the derivative
of m(-) also vanishes at z = %, then it yields that m/(z) > 0 for 0 < z < 3, and therefore m(-) is
a monotonically increasing function on the interval (0, 1]. Finally, since m(3) = 0, then it yields

thatm(x)g()forogxgé. ]

Based on Lemma 3.1, it follows that h (M) <1- ﬁ (1 = 2w)?or(®) for 0 < w < %
The substitution of this upper bound on h(-) in the left-hand side of Eq. (32) yields that

ol (L 59)
B 21n (ﬁ)

Since ag(m) and A,, designate the normalized number of ones in a parity-check matrix which
represents the binary linear code C,, (where the normalization is per parity bit or per information

bit, respectively), then A, = (1;%%") agr(m), and

ag (oo

o B 1-(1-¢)C
lﬁlgof A, = <(1—5)C> ar (o)
(1-0C)-ag(0)
- (1—-¢)C

1-C (g5 '5F)
(1-e)C 91 (ﬁ)

which yields the lower bound (1) with the coefficients K7, K5 in (2).

\%

For the BEC, we will derive a lower bound on % in a different way. For the sake of notational

simplicity, we will replace u,, and v,, by U aundi7 respectively. In the following derivation, let
K and E designate the random vectors which indicate the positions of the known and erased
digits in the received vector (V), respectively (note that knowing one of these two random vectors
implies the knowledge of the other vector). The random vector Vg denotes the sub-vector of V
with the known digits of the received vector (i.e., those digits which are not erased by the BEC).
Note that there is a one-to-one correspondence between the received vector V and the pair of
vectors (Vk,E). We designate by Ug and Uk the sub-vectors of the transmitted codeword U,
such that they correspond to digits of U in the erased and known positions of the received vector,
respectively (so that Ux = Vk). Finally, let Hg denote the matrix of those columns of H (a

13



parity-check matrix representing the code C,,) whose variables are indexed by E, and |e| denotes
the number of elements of a vector e. Then

H(U|V) = H(U|Vk,E)

H(Ug,Uk|Vk,E)

H(Ug|Vk,E)

> vieP(Vk.e)  HUg|Vk = v, E=e) (33)
= YvieP(Vk,e) - (le[ —rank(He))

= Y.op(e) - (le| —rank(He))

= Npmp— ) o p(e) - rank(H) .

Note that the rank of He is upper bounded by the number of non-zero rows of He which is equal
to the number of parity-check nodes which involve erased bits (the summation )  p(e) - rank(He)
is therefore upper bounded by the average number of parity-check sets which involve erased bits).
If a parity-check node is of degree k, then the probability that it involves at least one erased bit is
equal to 1 — (1 —p)*. The average number of the parity-check nodes which therefore involve at least
one erased bit is equal to 1y, (1 — Rp) Yo dim (1 — (1 — p)¥) (where as before, dj,,, designates the
fraction of parity-check nodes of degree k), and therefore

> “ple) - rank(He) < np(1 — Rpy) <1 =) dim(1 - p)k> . (34)
e k

From Jensen’s inequality, it follows that

D dim(1—p)F > (1 —p)ntm (35)
k

where ag(m) = Y, kdk . is the average right degree. Egs. (33), (34) and (35) yield that
H(um|vm)

N'm

>p— (1= R)- (1= (1= p)=). (36)

If {C) } is a sequence of codes which achieves a fraction 1 — e of the channel capacity with vanishing

bit error (erasure) probability (i.e., limy, o0 Ry = (1 —¢)(1 —p) and the bit error probability of the

sequence of codes {C,,} tends asymptotically to zero), then from Eq. (31) lim;,,—c Hlumlvm) —

Nm,
In(14+—-2— In( —-2—
From Eq. (36), this implies that ar(co) £ liminf,, . ar(m) > n(l 5(117”)> > 1(5(11;;))‘ Since
N1 N1
A, = (iﬁi’") -ag(m), it follows that lim inf,, e Ap, > (7(1_],)’}1_5)) ag(00), which yields Eq. (1)

with the improved coefficients K7 and K» in Eq. (3).

A consequence of the proof of Theorem 2.1

Based on the proof of Theorem 2.1, we prove and discuss an upper bound on the asymptotic rate
of every sequence of binary linear codes for which reliable communication is achievable. The bound
refers to optimal ML decoding, and is therefore valid for any sub-optimal decoding algorithm.
Hence, the following result also provides an upper bound on the achievable rate of ensembles of
LDPC codes under iterative decoding, where the transmission takes place over an MBIOS channel.

Corollary 3.1. Let {C,,} be a sequence of binary linear codes whose codewords are transmitted
with equal probability over an MBIOS channel. Let dy, ,, be the fraction of the parity-check nodes of
degree k in a representation of the code C,, by a bipartite graph, and define w as in Theorem 2.1.14

“For a sequence of ensembles of binary linear codes {Cy.}, we denote by dx.. the probability of picking (with a
uniform distribution) a parity-check node of degree k from a bipartite graph which represents a code in the ensemble
Cm.
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Then, a necessary condition on the achievable rate (R) for reliable communication is

1-C 2w
R<1- 37
- - >k drm b <71_(1_2w)k> C 1= kg (1= 2w)F (37

2

in the limit where m — oo. The necessary condition in Eq. (37) can be loosened to

1-C 2w

RSl—maX h<w)7 1_(1_2w)aR(m) )
2

(38)

where ag(m) £ > i kdp.m denotes the average right degree of the bipartite graph of the code Cp,.
Otherwise, under any decoding algorithm, the average bit error probability of the codes in the
sequence {Cp,} is bounded away from zero by a constant which is independent of m.

For a BSC with crossover probability p (where p < %) or a BEC with erasure probability p, Eq. (38)
is equivalent to

h(p) p
R<1- or R<1— (39)
= 1—(1—2p)*R(™) - 1—(1—p)ar(m)’
p () (1-p)
respectively.
Proof. From Egs. (29) and (31), one obtains that
1—(1—2w)k
M) 1€ = (1 R i ((2)) . (40)

Under the assumption of vanishing bit error probability (i.e., lim,, ., P,(m) = 0), it follows from
Eq. (40) that
1-C

Y dn (71*(1;2“’”)

where R £ lim,,—o0 Ry is the asymptotic rate of the sequence.

Based on the erasure decomposition lemma [20, Appendix B], an arbitrary MBIOS channel is
physically degraded with respect to a BEC whose erasure probability is p = 2w (according to the
notation in [20], the equality w = Ps(f) holds with the definitions of f(-) and w in Theorem 2.1
here). Let u,, designate a transmitted codeword in the code C,,, and let v,,, and z,, designate the
received sequence at the output of the BEC above and at the output of the considered MBIOS
channel, respectively. Based on this notation, one obtains that I(wm;vy) > I(Wm;2zm) where
we rely here on the erasure decomposition lemma and the data processing theorem. The latter
inequality implies that

R<1

(41)

H(up|vy) < H(uy|zn). (42)
Based on Eq. (31) .
Wkt < bpym) (43)

where P, (m) is the bit error probability of the code Cp, at the output of the (original) MBIOS
channel, and n,, is the length of the code C,,. Moreover, based on Egs. (33) and (34)

HUnlVin) 5 o (1 R,y (1 = g (1 - 2w)'“> (44)
k

N'm
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where p = 2w is the erasure probability of the BEC in the erasure decomposition lemma. From
Egs. (42), (43) and (44), it follows that

h(Po(m)) > 2w — (1 — Ry) - (1 =S i (1— w) . (45)
k

The necessary condition for reliable communication with vanishing bit error probability which then
follows from Eq. (45) is
2w
1= dem (1— 2w)k’

Finally, Eq. (37) follows immediately from the necessary conditions which are imposed in Eqgs. (41)
and (46). Jensen’s inequality and the explanation in footnote 13 justify that the necessary condition
in Eq. (38) is loosened as compared to that one in Eq. (37).

The transition from Eq. (38) to Eq. (39) is based on the equalities w = min(p, 1—p) and C = 1—h(p)
for a BSC with crossover probability p. For a BEC with erasure probability p, the equalities w = &
and C'=1 — p hold, and we also rely on the inequality h (177‘”) >l—zxzfor0<z<l.

R<1

(46)

(I

Corollary 3.1 provides a generalization of the statement in [8, pp. 37-38] which was proved by
Gallager for right-regular LDPC codes used on a BSC, and was extended by Richardson et al.
[20] for the case where ar(m) designates the maximal right degree. Corollary 3.1 asserts that this
conclusion is also valid with respect to the average right degree, and not only that the block error
probability is bounded away from zero by a constant which does not depend on the block length n
(as was stated in [8] and [20]), but also the bit error probability has the same property. Eq. (37) in
Corollary 3.1 suggests an improved upper bound on the rates for which reliable communication is
achieved, where the improvement is with respect to Eq. (16) in [4] (this improvement is pronounced
for a BEC and is not useful for a BSC, see Eq. (39)). We note that under iterative message-passing
decoding, refined bounds on the achievable rates of LDPC codes used over a BEC were derived
in [1] (for a BEC, the bound in Corollary 3.1 coincides with the bound of Shokrollahi [25] and
with the zero-order bound in [1]). However, the bound in Corollary 3.1 differs from the bound of
Shokrollahi and the refined bounds in [1] in the sense that the latter bounds apply to the sub-
optimal iterative message-passing decoding algorithm, and they are high probability results which
rely on the density evolution over a BEC. We also note that in the limit where the sequence of
codes achieves the capacity of a BEC (which then yields that their average right degrees tend to
infinity), the refined bounds on the achievable rates in [1] and the bound presented in Corollary 3.1
asymptotically coincide, but the latter bound is stronger in the sense that it applies to ML decoding
(and not only to sub-optimal iterative decoding), and since it also applies to every sequence of binary
linear codes.

3.2 Proof of Theorem 2.2

The weight distribution of linear block codes plays a crucial role in their performance analysis
under ML decoding (see [24] and references therein). Gallager has derived an upper bound on the
average weight distribution of an ensemble of regular LDPC codes; the bound provides the correct
behavior of the exponential growth rate of their average weight distribution [8, pp. 14-16]. For
a given value of the code rate and an increasing right degree, the average weight distribution of
Gallager’s ensemble of regular LDPC codes approaches the binomial distribution (see [14], where
the latter distribution characterizes the average weight distribution of fully random block codes).
We provide here a quantitative measure of this observation (see Proposition 3.1), and apply it to the
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performance analysis of Gallager’s ensemble under ML decoding. For an arbitrary MBIOS channel,
an upper bound on the decoding error probability which combines the Shulman and Feder bound
[27] with the union bound provides for two ensembles of LDPC codes the same asymptotic behavior
as the lower bound (see [17]). Following Miller and Burshtein [17], and based on tight bounds on
the exponential growth rate of the average weight distribution of Gallager’s ensemble (which are
derived in subsection 3.2.1), we determine the parameters of a sequence of Gallager’s ensembles so
that it achieves a fraction 1 — € of the channel capacity of an arbitrary MBIOS channel. Finally,
we verify that the asymptotic density of the parity-check matrices which represent this sequence
satisfies inequality (4), and therefore their asymptotic density behaves similarly to the information
theoretic lower bound (1). We note that for fully random block codes, the Shulman and Feder
bound [27] coincides with the random coding bound of Gallager, and therefore the former bound
achieves the channel capacity of an arbitrary MBIOS channel.!®

3.2.1 Derivation of simple and tight bounds on the exponential growth rate of the
weight distribution

Consider Gallager’s ensemble of (n, j, k) LDPC codes (where j and k designate the number of ones
in every column or row, respectively, of a parity-check matrix which represents a code from this
ensemble) [8]. The rate R of this ensemble is at least 1 — %, and it follows from the analysis in [8]
that the asymptotic exponential growth rate of the average weight distribution of this ensemble is

r(6) :j(ﬂk}is) — 55+ (1 - %) 1n2> — (j — 1) he(6), (47)

where § (0 < § < 1) is the normalized Hamming weight of the codewords with respect to their block
length n, r(-) is the exponential growth rate of the average weight distribution (i.e., the average
number of codewords of Hamming weight | = nd is N(I) = exp(n r(d)) ), he(-) designates the
binary entropy function to the natural base, and

(1zes>k+<1;€s>k]. (48)

The parameter s (—oo < s < 00) in (47) is related to ¢ so that

p(s) = In

pe(s) = ko (49)

where y () designates the derivative of yu,(-) [8]. In order to proceed in our analysis, we will derive
in this subsection simple bounds on the exponential growth rate of the average weight distribution

r(-) which become very tight for large values of k. By the substitution u = };Zi (or equivalently
s=1In (Lj—ﬁ) where —1 < u < 1), Eq. (49) is converted to the polynomial equation
(1—20)uf —u*t —u4 (1-20)=0. (50)

We provide here three lemmas which we will rely on later in this subsection.

5The interested reader is referred to Appendix A in [24] which provides a generalization of the Shulman and
Feder bound [27], and considers its error exponent. We note that the latter bound is a particular case of the DS2
bound (a generalization of the second version of Duman and Salehi bounds) [24]. However, as will be clarified in the
continuation of this proof, the utilization of a combination of the Shulman and Feder bound and the union bound
provides a sufficiently tight bound for our purpose.
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Lemma 3.2. Let k > 2 be an integer and § € (0,1). Then there exists a unique root u* = u*(6)
of the polynomial equation (50) which is in the interval (0, 1), and it satisfies the inequality

(1-28) [1—-2(1—-26)F?] <u* <1-20. (51)

The transformation s* = In G;Z) yields that

§ . ) 2(1 — 25)k1
Proof. Define the function f(u) = (1 — 26)u* — uF~! —u + (1 — 26) for u € [0, 1].
If0o<d < % then f(0) = 1—20 > 0 and f(1) = —46 < 0, so there exists a root of the

polynomial equation (50) inside the interval (0, 1). The uniqueness of this root is proved by showing
that the function f(-) is monotonically decreasing in the interval [0, 1]: the derivative of f(-) is
f'(w) = kub=2 [(1—28)u—1] + w2 —1. For u € [0,1] and k > 2, u*2 — 1 < 0, and also for
0<d<3andue€(0,1], kub~2 [(1—26)u—1] < 0. This yields that f/(u) < 0 for u € (0,1), which
therefore implies the uniqueness of a root u* = u*(d) of equation (50) inside the interval (0, 1).
The polynomial equation (50) is equivalent to the equation [(1—28)u— 1Ju*~! = u— (1—24). Since
[(1—28)u—1] uF~t < 0 for & € (0, ) and u € (0,1) (and in particular for v = u*), then u* < 1—20
(thus proving the upper bound on u* in (51)). To derive the lower bound on u*, lets assume that
u* =1—2§ — gq is the unique solution of (50) in the interval (0,1 — 24) (so that 0 < g9 < 1 — 20).
The substitution of u* in (50) gives

£ k—1
[46(1 — ) + eo(1 — 26)] (1 —25)F! (1 - 1_025> =e0- (53)

k—1
Since 0 < ( 15025) < 1and 0 < 45(1 — 8) + o(1 — 26) < 2, then Eq. (53) implies that

g0 < 2(1 — 20)k~1, which yields the lower bound on u* in (51). The function s = In G+Z>

is monotonically decreasing in the interval (—1,1), so based on the upper bound on u* in (51),
s* > 1In (M) =In ( ) Since kK > 2 and 0 < § < 2, then from the lower bound on u* in

1+(1-29)
Eq. (51
s = In (1 )
1—(1-25)(1—2(1—26)k—2)
< hl(l 1-26)(1—2(1—20)F~ 2))
- 1 +(1-26)k—1
= = 5 - 25)k T
s (120" %
NSl e
< In (ﬁ) + 1 (1=20)k=1
1-6
5 (1— 25 gzt
< In (ﬁ) o - = e
1
_ 2(1— 25)
= In (1 5) + 20220
which prove the bounds on the parameter s* in (52). O

Lemma 3.3. Let k be an even number. Then r(-) is symmetric around § = 3, i.e., r(8) = r(1—9).
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Proof. Since k is even, the all-one word is a codeword, and therefore, by linearity, N (1) = N(n —1).

This implies that r(¢§) = r(1 —§) where § £ L (0 <5 < 1). O
Lemma 3.4. Let the function gy ,(s) = ”’“T(S) —vs be a function of a real parameter s where k > 1

is an integer, v is a real number, and the function p(-) is defined in (48). Then the maximal value
of gi,(-) in any closed interval is achieved at one of its endpoints.

Proof. By differentiating twice the function gy ,(-), one obtains that

Tno(8) = 7L - exp (pp—2(s) — pr(s) + 2s),
which is non-negative for —oo < s < oco. This yields that the function g, (-) is convex, and
therefore the maximal value of g, (-) in any closed interval is achieved at one of its endpoints. [

At this stage, we are ready to derive simple and tight bounds on the exponential growth rate r(-)
of the average weight distribution of Gallager’s ensemble of LDPC codes.

Proposition 3.1. Consider Gallager’s ensemble of (n, j, k) regular LDPC codes, and let R = 1— %
be the asymptotic rate of this ensemble. Let &y € (0, %) be chosen arbitrarily, and suppose k > 2 is

ln<21u>
an even number satisfying k > 2(J) (where z(u) = u(lln(min()" ) for 0 <u < 3).

1-2u

Ifdp << %, then the asymptotic exponential growth rate r(-) of the average weight distribution
of this ensemble satisfies

he() — (1 — R)In2 < #(8) < he(d) + (1 — R) [m (M) + kS (eXp (%) . 1)] (54)

where h.(-) denotes the binary entropy function to the natural base. If % < § <1 -, then
r(6) =r(1 —9).

Proof. The lower bound on r(-) is provided for completeness, as we only need the upper bound
in the next subsection. It is well known that the exponential growth rate of the average weight
distribution of Gallager’s ensemble of LDPC codes is not below the one which corresponds to fully
random codes (they coincide at § = %, and otherwise (for other values of ¢ in the interval [0,1]),
the former exponent is strictly bigger than the latter exponent).'® Since the weight distribution of
fully random codes is binomial, then this immediately implies the lower bound in (54).

We will now prove the upper bound in (54): Let s; and s, be the lower and upper bounds on s*
which are provided in (52), respectively. Based on (47), the bounds on s* in (52), and Lemma 3.4,

it follows that if dg < 6 < % then

r(5) < j [max (“’“l(jl) ) “’“E:U) - su5> +(1- %) 1n2} G =1) k), (55

where from (52), s; = In (%) and s, = In (%—5) + %'

Since R=1— % is the asymptotic rate of Gallager’s ensemble, then a short calculation reveals that

j<ﬁ%]isl) I (1 _ %) 1n2> —(j = 1) he(8) = he(6) + (1 = R) - 1In <1+(12_25)k> . (56)

16This phenomenon is illustrated in Fig. 1 of [23], and it is also illustrated there that as the values of j and k are
increased so that % = 1 — R, then the average weight distribution of Gallager’s ensemble of (n, j, k) regular LDPC
codes approaches more and more to the binomial distribution of fully random codes. The bounds in (54) provide a
quantitative meaning to the latter phenomenon.
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It can be verified that z(-) is a monotonically decreasing function in the interval (0, %) Therefore,
if k > z(0o) as assumed in this proposition, then it implies that k > z(6) for § € [y, ), which

is equivalent to fulfilling the condition % - exp (2“_2(5&) < 1 for these values of § (with an

equality if § = %) Calculations (which are presented in Appendix A) show that if 0 € [do, %]

j<ug€> —su+ (1-1) 1n2> ~ =D R() (57)
<

k
he(6) + (1= B) In (BL200) 4 (1 — R)s - <6Xp<2(1_?)“) _1>.

The combination of the results in (55), (56) and (57) yields the upper bound on 7(-) in (54).
The symmetry of r(-) around one-half is a direct consequence of the fact that k is even (see
Lemma 3.3). O

3.2.2 Performance analysis under ML decoding

Following Miller and Burshtein [17, Theorem 1], our performance analysis under ML decoding
combines the union bound with the Shulman and Feder bound [27]:

Let U C {1,2,--- ,n} and denote the complementary set by U¢. The following upper bound on the
average block error probability under ML decoding was derived in [17] for a binary linear code (or
an ensemble of such codes) of block length n and a number of codewords M = 2% which is used
over an MBIOS channel:

Py < S {NQ)D'} + 2B e (58)
leU
where
N 2n
a = max (© (59)

ZEUCM—I‘@’

E,(+) is the random coding exponent, and D = >, Vp(yl0)p(y[1).

For fully random codes, if we set U to be the empty set then the upper bound (58) coincides with
the random coding bound (and it therefore achieves the channel capacity).

Let &y € (0,3) be an arbitrary number (§y will be determined later in this proof), and define

U£{l:0< % <dg or 1 —9p < % < 1}. Since N(l) = nr(9) and () = e™he(®) where § £ L, then

n

1
lim =% = 1 (8) — [he(éo) ~(1-R) In 2}, (60)
n—oo N
since the weight distribution of Gallager’s ensemble of LDPC codes deviates further from the
binomial distribution as 6 moves away from %, and since from Lemma 3.3, the function r(-) (and
he(+)) are symmetric around one-half if k& > 2 is an even integer. Under the assumptions in

Proposition 3.1, by combining Egs. (55), (56), (57) and (60), one obtains that

lim 2% < (1- R) [m (1 T(1- 250)’“) + kb - <exp <2(1_25°)“) . 1)] . (61)

n—oo N 60

As we are interested in constructing a sequence of ensembles so that it achieves a fraction 1 — & of
the channel capacity, then based on the error exponent of the second term in the upper bound (58)
and inequality (61), it suffices that

(1-R) [m (1 v (1- 250)’f) + kb - <exp (W) - 1)} <eCln2, (62)
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where Eq. (62) follows from the fact that the random coding exponent Ey(R) is positive for R < C.
Then we need to determine the parameter dy so that the first term (the union bound) in the upper
bound (58) will tend asymptotically to zero. It is shown in Appendix B that if k satisfies the
requirements in (B.3) and (B.6) (with the coefficients in (B.7)), then it also satisfies (62).

Let n € (0,1) be chosen arbitrarily, and define 6y = -h~(1—C). As §y was defined independently
of ¢, and it is strictly smaller than the normalized Gilbert-Varshamov distance, the asymptotic
normalized minimum distance of a typical code in the ensemble of Gallager’s LDPC codes is above
dp for large values of k, and therefore r(d) < 0 for § € (0,dp]. Based on the upper bound on r(-) in
(54), in order to ensure the latter condition, we impose the following stronger requirement on k

he(60) + (1 — R) {m (M) + k6o <exp <2(1_§050)k—1> _ 1)] <0 (63)

It is shown in Appendix B that if k satisfies (B.3) and (B.9), then it also satisfies (63).

So far we have derived conditions on the parameter k which ensure that the second term in the
upper bound (58) tends asymptotically to zero for all rates R which do not exceed a fraction 1 — e
of the channel capacity (and the convergence in this case is exponential in the block length n). We
need also to verify that the same is true for the first term in the upper bound (58):

Based on [8, Theorem 2.4], the minimum distance distribution function of Gallager’s ensemble
of (n,j,k) LDPC codes has the property that there exists a positive constant d;; so that the
probability of having codewords whose normalized Hamming weight is below this constant converges
asymptotically to zero, and the asymptotic behavior of this convergence is upper bounded by

k=l 4o ( L ) (if j > 3, then the above probability tends asymptotically to zero). Since

2ni—2 nj—2
» N(@OD'

leu
<2 Y N@OD'
I: L<so
<2| > NOD'+ N(I)D'
I: L<s; 1: 6, <L <do

k—1 1 —_

< 2 +o (nj—2> +2 N(l)D
1: 6 <L <59

k—1 1
< i3 +o (nj_2> + 2ndy - exp (n . éjf%%é&o r(5)>

where we used in the last transition the fact that D <1, and upper bounded 3, 5 1 _4, N(1)D!
cYhR—=n

by the expression ndo - maxs; , <5<s, N (no).

Since maxse(s; , 5, 7(0) < 0 (from the construction of dp), then it follows that also the first term in
the upper bound (58) indeed converges to zero as n — oo, and therefore the same is true for the
overall upper bound on the block error probability in (58). However, we note the convergence of
the first and the second terms of the upper bound (58) are different: The convergence of the first
term is polynomial in the block length, and the convergence of the second term is exponential in
the block length, so the overall bounds tends to zero polynomially in the block length.

From the discussion so far, it follows that if k satisfies the requirements in Proposition 3.1, (B.3),
(B.6) and (B.9), and j > 3 satisfies the requirement in Proposition 3.1 (i.e., R = 1—# or equivalently
j = (1—=R)k), then the sequence of Gallager’s ensemble achieves the required fraction of the channel
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capacity, and the asymptotic degree of the parity-check nodes of this sequence of ensembles is k.
By choosing the minimal value of & which satisfies all these requirements, it can be verified that

k S Aln <i> + C- max(£17£27§37§4) + 27

where &1, &9, &3, &4 are defined in Theorem 2.2 and A is defined in (B.7), and the +2 in the last term
above results from the requirement in Proposition 3.1 that k is an even positive integer. Then, the
resulting asymptotic density of the parity-check matrices which represent the considered sequence
of ensembles is

(1-R)k

R

_ (1-(1-5)0O)
- (1-¢)C
A(l-C 1—(1—¢)C
D m(Y) + A e m(d) + [C'max(fl,fz,ﬁg,&;) +2} - (7(1(75)% )

lim,,—oo Ap,

—
o
Na

IN

A0 (4) + Ay + e [ max(&n, &, 6,60) + 2]
= (AL (1) + e .60 + 5+ )
= & (Kqlni+Kj),

‘ =T

—~
=
—_

where inequality (a) follows from the inequality € In (é) < % for 0 < e < 1, and equality (b) follows
from Egs. (5) and (B.7). This completes the proof of Theorem 2.2.

Proof of Corollary 2.1
Since Ky and Ky are the coefficients of In2 in the lower bound (1) and the upper bound (4) on

the asymptotic density, respectively, then we are interested to obtain bounds on the ratio % for
an arbitrary MBIOS channel. From Egs. (2) and (5)

Ky QIH(ﬁ)
Ky (I1—a)ln (ﬁ)

The minimal value of % is achieved in the limit where a — 0 and 7 — 1 (see Eq. (10)). In order
to proceed in our proof, we will first prove the following lemma.

(64)

Lemma 3.5. For an arbitrary MBIOS channel, the channel capacity satisfies the inequality
1—h(w)<C<1-2w

where w is introduced in Theorem 2.1. Moreover, the upper and lower bounds on the channel
capacity are achieved for a BEC and for a BSC, respectively.

Proof. From the erasure decomposition lemma [20, Appendix B], an arbitrary MBIOS channel
can be decomposed to a BEC with erasure probability 2w which is followed by another MBIOS
channel. From the data processing theorem, it follows that C < 1 — 2w, and clearly equality is
achieved if the MBIOS channel is a BEC. On the other hand, assume that an arbitrary MBIOS
channel (whose binary input is x, its output is y, its capacity is C, and its conditional probability
distribution is p(y|x)) is followed by a channel whose output is +1 or —1 if p(y|z = 1) > p(y|z = 0)
or p(ylx = 1) < p(y|z = 0), respectively, and whose output is equally likely +1 or —1 if the equality
p(ylr = 1) = p(y|x = 0) holds. Then, from the symmetry property of the former channel (i.e., since
the equality p(y|z = 1) = p(—y|z = 0) holds for all y), it follows that the equivalent channel is a
BSC whose crossover probability is equal to w (and whose channel capacity is equal to 1 — h(w)
bits per channel use). From the data processing theorem, one obtains that C' > 1 — h(w), and
equality is clearly achieved if the MBIOS channel is a BSC. 0
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From Lemma 3.5, since C' > 1— h(w), then Eq. (10) implies that w > ¢ (which becomes an equality
for a BSC). Eq. (64) then yields that % > 2 (with an equality for a BSC where also a — 0).
On the other hand, from Lemma 3.5, the inequality C < 1 — 2w holds for an arbitrary MBIOS
channel (with equality for a BEC). The maximal value of the right-hand side of Eq. (64) is therefore
achieved for a BEC in the limit where ¢ — 0 and 7 — 1. In the latter case, C' = 1 — 2w, and it
follows from Eq. (10) that § = h=1(1—C). The right-hand side of Eq. (64) then achieves the upper
bound on % It is clear from this proof that the upper and lower bounds on ?‘ are achieved for
a BEC and a BSC, respectively. As we will see in Theorem 2.3, for a BEC, the maximal value
of % can be reduced to unity by considering another sequence of ensembles of LDPC codes; the
bounds in Eq. (11) refer to the sequence of ensembles of regular LDPC codes which is considered

in Theorem 2.2.

3.3 Proof of Theorem 2.3
3.3.1 Proof of the statement on the bit error probability (Egs. (13)—(17))

Based on the asymptotic analysis of iterative message-passing decoding for the BEC, sequences of
capacity- approaching ensembles of LDPC codes are constructed so that one first chooses functions
Aa() and pa(-) which satisfy the equality Ao (1 — pa(1 —2)) = &, and so that all the coefficients in
the power series expansions of Ay (-) and pe(-) around zero are non-negative, and p,(1) = 1. The
choice of the sequence of ensembles of LDPC in (12) was initiated by the choice Ay(z) = 1—(1—x)®

and pq(z) = za where 0 < a < 1. In this case

00
:Z I<:+1< )$k7 ’1“<1,
=1

so that all the coefficients in the power series expansion of Ao (z) are positive for 0 < a < 1. The
polynomial A, n(z) is defined to be the truncated power series of Ao (x) (by taking the first N —1
N-1 2 Aan(2)
Xa,n (1)
This approach yields the construction of the sequence of ensembles of LDPC codes in (12) (see [25]).

Further, for a finite value of NV, the sequence of ensembles of (n, Ay N, po) LDPC codes achieves
asymptotically (as n — 00) a fraction 1 — e, n of the capacity of the BEC where

non-zero terms (up to x in this expansion), and Ay n(z) is defined so that Ay n(x) =

oy < T 2eN D T ) (65)
1— XN (1)

and 7(a, N) is the rate of this sequence of ensembles. In order to construct sequences of capacity-
achieving ensembles of LDPC codes with vanishing bit error probability on the BEC, it is suffi-
cient to choose the functions Ay () and pa(-) so that in addition to the requirements above, also
l—AayNA(l)—T(oz,N) 0.

1-Aa,n (1)

For the sequence of ensembles of LDPC codes in (12)

Moo N) = 1- e
fo Ao, N (x) dz (66)
A

(R

where the latter equality relies on the the following equalities (which can be easily proved by
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mathematical induction)

NZ last(y T -j(_l)kﬂ (2) - 1- (3, vz

=2

>
Il

A slight refinement of the derivation of Proposition 1 in [25] yields that for 0 < a < 1 and for an
integer N > 1

a-c(a,N) N1 f @ o'
TNerT < (-1 N/ S Narto (67)

where c(a, N) = (1 —a) ¢ (s =1tax) | and 7 is Euler’s constant (see Appendix C for a proof).}”
Based on (66) and (67), it can be shown that

c(a,N) 1 1 c(a,N)
[ - a+1 a T a+1
_ N> = Notb < ’I"(OZ,N) < No  No+b ,
1— 1 1 c(a,N)
ND‘+1 - Na+1

and therefore a choice of o and N so that ﬁ = 1 — p yields the inequality

(1-p) (1-454)
1_ L <rleN) < |- OpiclaN)

in( )

These bounds on the rate yield that limy .o 7(a, N) = 1 —p (if N — oo then o = —7~ — 0 for
0 <p <1, and limy—o (e, N) = 1), which implies that in the limit where N — oo (in addition to
the assumption of the asymptotic analysis where the block length tends to infinity, i.e. n — c0), the
sequence of ensembles of LDPC codes in (12) achieves asymptotically the capacity of a BEC with
an erasure probability p. Therefore, & and N are chosen to be related according to (14). In order
to choose o and N so that this sequence of ensembles achieves asymptotically a fraction 1—¢ of the
capacity of the BEC with vanishing bit error probability, then based on (65), it is sufficient to find

- 1-Xa,n (1) =r(a,N) 3 _ - N-1 kl(e) _ 1 _ N N+1
an integer N so that 1iV5\a,N(1) < e, where A\g n(1) =30 (D)9 = 1= T (F) (=D F
and 7(«, N) is introduced in (66). A short calculation yields that the last inequality is equivalent

to

Ly
Y TEa >1—c (68)
The main difference in the choice of the parameters in (14) as compared to (13) is based on the
following step: Let f(-) be a function which satisfies the condition 0 < f(p) < 1 for 0 < p < 1.
For 0 < a < f(p) and N > 1, it can be verified that c¢(a, N) > ca(f(p)), where ca(-) is introduced
in (14) (we note that ca(f(p)) is the value of c(a, N) for @« = f(p) and N — o0). Based on (67),
1

inequality (68) can be replaced by the stronger condition 1_:% > 1—e¢. Since a, N were chosen

Na+1

so that 5= = 1 — p, then the solution of the last inequality is N > I_CQ(f(p))'E(l_p)(l_E). The
assumption of the analysis where 0 < o < f(p) and the relation between o and N in (14) also

_1
requires that N > (1 —p) 7@ . These two requirements on the integer N imply that

N > max <[1 —e(flp)- (1 —p)(1 — E)-‘ ’ {(1 _p)—f(lmw> 2 Ny(e,p, £() - (69)

3

"Proposition 1 in [25] states the existence of a constant ¢ (instead of the function c(, -) in the lower bound in (67))
which is independent of a and N for 0 < a < % The stronger version of the lower bound in (67) is required here,
and in particular we make use of the equality lima—o c(o, N) = 1.
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As will be clarified shortly, in order to obtain a function g(-,-) which does not add too much to the
upper bound on asymptotic density (15) (as compared to (1)), we need to choose N to be as small
as possible, and therefore N will be determined such that (69) is satisfied with equality. The choice
of the function f(p) =p (0 < p < 1) and the connection above between N and « yields the setting
of the parameters in (14) (i.e., in this case N3(e,p, f(-)) = Na(e,p)). We note that for small values
of ¢ (i.e., for the most appealing case where the gap to capacity is small enough), the alternative
choice of f(-) ~ 0.5295 yields (13) (since in the latter case N3(e,p, f(:)) = Ni(e,p)), and Eq. (13)
could be derived as a consequence of the proof of Proposition 1 in [25].18

For the sequence of ensembles in (12) and (14), the asymptotic right degree of the LDPC codes is

1
lim ag(n) = —+1
n—o00 le%
IDNQ(Eap)

Na(£,p)
_ omy () m(=%)
1 )
ln (ﬂ)
which implies the following for the asymptotic density per information bit of the parity-check

matrices which represent this sequence of ensembles (since the sequence achieves asymptotically a
fraction 1 — ¢ of the capacity of a BEC (which is 1 — p) with vanishing bit error probability)

limy, oo A, = %ﬁ’;\g) limy, o0 ar(n)
1—(1—-p)(1—¢)

IN

W . hmn_,oo G/R(n)
_ ot b () () | () (70)
() (i) ()
Ki4+Kz1In L+g(e,p)
1—¢ )

where K7 and Ky are given in (3), and g(-,-) is introduced in (16) (which completes the proof
of (15) and (16)). Eq. (17) is derived from (16) as a result of the equality lim.geln () = 0,
and because the coefficients Kj and K in (3) only depend on p, and = < [z] < x 4+ 1. The last
inequality and the inequality 0 < eln (%) < % for 0 < e < 1, enables to prove that g(-, p) is bounded
between two functions which only depend on p. The function g(-, ) is clearly positive, as is reflected
from a comparison between the lower bound (1) (which applies to all binary linear codes) and the
upper bound (15) (see also Fig. 1). It can be verified numerically that the maximal value of the
right-hand side of Eq. (17) is achieved at p* ~ 0.5009. Hence, for 0 < p <1

p*-In (1—02(12;)*-(1—13*)
* 1
(1 —-bp ) -In (lfp*>
where cy(+) is introduced in (14), and v ~ 0.5772 designates Euler’s constant in (17). The latter
result is also reflected in curve 5 in the right-hand side plot of Fig. 1.

) ~ 0.5407

lim g(e,p) <
e—0

"®Proposition 1 in [25] restricts the observation to the interval o € [0, 3], since this is sufficient for the proof
that the sequence of ensembles of LDPC codes achieves asymptotically the capacity of the BEC, while the degree
of freedom which was introduced here for the function f(-) serves to reduce the value of the function g(-,-) in (16)
(see the improvement in the right-hand side plot as compared to the left-hand side plot of Fig. 1), and enhances the
tightness of the lower bound (1) on the asymptotic density.
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3.3.2 Proof of the statement on the block error probability (Eq. (18))

For constructing a sequence of ensembles achieving a fraction 1 — ¢ of the capacity of a BEC with
vanishing block error probability, we rely on subsection 3.3.1 which yields the existence of such a
sequence with vanishing bit error probability, and we follow Luby et al. [13, p. 577].

Let n be an arbitrary positive number, and construct a sequence of ensembles of irregular LDPC
codes, based on (12) and (14), where ¢ in the definition of Na(e,p) in (14) is replaced by &/ = T
Based on the proof in subsection 3.3.1, this sequence of ensembles achieves a fraction 1 — &’ of the
capacity of a BEC with vanishing bit error probability. In order to obtain vanishing block error
probability, we will add a second set of parity-check nodes (whose role is similar to the concept
in Lemma 3 of [13]), which typically adds to the code a small number of parity-check nodes, and
therefore yields a slight reduction in the asymptotic rate of this sequence (i.e., a proper design
yields that the reduction in the code rate is by a factor which is not below 11:56' This scaling
factor becomes very close to unity (but is still below unity) for small positive values of 7). The
second set of parity-check nodes is characterized by the property that together with the variable
nodes of this sequence of ensembles, we construct an ensemble of reqular LDPC codes, with left and
right degrees of 3 and d,, respectively.'® To summarize, we construct a sequence of ensembles of
LDPC codes which are characterized by two sets of parity-check nodes: the first set of parity-check
nodes are connected to the variable nodes by edges according to (12) and (14) with &’ replacing e
(characterizing sequence of ensembles of irregular LDPC codes), and the second set of parity-check
nodes are connected to the variable nodes so that it specify a sequence of ensembles of regular
LDPC codes. The asymptotic (total) rate of this sequence of ensembles is not below a fraction

1 — ¢ of the channel capacity (i.e., it is at least (1 —€)(1 — p)).

On a BEC, an iterative message-passing decoder fails to reveal part of the bits which are erased by
the channel if a subset of these bits contains a non-empty stopping set, and the set of variable nodes
which are not revealed at the end of this decoding process coincides with the mazimal stopping
set (the reader is referred to Section 1 in [6] for more details). For the ensemble of regular LDPC
codes of block length n, left degree d; and right degree d;, it follows from the analysis in [22] that
there exists a positive number w(d),d;) such that at most a fraction O (%) of the codes from this
ensemble contain stopping sets of size w(dy,dy)n or less [22, Lemma 4.1].

The decoding of this sequence of ensembles for the BEC will be performed as follows: iterative
message-passing decoding is first used for the sequence of codes which are induced by the variable
nodes and the first set of the parity-check nodes. According to the proof in the previous section,
vanishing bit erasure probability will be asymptotically achieved (as the block length tends to
infinity). That implies that at the end of this message-passing decoding, the fraction of the variable
nodes which remain unknown tends asymptotically to zero. It yields that in the second stage, an
iterative message-passing decoder which relies on the output of the decoder from the first stage,
and also relies on the connections between the variable nodes and the second set of parity-check
nodes (representing codes from the ensemble of regular LDPC codes with left degree dj = 3 and
right degree d;) will finally succeed to decode successfully all the block. Otherwise, at the end of
the second stage, the decoder would end with a stopping set whose size is more than w(dj, d;)n, but
we already obtain after the first decoding stage a fraction of unknown variable nodes which tends
asymptotically to zero, and this forms a sufficiently good starting point for the second decoding

'9The rate of a code from the sequence of ensembles of regular LDPC codes with left and right degrees of 3 and

dy, respectively, is not below 1 — d% Therefore, one can choose a sufficiently large value of d,, so that the rate of
1—¢

the overall code will be reduced by a factor which is not below =5

(as a consequence of adding the small set of

3(1+n)—‘ is

parity-check nodes, as described above). It can be verified that for this purpose, a right degree of d; = [ oG

sufficiently large.
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stage to ensure that with probability 1, the decoder successfully decodes all the block. This approach
suggests therefore a sequence of ensembles of codes which achieves a fraction 1 — ¢ of the capacity
of the BEC with vanishing block error probability. Based on Eq. (70), we obtain the following
inequality for the asymptotic density of the parity-check matrices which represent this sequence

¢ Ki+Kylnt a2
lim A, < 125 Bt el +o(Ep) ’ :
n—00 l1—¢ 1-¢ (1-p)(1—¢)
1—¢’

where the factor

1—— in the first term is a consequence of the slight reduction in the rate of this
sequence by adding the second set of parity-check nodes, and the second term is the contribution
to the asymptotic density (per information bit) which is made by the regular LDPC codes whose
left degree is three. Since 1 > 0 is a parameter in the construction of this sequence of ensembles
which can be chosen arbitrarily small (yielding that ¢’ can be made as close as desired to e, though
e/ < ¢), then the last inequality coincides with (18).

3.4 Proof of Theorem 2.4

We start in proving the first part of Theorem 2.4 which refers to the block error probability. Let
u and v be the transmitted codeword in the code C and the received sequence, respectively (both
are vectors of length n). From Fano’s inequality

H(ulv) _ h(Py)

-+ RPB , (71)
n

where Pp is the average block error probability of the code C under an arbitrary decoding algorithm
(or an upper bound on the decoding error probability). If the transmission takes place over an
MBIOS channel, then the combination of (30)?° and (71) yields that

1_0_(1_3).h<1—0—2W‘>S’W+RPB.

2 n
Since h(z) <1 — % - (3 —x)? for 0 < 2 <  (see Lemma 3.1), then
1 2(1R h(PB)
—C—(1-— — = (1= <
1-C—-(1 R)< 53 (1 —2w) > < — + RPp

Since R = (1 — ¢)C, the last inequality yields that

In 1 . 1-R
2In2 C—(l—PB)R—i-h(ZB)
ar = ;
21n (—1721”)
1 1-C+eC
In (m T 505 )
21n (—1}21”)

where 91,02 are introduced in (21). Since A and ap designate the normalized number of ones in
a parity-check matrix which represent the binary linear block code C, normalized per information
bit and per parity bit, respectively, then clearly A = (lfR) aRr, which yields that

"R
1 . 1-C+eC
A 1-(1-¢)C In (21n2 ' 510132 )
- 1 _ )
(1-¢)C 21n (—1_1211})

20The subscript m in (30) is irrelevant here, and it only serves in the continuation of the proof of Theorem 2.1,
where we let m tend to infinity. Here we consider a code and not a sequence of codes as in Theorem 2.1.
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which coincides with (19). The proof of the lower bound for the BEC with respect to the block
error probability is similar, except for the beginning of the proof which combines Fano’s inequality
with (36) (the subscript m in (36) is again irrelevant here).

The proof on the lower bounds on A with respect to the bit error probability (i.e., the derivation of
(19) and (20) with the parameters d;, d2 in (22)) is based on the same way, except for replacing the

upper bound (71) on w (which is given in terms of the block error probability) by inequality

(31) (ie., %lv) < h(Py) where B, designates the bit error probability of the code C).

3.5 Proof of Theorem 2.5

Before proving Theorem 2.5, we will first verify the statement in Lemma 2.1: Consider a code
whose factor graph is a tree. If the code has block length n and rate R, then this factor graph has
exactly n variable nodes and (1 — R)n parity-check nodes. Since the factor graph is a tree, there
are exactly (2 — R)n — 1 edges in the graph. Consider now the parity-check matrix. Note that the
number of ones in the matrix is equal to the number of edges in the graph. Therefore the density

of the parity-check matrix of a cycle-free code is A = % — ﬁzv and according to Definition 2.4,

its normalized density is therefore t =1 — ﬁ.

Inequality (23) follows easily from Theorem 2.4. More specifically, it follows from inequality (19),
Eq. (22) (where in this case ¢ = 1— £), and the equality A = (2) t (see Definition 2.4). Similarly,
inequality (24) follows from inequality (20), Eq. (22) and Definition 2.4.

From inequality (23), the lower bound on the bit error probability (P}) is meaningful if the right-
hand side of this inequality is positive, i.e.,

1 2t(2—R)
Let the code rate be a fraction 1 — ¢ of the channel capacity, i.e., R = (1 — £)C. The substitution
of R in the last inequality gives

c 1 c 2t(2-(1-5)C)
_ . _ (1 — _ 1-(1_e)C
e+ 513 (1-(1-2)0C)(1-2w) > 0. (72)
The solution of (72) is € < eg, where €* = g¢ is the value which sets the left-hand side of (72) to
zero, i.e.,
1 1-C 1\ (=)
1+ = R (73)
21In2 eoC 1—2w
By doing the substitutions
1 2ut - In(1 — 2w)
- - u=1-(1-C - 74
Eq. (73) transforms to the equation
t-In(1 — 2w) - (1 — 2w) “Tc
. - In — 2w) - — 2w 1-C
= 75
= m2-(1-C) (75)
The solution of Eq. (75) is
t-In(1 — 2w) - (1 — 2w) e
- In — 2w) - — 2w 1-C
=W m2- (1—-C) ’ (76)
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where the function W (+) is the Lambert W-function [28]. Finally, the reverse substitutions of those
in (74) transform the value of z in (76) to the value of gg in (25), where 1 — £¢ is the achievable
fraction of the channel capacity.

For the model of a BEC, the improved lower bound (24) on the bit erasure probability (as compared
to (23) with w = %) yields to a wider range of values of e for which the former lower bound is
meaningful. The lower bound on the bit erasure probability (24) is useful if its right-hand side is
positive. By setting R = (1 — ¢)(1 — p) in the right-hand side of (24), one obtains the condition

(2=(1-p)(1—e))t
~(1=pe+(1-1-p(1—¢) (1-p) TTPTH >0 (77)

whose solution is € < g, where €* = ¢ sets the left-hand side of (77) to zero, i.e.,

1+%>t
D 1 ( T—(1-20)(1-p)

1 = . 78
oy () ™
By doing sequentially the substitutions

1 ut - In(1 — p)
T = su=1—pr, 2= ——m—= | 79
(=) ) ’ b (7
Eq. (78) transforms to the equation
(1+3)r
The solution of Eq. (80) is
1
t-ln(1—p)- (1 —p)(+5)!

and then, the reverse substitutions of those in Eq. (79) transform the value of z in Eq. (81) to the
value of ¢¢ in Eq. (26).

A consequence of Theorem 2.5

The lower bounds on the bit error probability in Egs. (23) and (24) can be easily applied to
ensembles of binary linear block codes of a given rate, where the bit error probability of a code
(P,) is replaced with the average bit error probability over the ensemble (P,), and the normalized
density () of a parity-check matrix which represents a code is replaced with the average normalized
density (¢). This is readily justified by applying Jensen’s inequality to both sides of Egs. (23) and
(24), i.e.,

EhP) <h(B), E [(1 - 2w)51 >(1-2w)® VBeR.

Based on the proof of Theorem 2.5, it follows that the expression of £y in Egs. (25) and (26) is
valid for an arbitrary ensemble of binary linear block codes of a given rate (R); to this end, one
replaces t in Egs. (25) and (26) with ¢. Corollary 2.3 and the discussion above suggests the following
interpretation to €p in Egs. (25) and (26); it is a lower bound on the gap to capacity for an arbitrary
sequence of binary linear block codes (or a sequence of ensembles of these codes) under optimal
decoding (and hence, under an arbitrary sub-optimal decoding algorithm).

Consider a sequence of ensembles of (n, A, p) LDPC codes, whose block length (n) tends to infinity.
Since the asymptotic rate and the normalized density are calculable in terms of the polynomials
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A(+) and p(-), then we will show that it is possible to compute a lower bound on the asymptotic
gap to capacity for this sequence of ensembles; the bound is valid under ML decoding (and also
under an arbitrary iterative decoding algorithm). The asymptotic rate of the considered sequence
of ensembles is )

B Jo plz) dz

R=1 T . (82)
Jo Mz) dz
Since the average number of ones in a parity-check matrix of a code from an ensemble of (n, A, p)
LDPC codes is equal to

fol Az) dx

and (by Definitions 2.2 and 2.4), it is also equal to n(2 — R)t, then a short calculation shows that
the average value of the asymptotic normalized density is equal to
_ 1
t=— i . (83)
o M) dz + [ p(x) d

From Theorem 2.5 and the discussion above, a lower bound on the inherent gap to capacity (&)
of a sequence of ensembles of LDPC codes can be calculated by solving numerically the equation
1- g = €9, where ¢¢ is given in Eq. (25) for a general MBIOS channel and is improved in Eq. (26)
for a BEC, the asymptotic rate (R) is given in Eq. (82), and C designates the channel capacity (in
bits per channel use). For an arbitrary sequence of ensembles of LDPC codes whose transmission
takes place over an MBIOS channel, a lower bound on the gap to the channel capacity is therefore
calculated numerically by solving the equation

2(2-C)

fl AMz)dz 1 1 T-In(1—2w)-(1—2w) 1-©
lep(x) de 1-C <2t1n(1—2w)) 'W( mz-(1-0C) ) (84)

where C' and w depend on the channel, ¢ is given in Eq. (83), the function W (-) designates the
Lambert W-function [28], and Eq. (84) follows from Egs. (25) and (82).

For a BEC with an erasure probability p, an improved lower bound on the gap to capacity can be
calculated numerically by solving the equation

Jo Ma) de 1 (tln(l).W(t-ln(l—p)-(l—p)t(H—II’))

folp(a;) de P 1-p) P

where Eq. (85) is equivalent to the original equation (i.e., 1 — % = g9), and it is based on the
improved value of g for a BEC in Eq. (26) (as compared to the value of €y in Eq. (25) which refers
to an arbitrary MBIOS channel). To conclude, this discussion leads to the following result

(85)

Corollary 3.2. Consider an arbitrary sequence of ensembles of (n, A, p) binary LDPC codes whose
transmission takes place over an MBIOS channel. A lower bound on the asymptotic gap to capacity
under optimal decoding (i.e., ML decoding) can be calculated numerically by solving Eq. (84). This
lower bound can be improved for a BEC by solving Eq. (85).

4 Numerical Results

Our goal here is to show numerical results for the information theoretic bounds on the limitations
of capacity-approaching binary linear codes over MBIOS channels. These numerical results mainly
refer to Theorem 2.5 and Corollary 3.1.
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Tables 1-3 present numerical results for thresholds of ensembles of LDPC codes whose transmission
takes place over a BEC, a BSC or a binary-input AWGN channel. Following Burshtein et al. [4],
the ultimate Shannon capacity limit of the channel is compared with bounds on their thresholds
under ML decoding and iterative message-passing decoding. The numerical calculation of the latter
threshold (the RU threshold) is based on the density evolution analysis [19]. The difference between
[4, Theorem 1, Eq. (16)] and Eq. (37) here provides an improved upper bound on the maximal
achievable rate for reliable communications over a BEC, and also suggests a certain improvement on
the maximal achievable rate under ML decoding for a general MBIOS channel (with the exception
of a BSC, where [4, Theorem 1] and Eq. (37) coincide). We note that for a BEC and a BSC,
Corollary 3.1 provides an upper bound on the threshold under ML decoding, and it also provides a
lower bound on the %fthreshold for a binary-input AWGN channel (since if the erasure (crossover)
probability of a BEC (BSC) is increased, then the channel is degraded; similarly, the same happens
if the value of % for a binary-input AWGN channel is decreased). It also follows from Theorem 2.1
that the value of w in Corollary 3.1 is equal to w = § for a BEC with erasure probability p,

2RE,

w = min(p,1 — p) for a BSC with crossover probability p, and w = Q( N ) for a binary-

input AWGN channel with antipodal signaling (where Q(-) stands for the complementary Gaussian
cumulative distribution function).

From Table 3, it can be verified that even for ensembles of LDPC codes which achieve near-Shannon
capacity limit performance under iterative message-passing decoding, there exists an inherent gap
between the channel capacity and the calculated bounds on the thresholds under optimal ML
decoding; the gap is attributed to the moderate values of the average normalized density (f) of
the parity-check matrices of these ensembles (according to Theorem 2.1 and Definition 2.4, the
normalized density scales at least like ln% where e designates the gap to capacity, and it therefore
tends to infinity as this gap vanishes). A comparison of bounds on the thresholds under ML
decoding with the RU thresholds provides an upper bound on the inherent loss in performance of
the sub-optimal message-passing decoder (as compared to optimal ML decoding). For example,
from Table 2, it follows that for a binary-input AWGN channel and an ensemble of (3,6) regular
LDPC codes (whose asymptotic rate is one-half), the gap between the threshold under ML decoding
and the capacity limit is between 0.062 and 0.486 dB, and the loss in % due to the sub-optimality
of the iterative message-passing decoding (as compared to the ML decoding algorithm) is between
0.437 and 0.861 dB.

’ Code Ensemble ‘ Channel ‘ Rate ‘ Capacity ‘ Upper Bound ‘ Lower Bound ‘ RU Threshold

(3,6) LDPC BEC L1 0.5000 0.4913 0.483 0.429
(4,6) LDPC BEC 1| 06667 0.6657 0.665 0.506
(3,4) LDPC BEC L1 0.7500 0.7469 0.744 0.647
(3,6) LDPC BSC 1| 01100 0.1025 0.092 0.084
(4,6) LDPC BSC 1| 01740 0.1726 0.170 0.116
(3,4) LDPC BSC L1 0.2145 0.2109 0.205 0.167

Table 1: Comparison of thresholds for a BEC/ BSC and ensembles of regular LDPC codes. The
upper bound on the threshold for the erasure/ crossover probability (p) refers to ML decoding and
is based on Eq. (37) in Corollary 3.1. The lower bound on the threshold under ML decoding is based
on an upper bound on the error performance under ’typical pairs’ decoding (see [12, Table 2.1]),
and the RU threshold is under iterative message-passing decoding [19].
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’ Code Ensemble ‘ Rate ‘ Capacity

Lower Bound

Upper Bound

RU Threshold

(3,6) LDPC 1| 40.187dB | +0.249dB | +40.673 dB +1.110 dB
(4,6) LDPC 1] -0495dB | —0483dB | —0.423 dB +1.674 dB
(3,4) LDPC L] —0.794dB | —0.761dB | —0.510dB +1.003 dB

Table 2: Comparison of thresholds for a binary-input AWGN channel and ensembles of regular
LDPC codes. The lower bound on the threshold of E‘; refers to ML decoding and is based on

Eq. (37) in Corollary 3.1. The upper bound on the threshold of Eb under ML decoding is based on
an upper bound on the error performance under ’typical pairs’ decodlng [10], and the RU threshold
is under iterative message-passing decoding [19].

The upper plots of Figs. 2 and 3 present lower bounds on the bit erasure/ error probability of
binary linear codes which are transmitted over a BEC or a BSC, respectively. The bounds rely on
Theorem 2.5, and are plotted as a function of the normalized density of an arbitrary parity-check
matrix which represents such a binary linear code. We note that the values of p in Figs. 2 and 3
were chosen so that the capacity (C)) of the BEC and the BSC is equal to 3 bit per channel use (so
the probability of erasure of the BECisp=1—-C = %, and the crossover probability of the BSC
is p=h~!(1 - C) = 0.110). The bounds in the upper plot of Fig. 2 are based on Eq. (24), and are
depicted for binary linear codes whose rate is a fraction 1 — e of the channel capacity. For example,
assume that one wishes to design a binary LDPC code which achieves a bit erasure probability
of 1076 at a rate which is 99.9% of the capacity of a BEC whose erasure probability is % Then
curve 3 in the upper plot of Fig. 2 implies that the normalized density of every parity-check matrix
of such an LDPC code should be at least t,;;, = 3.325. Since the designed rate of the code is
nearly one-half (i.e., R = 0.999C = 0.4995 bits per channel use), then it yields that the density
of every parity-check matrix of such an LDPC code should be at least A, = % = 9.987.
Similarly, the upper plot in Fig. 3 refers to a BSC, and is based on Eq. (23). It is reflected from
the upper plots of Figs. 2 and 3 that the lower bounds on the normalized density of an arbitrary
parity-check matrix (¢) which represents a binary linear code whose bit erasure/ error probability is
low, grow significantly as the accepted gap to capacity (¢C') tends to zero. This observation agrees
with the statement in Theorem 2.1 which implies that the minimal value of the normalized density
(t) behaves like In (%).21 It also explains why curves 2-10 in the upper plots of Figs. 2 and 3 have
infinite slope as P}, goes to zero (the reason is that if € > 0 and P, — 0, the lower bounds on the
density (A) in Eqgs. (19) and (20) tend to finite numbers, and therefore from Definition 2.4, the
corresponding values of ¢ also tend to finite numbers (i.e., % times the limit of the density (A)).
Since the lower bounds on ¢ are finite in the latter case, then curves 2-10 in the upper plots of
Figs. 2 and 3 should have an infinite slope as P, — 0). If ¢ — 0 (i.e., the code achieves the channel
capacity), then the normalized density of an arbitrary parity-check matrix which represents this
code tends to infinity (as is also reflected in curve 1 of Figs. 2 and 3).

The lower plots in Figs. 2 and 3 depict information theoretic lower bounds on the achievable gap
to capacity with vanishing bit erasure/ error probability (where this gap is normalized w.r.t. the
channel capacity). These bounds refer to the BEC and BSC, respectively, and are valid for any
sequence of codes and for optimal ML decoding (and hence, are valid for any sub-optimal decoding
algorithm). These lower bounds on the normalized gap to capacity are plotted for a BEC and a
BSC as a function of the channel parameter p (which designates the erasure probability or the
crossover probability, respectively). Every curve in the lower plots of Figs. 2 and 3 refers to a fixed

€. Theorem 2.1 yields therefore that as ¢ — 0, both ¢t and A grow at least

*'From Definition 2.4, lim. o £ = ;%

like In (i)
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A(z) p(x) ‘ t ‘Lower Bound | RU Threshold

0.38354x + 0.04237x° +
0.5740923

0.23802x + 0.20997x2 +
0.03492x> +0.120152* +
0.015872%+0.0048013+
0.37627z14

0.21991x + 0.23328z2 +
0.0205823 + 0.08543x° +
0.0654026 +0.0476727 + | 0-6485427+0.347472%+ | o 2o | (198 B | +0.310 dB
0.0191225-+0.08064z15+ | 0-00399z°
0.22798219

0.196062 + 0.24039z2 +
0.0022825 +0.055162° +

0.16602z7 4 0.04088x% + 0'0074993;”'991013’8* 2.998 | +0.194 dB +0.274 dB
0.0106429-+0.002212274 | 0001902
0.28636229

0.24123z* + 0.758772° | 1.908 | +0.269 dB +0.809 dB

0.98013z7 + 0.01987z8 | 2.673 | +0.201 dB +0.335 dB

Table 3: Comparison of thresholds for the binary-input AWGN channel and ensembles of irregular
LDPC codes with good degree distribution pairs of rate one-half. The Shannon capacity limit
corresponds to Wb = 40.187 dB. The lower bound on the threshold of Eb refers to ML decoding
and is based on Eq. (37) in Corollary 3.1, and the RU threshold is under iterative message-passing
decoding [19]. The degree distributions of the ensembles and their RU thresholds are taken from
[20, Tables 1 and 2]. The average normalized densities (f) of the parity-check matrices of these
ensembles are also provided based on (83).

value of the normalized density of the parity-check matrix (¢), which is depicted for values between
1 and 4.5 in increments of 0.25 (the greater the value of ¢ is, the smaller is the lower bound on
the achievable gap to capacity for all values of p). These lower bounds on the achievable gap to
capacity for a BEC or a BSC are based on Egs. (26) and (25), respectively. We note that if p =0
(i.e., the channel is noiseless), then the capacity of the channel (which is clearly 1 bit per channel
use) is achieved without any channel coding, and therefore it is clear why the lower bound on e
in this case is zero. On the other hand, if p = 1 for the BEC or if p = 0.5 for the BSC, then
the channel capacity is zero (C' = 0), and again it explains why the lower bound on ¢ is also zero
in the latter case. Therefore, the fact that the lower bound on the achievable gap to capacity is
not a monotonic function of p is not surprising, and this is indeed reflected in curves 1-15 which
depict the lower plots of Figs. 2 and 3. For example, it follows from curves 1-13 in the lower plot of
Fig. 2 that if there exists a parity-check matrix which represents a binary LDPC code and whose
normalized density does not exceed 4, then the normalized gap to capacity of this LDPC code
cannot be below 0.1% of the channel capacity if the probability of erasure of the BEC lies in the
range 0.08 < p < 0.26 (even if this code is ML decoded). It is also reflected from a comparison of
the lower bounds on the achievable gap to capacity for the BEC and BSC (see the lower plots of
Figs. 2 and 3, respectively) that the lower bounds on the gap to capacity for the BSC are more
pessimistic than those for the BEC. This may be a result of the provable tightness of the bounds for
the BEC, while for the BSC these bounds reflect the correct behavior but are seemingly somewhat
less tight than those for the BEC (see Corollary 2.1 and Theorem 2.3). We finally note that the
reason that we present in Figs. 2 and 3 curves corresponding to normalized densities (t) which
are at least equal to unity is because cycle-free codes have parity-check matrices whose density is
t=1- ﬁ >1- % (this readily results in from Lemma 2.1 and Definition 2.4), and hence
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since the block length n is typically much larger than 1, then for cycle-free codes ¢ ~ 1 (and in
the limit where the block length tends to infinity, the corresponding density for cycle-free codes
goes to unity). Clearly, if a binary code is represented by a bipartite graph with cycles, then the
normalized density () of its corresponding parity-check matrix should increase as compared to the
cycle-free case (see Corollary 2.5), which justifies our interest on values of ¢ above unity.

Figs. 2 and 3 (which are based on Theorem 2.5) and the result in Corollary 2.5 which connects the
normalized density of a parity-check matrix with the cardinality of the set of fundamental cycles
in the corresponding bipartite graph of a binary linear block code, illustrate that bipartite graphs
which represent good error correction codes should have cycles (see also [7]).
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Figure 2: Upper plot: lower bounds on the bit
erasure probability for any binary linear code
which is transmitted over a BEC. The bounds
are depicted in terms of the normalized density
of an arbitrary parity-check matrix which rep-
resents the code, and the curves correspond to
code rates which are a fraction 1 — ¢ of the chan-
nel capacity (for different values of €). The era-
sure probability of the BEC is p = 0.500 (which
yields a capacity of one-half bits per channel
use). Lower plot: lower bounds on the achiev-
able gap to capacity with vanishing bit erasure
probability (where this gap is normalized w.r.t.
the channel capacity) for any sequence of codes
operating over a BEC. The bounds are depicted
as a function of the probability of erasure of the
channel, and every single curve corresponds to a
fixed value of the asymptotic normalized den-
sity of the parity-check matrices which repre-
sent this sequence of codes: curve no. ¢ (where
i = 1,2,---,15) corresponds to a normalized
density which is equal to t; = 14 0.25(: — 1).
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Figure 3: Upper plot: lower bounds on the bit
error probability for any binary linear code which
is transmitted over a BSC. The bounds are de-
picted in terms of the normalized density of an
arbitrary parity-check matrix which represents
the code, and the curves correspond to code rates
which are a fraction 1 — ¢ of the channel ca-
pacity (for different values of €). The crossover
probability of the BSC is p = 0.110 (which
yields a capacity of one-half bits per channel
use). Lower plot: lower bounds on the achiev-
able gap to capacity with vanishing bit error
probability (where this gap is normalized w.r.t.
the channel capacity) for any sequence of codes
operating over a BSC. The bounds are depicted
as a function of the crossover probability of the
channel, and every single curve corresponds to a
fixed value of the asymptotic normalized density
of the parity-check matrices which represent this
sequence of codes: curve no. i (i =1,2,---,15)
corresponds to a normalized density which is
equal to t; =14 0.25(: — 1).
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5 Outlook

We gather here what we consider to be the most interesting open problems in this research.

. Theorems 2.1 and 2.3 show that for any iterative decoder which is based on the standard Tanner
graph, there is a tradeoff between performance and complexity which cannot be surpassed. For
the BEC, it can be achieved up to a small constant. This begs the question if better tradeoffs can
be achieved by allowing more complicated graphical models (e.g., graphs which also involve state
nodes, in addition to variable nodes and parity-check nodes used for representing codes by bipartite
graphs). More generally, is it true that for any sequence of codes which under an arbitrary decoding
algorithm (iterative or not) achieves a certain fraction of capacity with vanishing bit or block error
probability, the encoding/decoding complexity can be linked to the density of the parity-check
matrices which represent these codes (or to their gap to capacity) ?

. Is it possible to improve the tightness of the lower bound (1) for general MBIOS channels ? From
Theorem 2.2, it is clear that the logarithmic growth rate of the lower bound (1) reflects (up to
a scaling factor) the real behavior of the best possible asymptotic density, but there may be a
possibility to increase the coefficient K in (2) (i.e., to increase the coefficient of the logarithm in
the lower bound (1)) so that it will coincide with the logarithmic growth rate of the asymptotic
density for a certain capacity-achieving sequence of ensembles (as was demonstrated for the BEC
in Theorem 2.3). However, we note on the large gap between the current understanding of iterative
message-passing decoding over a BEC and other types of channels (for a general MBIOS channel,
it is not even known whether capacity can be achieved under iterative decoding).

. Based on Theorem 2.2, it was noted in Section 2 that for the BSC, the coefficient of the logarithm in
the upper bound (4) can be made as close as desired to twice the coefficient of the logarithm in the
lower bound (1). For the BEC, the tightness of the lower bound (1) with the improved coefficients
in (3) was demonstrated in Theorem 2.3 even under a sub-optimal decoding algorithm (the iterative
message-passing decoding). It will be interesting to see if expander codes which attain the capacity
of the BSC under iterative decoding [2], enable one to approach the information theoretic lower
bound (1) with the coefficients in (2) for the BSC.

. Extensions of the results in this paper to channels with memory (e.g., channels with ISI), and to
non-binary linear block codes.
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Appendix A
Derivation of inequality (57)

For § € (0,1) and an integer k > 2, one obtains

.
—
=
B
e
=

u —su5—|—(1—%)ln2>—(j—1) he(9)
a) 4 exp(s k —exp(s k . . .
(:);c-m[(”;(u)) + (Lepled) } — s+ (1= 1) In2 — (j — 1) he(6)

k k
k—1 k—1
OF 1+71f5~exp<72(172£) > 1——lié~exp<72(172§) >

2 2

—jé[ln(lfa)—l-%]—1—](1—7)ln2—(]—1)

k—1 k— 1
H%.exp<%> ‘ 1,%@@ EIEE
_ J
=7 In 5 +35 In 1+

k— 1
1+15f6-exp 2(1—25)F—1 26)

+i (om (}) + 1= (5)) =i (5) - 201 - 20" 1+j (1= 1)In2

—(Jj — 1) he(d)
- 1 5 exp 20=205 1) \
:~1(1 o (%)) iml|i.]1 0 _
] n + 1—0 eXp P + k n P} + 1+m.exp<2(1_2§)k 1)
+he() — jln <1%§> —2j(1 — 26)k1
1 e 2022051 \

:jln(17(5+5-exp(%>)+%ln % 1+

ey (L)

+he(6) — 2j(1 —20)5~1

5 2(1—28)k—1 k
(9 1-1=5- exp<75
e he((s 1 + 1+%-exp(2(1_2§)k71)
k(1 — 1 s (exp (%) - 1)) —2k(1 — R)(1 — 26)+1

@) | 25\" 2(1-20)k1

< he(8) + L (7 + k(1= R)S- (exp (f) - 1)

= he(8) + (1 — 7”(12 29) ) kG- <exp <72(1‘2(;”'“*1> _ 1”
where equalities (a), (b) and (c) are based on Egs. (48) and (52) (sy is the upper bound on s*
in Eq. (52)), and on the equality R = 1 — 1 for the asymptotic rate of Gallager’s ensemble,

respectively. Inequality (d) is based on the inequality In(1 4+ z) < x for z > 0 and by neglecting
the last term before transition (d) (which is non-positive). For transition (d) we also rely on the

fact that f(u) =In( 3 +Z is a monotonically decreasing function on the interval (—1,1), and that

% < %6 - exp (%) < 1; the right-hand side of the latter inequality is fulfilled according
to the assumption in Proposition 3.1 (see the explanation before Eq. (57)).
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Appendix B
Derivation of sufficient conditions for the fulfillment of
inequalities (62) and (63)

A sufficient condition for the fulfillment of inequality (62): Since the left side of (62) tends
to zero as k — oo, then there is a hope to find a value of k in terms of ¢ which satisfies this
inequality. Unfortunately, since inequality (62) does not lend itself to an analytical solution of k
in terms of ¢y and e, then we will replace the left side of (62) by an upper bound, so that the new
inequality which implies a stronger requirement on k can be solved analytically. First we have for
do € (0, %)

(1= B) [l (14 (1 - 200)") + Ry - (exp (212070) 1)
< (14 (1 200)%) + k- (exp (2021) )

<ok (om (252) - o
<ep ((1=20)") ~ 1+ k- (e (0500 ) 1)

0
<(k‘—|—1)-<exp(%)—l) .

2(1—280)k1
00

Suppose that k is chosen so that < In2, or equivalently

e In (m_;m)
In (ﬁ)

Since exp(z) < 1+ 75 for 0 < z < In2, then exp (%) -1< % under the

(B.2)

requirement in (B.2).
Let a be a parameter so that 0 < a < 1, and suppose that k also satisfies the inequality

2(1 — 250)F1 ) o

E+1<
+ _< do1ln2

By taking the logarithms of both sides of this inequality, and utilizing the inequality In(k+1) < vk
for k£ > 1, one can impose the following stronger requirement on k

1 2
< — .-
vk < ak 1“(1—25()) o ln <50(1—2(50)1n2>

which is satisfied if
2

ln(‘g @ 225 )1 2) 1 ’ 1 (B 3)
k> Ll . :
- n(=5) + <2a1n(1_1250)> + 2a1n( 55 )

It is easy to see that that the requirement on k in (B.3) yields the requirement in (B.2), and
therefore one can ignore the condition on & in (B.2). The requirement (B.3) on k yields that

(k+1) - (exp (20F2) 1)
2 () (o () ) o

(g) (exp (%) B 1) l1—a
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where inequality (a) relies on the requirement on k which led to the derivation of (B.3), and
inequality (b) is based on the inequality x > In2 - (exp(z) — 1) for 0 < z < In2, and by taking

950k~
= 2(125760)1 (which is not above In2 under the requirement in (B.3)). We note that inequality

(b) also relies on the fact that a > 0, which therefore yields from (B.3) that

2(1 — 250)k 1 “ 2(1 — 250)k 1 “
< [ < N 2 ) - .
k+1 < SoIn2 exp 5% 1

Under the requirement on £ in (B.3), then the combination of inequalities (B.1) and (B.4) yields
that inequality (62) can be replaced by the stronger requirement

(exp (%) — 1>1_a <eCln2,

which is equivalent (since 0 < a < 1) to the inequality
(1 — 280)F < 20-200) (1+(501n2)ﬁ). (B.5)

Since the channel capacity (C') is not above one bit per channel use (as it is a binary-input channel)
and 0 < € < 1, then based on the inequality In(1 + ) > In2 -z for 0 < x < 1, one can replace
inequality (B.5) by the following stronger requirement on k

(11— 260) < (RU=202) . (Ol

which is satisfied if

k> A (i) +B (B.6)

where

1
) h(W(ﬁ)m)
A=, B= T
(1—a) ln(m) ln(m)

To conclude, for the fulfillment of inequality (62), it is sufficient to determine k as the minimal
integer which satisfies the two conditions in (B.3) and (B.6). This suggests a closed form expression
of k in terms of ¢ and dy which satisfies inequality (62), so that k& behaves like In1 (since §y was
appropriately determined in subsection 3.2.2 to be a positive number which does not depend on ¢).

(B.7)

A sufficient condition for the fulfillment of inequality (63): Under the requirement in (B.3),
it follows immediately from (B.1) and (B.4) (with the slight difference that we do not upper bound
1 — R in (B.1) by unity) that inequality (63) can be replaced by the stronger requirement

(1-R)- <exp (W) - 1)1_a < (1= R)ln2 - he(d),

where 0 < a < 1 is arbitrary, and the requirement on k in Eq. (B.3) depends on a.
Since R < C, the latter inequality could be replaced by the following inequality which imposes a
stronger requirement on k

. k—1 l1-a

(exp (2(1;50)> — 1) <(1—=C)In2 — he(do) (B.8)
0

whose solution is

2 . !
5o(1-250) m[u((lfc)ln?*he(‘so))ﬁ}

1
In (17250)

In

k >
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Appendix C
Derivation of inequality (67)

For 0 < a < 1 and N > 2, Shokrollahi has derived the equality (see [25], Eq. (7))

Nolf @ o 1 o 1 « 1

For the derivation of an improved lower bound on (—1)"*1(%) (as compared to the one which was
2
s

derived in [25]), we rely on the equality Y32, 7z = %, and thus for p > 2 and N > 2
N—-1 9

1 T
ﬁ < F- (C.Q)
k=1

From Egs. (C.1) and (C.2), one obtains the inequality

I ((CDY(F) > In(f) —a i - T 5

= (&) a4 In(l-a)+a], 0<a<l, N>2 ()
By the exponentiation of both sides of inequality (C.3), and based on the inequality
AN 1
In(N) +~ < ;k <In(N) + 9+ 5 (C.4)

where v designates Euler’s constant, one obtains that for 0 < a <1 and N > 2
N+1 [« o =2 am? N 1 1
R > 50 e () oofo (S 4))
> (1-a)F - exp(O”TQ)-exp{—oz(ln(N)—}—fy—kﬁ—%)}

= w0 e (a(T o0+ 4))

a-c(a,N)
" No+l

where ¢(-, -) is defined in Eq. (67).

Zle

For an upper bound on (—1)N*1({), Shokrollahi [25] has lower bounded the sums S & (where
N > 2 and p > 2 are integers) by unity (i.e., by the first term of these series). Then, from (C.1),
(C.4), and the inequality (1 — «) - exp(a) < 1 for 0 < a < 1, the right-hand side of inequality (67)
follows directly.
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