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Abstract

The topic of this thesis falls within modern channel coding theory, and consists in
the analysis of a wide class of serial turbo codes. Instead of binary codes only, we
consider general codes constructed from an arbitrary finite Abelian group, in order
to match the symmetries of a large family of channels. Moreover, with respect to
classical serial turbo schemes, we relax some assumptions on the constituent encoders
of the concatenation and we allow for more freedom in the choice of the interleaver.
This setting includes as special cases usual binary serial and parallel turbo codes,
as well as turbo trellis-coded modulation for Gaussian channels with geometrically
uniform input constellation, e.g. m-PSK.

In this general setting, we prove rigorous bounds on the average error probabil-
ity, generalizing an upper bound already known in the binary case and providing
a matching lower bound which is new even for binary codes. We obtain the inter-
leaver gain, i.e. the asymptotic decay of average error probability when the code-
words’ length tends to infinity, and moreover we study the behaviour with respect
to channel’s signal-to-noise ratio.

In the classical binary setting, we give a more detailed analysis: by the study
of the minimum distance distribution, together with expurgation techniques, we
find the asymptotic behaviour of typical error probability. Typical error probability
decays sub-exponentially fast, as opposed to the polynomial decay of the average,
thus showing that the average is strongly affected by a small fraction of bad codes.
However, the design parameters suggested by the average-based analysis for the
constituent encoders are confirmed also in the typical behaviour.

Then, we consider another family of binary codes that belongs to the generalized
setting we introduced, and at the same time can be seen as structured Low-Density
Parity-Check codes (a generalized version of Repeat-Accumulate codes). We discuss
average-based analysis, including an expurgated sub-ensemble, and we compare the-
oretical predictions, which are average-based and obtained for maximum likelihood
decoding, with simulation results which use message passing decoding. We propose
a new decoding algorithm which both improves performance and allows a density-
evolution analysis. Summarizing theoretical and simulative results, we describe some
guidelines for the design of the encoders.
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Chapter 1

Introduction

1.1 Modern channel coding: introduction and state
of the art

Channel coding theory is the study of how to add redundancy to a source message
in order to obtain a correct received message after the decoding, even when the com-
munication channel is noisy. In his seminal work [70], Shannon gave a mathematical
formalization of the problem of digital communication, introducing probabilistic
models of sources and channels and studying both source coding (data compression)
and channel coding (error correction).

It is clear that error probability can be made arbitrarily small by adding more
and more redundancy, and letting the ratio of the lengths of information words
and corresponding codewords (called rate) go to zero. More surprisingly, Shannon’s
channel coding theorem guarantees that asymptotically vanishing error probability
can be obtained also by introducing only bounded redundancy, at the price of aug-
menting code complexity: there is a threshold associated with the channel, called
capacity, such that for any rate below capacity you can find a sequence of codes
with such fixed rate and with growing length achieving asymptotically vanishing er-
ror probability. Shannon’s proof was based on probabilistic arguments, and showed
that randomly constructed codes are good with high probability. However, random
codes have in general an unfeasible complexity, particularly in the decoding process,
which usually requires a time exponential in the codewords length. Thus, for more
than forty years, classical algebraic coding theory (see e.g. [50]) focused on the con-
struction of codes with very strong structural properties, in order to allow an easy
decoding, but the performance of such codes was far away from the theoretical limit
given by Shannon capacity.

Two modern classes of codes give an excellent performance/complexity tradeoff:
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1 — Introduction

turbo codes, introduced in 1993 [9] (see also [10]), and Low-Density Parity-Check
(LDPC) codes, introduced in 1963 [33] but widely studied only recently, after their
re-discovering in [49] (see also [48]). The success of these two families of codes is
due to a good balance of enough randomness, which gives good performance, and
enough structure, which is exploited by a suitable iterative decoding algorithm. It-
erative decoding is suboptimal with respect to the best possible decoder (‘maximum
likelihood’, which minimizes the error probability for given code and channel), but
its performance usually approaches the optimal one. The sub-optimal decoding sig-
nificantly reduces the decoding complexity, from exponential to linear time with
respect to the codewords length, thus allowing the use of very long codes and so
improving performance.

The idea to concatenate simple constituent encoders in order to get complex
but structured codes was introduced by Forney [28], who considered serial concate-
nation of convolutional codes. The turbo schemes by Berrou et al. [9] add into
the concatenation also a random permutation, thus obtaining a very good trade-off
in between randomness and structure, which is the key of modern channel coding.
The classical binary turbo schemes are obtained by a parallel concatenation of two
encoders: the information bits are fed in two distinct encoders and the codeword
is the juxtaposition of the two codewords. However, before entering in the second
encoder, the information bits are ‘interleaved’, i.e. permuted, and this adds to the
error-correcting capability of the scheme. The iterative decoder takes advantage of
the concatenated structure, by decoding separately and optimally each individual
code, and iteratively exchanging information from one decoder to the other, thus
reaching a suboptimal but good decoding of the overall scheme.

After the amazing success of turbo codes, many different turbo-like schemes have
been proposed in the literature. Serial turbo codes were introduced by Benedetto
et al. in [3], putting together Forney’s serial concatenations with the interleaving
technique of Berrou et al. and devising an ad-hoc iterative decoder for these new
schemes. Since then, concatenations of more than two encoders and more than one
interleaver have been considered, both in a serial structure or in a mixed serial and
parallel way (see e.g. [4, 39, 41]). All these schemes go under the name of ‘turbo-like’
codes. Despite very good intrinsic properties of some multiple concatenated codes
(see e.g. [56, 41, 2]), these schemes have not yet had a significant impact in the
applications because of the difficulty to find efficient iterative decoding algorithms
(see e.g. [13] for a discussion of different decoding algorithms and their behaviour).

Low-Density Parity-Check codes are linear codes defined as the kernel of a sparse
matrix (the parity-check matrix). The constraints defining the codewords can equiv-
alently be represented by a graph, called the Tanner graph, and the decoding algo-
rithm can be seen as a message-passing algorithm running on the graph. Sparseness
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1 — Introduction

of the matrix (and hence of the associated graph), allows to use the approximation
that all incoming messages in each node are independent, thus highly reducing the
complexity. The classical regular family of LDPC codes introduced by Gallager
has a parity-check matrix chosen uniformly at random among matrices with fixed
number of ones per row and per column (equivalently degree of nodes in the Tan-
ner graph), while more general irregular families have been considered recently [47],
where the degrees are allowed to vary according to different distributions. This ad-
ditional degree of freedom in the design of the coding scheme has allowed to find
capacity-achieving families of LDPC codes [61, 57].

One drawback of LDPC codes is that, despite their linear decoding complexity;,
in general they have quadratic encoding complexity, because encoding requires the
multiplication of the input vector times the generating matrix, which is not sparse.
On the contrary, for turbo-like codes, the constituent encoders are usually convo-
lutional encoders, that can be seen as finite-state machines with linear update of
the state and of the output, so that the encoding complexity is linear in the length.
The issue of encoding complexity of LDPC codes has been addressed in two dif-
ferent ways. On one side there are the results in [62], which allow to construct,
for given generic LDPC matrix, equivalent generating matrices with lower encoding
complexity. On the other side, there are the constructions of parity check matrices
structured in a such a way that allows easy encoding. A successful construction
is the one using matrices with a staircase part (i.e. a sub-matrix with ones on the
diagonal and on the lower diagonal, and zeros everywhere else), so that the encoder
can be seen as a serial concatenation of a repetition code, an interleaver and an
accumulator: this gives Repeat-Accumulate codes and their generalization, the Ir-
regular Repeat-Accumulate (IRA) codes introduced in [38].

The extremely good performance of turbo and LDPC codes, shown by Monte-
Carlo simulations, has attracted a lot of interest in the theoretical analysis of such
codes and of the associated decoding algorithms, in order to get a deeper under-
standing of their behaviour and to guide code design. On the one side, analysis
can focus on intrinsic properties of the codes, and on the other side it can look for
properties of the decoding algorithms. For turbo codes, both parallel and serial,
the study of the code has been initiated by Benedetto et al. [6, 7, 3]: they studied
the behaviour of the error probability under the theoretical assumption of optimal
maximum likelihood (ML) decoding, and averaging among all interleavers picked
uniformly at random (uniform interleaver). Results along these lines are also in
[75, 19, 17, 39, 23]. Another interesting study of the intrinsic properties of turbo
codes concerns the minimum distance, which dominates the ML error probability
at high signal-to-noise ratio (SNR). For classical parallel turbo codes, Breiling [14]
showed that minimum distance can grow at most logarithmically with the length,
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1 — Introduction

while with more of two encoders, or for serial concatenations, better minimum dis-
tance can be achieved [41, 2, 55]; results on the distance spectrum of turbo codes
can be found in [68]. For LDPC codes, the study of the minimum distance and ML
error probability has been considered in Gallager’s thesis [33], and new interesting
results can be found e.g. in [52].

The study of iterative decoding algorithms is one of the most challenging cur-
rent open problems in coding theory. A huge literature is devoted to this subject,
and many interesting results have been presented, even though a full understanding
of this topic has not yet been reached. We will quote here only a very small and
clearly non-exhaustive selection from this literature, identifying some of the main
research lines; a satisfactory summary of results in this research are can be found in
the book [63]. The first analysis of a suboptimal iterative decoding algorithm dates
back to Gallager’s thesis [33], while the first important results on turbo decoding are
given in [59]. A detailed description of how graphical models can describe codes and
their decoding algorithm can be found in [78, 73]. The various iterative algorithms
proposed in the coding literature have been recognized as instances of Pearl’s ‘belief
propagation’ algorithm [51], and for some of the most popular algorithms the solu-
tions to which the algorithm could converge have been characterized with variational
methods imported from statistical physics, such as the Bethe free energy approxima-
tion (see e.g. [79]). A very important tool that allows to predict convergence of the
decoder is density evolution, introduced in [60] for LDPC codes, and applied in [18]
also to turbo codes: it consists in considering the probability distribution (density)
of messages sent while running the algorithm, under the assumption that no loop
had occurred up to that given time, and describing its evolution as a discrete-time
dynamical system. This technique is particularly effective in predicting the decoding
behaviour on the binary erasure channel (BEC), where the messages are very simple
and the density evolution system is finite-dimensional (usually one-dimensional).
For other channels, the dynamical system is infinite-dimensional, and it is necessary
to find some suitable projection with lower dimension whose behaviour describes
well the system, or to make approximations which reduce the number of possible
exchanged messages; the first approach is used in so-called exit charts method [76],
and the second in the Gaussian approximation [21], both particularly used for turbo
codes. A more refined analysis, giving better prediction than density evolution, is
the so-called ‘finite length analysis’, introduced in [1].

The largest part of coding literature is devoted to linear binary codes, i.e. vector
spaces over the finite field with only two elements GF(2). This is due both to the
simplicity of such codes and to the importance of bits in digital communications.
However, in many applications, the actual transmission is not binary: in order
to gain spectral efficiency, the modulation uses a larger set of signals. In many
cases, a pragmatic approach is used, which consists in designing a good binary code,
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1 — Introduction

optimized for a binary-input output-symmetric channel, and then using it also in
different contexts, by mapping blocks of bits to symbols in the input constellation
for the channel. In many cases, though, is is possible to design ad-hoc codes for
the given channel, particularly when the channel has symmetries which can be fully
exploited by imposing a suitable algebraic structure on the code, e.g. using a module
over some ring, or simply a group.

The study of group codes was initiated by Slepian, who actually formulated most
of his coding results in this general setting (see e.g. [71, 72]). Classical results were
established by Ingemarsson and Ungerboeck (see e.g. [37, 77]). More recently, there
has been a vivid interest in convolutional codes over rings and over groups, the so-
called trellis-coded modulation (TCM), where ‘trellis’ refers to the linear finite-state
machine describing the convolutional encoder: see [30, 5, 46, 40, 25, 26, 27, 31] and
see [29] and [45] for a mathematical formulation of a family of channels for which
these codes are well-suited. Most results on group convolutional codes are restricted
to finite Abelian groups, because in this setting it is possible to prove deeper results,
by exploiting the ring structure of the cyclic group Z,, and then extending the results
by the Kronecker decomposition theorem.

With the advent of modern high-performance codes, most of the literature has
focused on a pragmatic design, where binary turbo or LDPC codes are designed
and optimized for binary-input output-symmetric channels, and then applied to all
channels. Most schemes presented in the literature belong to this class; performances
are obtained by simulations and most of the research is focused on optimizing the
mapping of the coded bits into points of the constellation (see e.g. [44, 64, 32]). A
few works have introduced some results on non-binary modern codes. For turbo
codes, this study, which goes under the name of turbo-TCM, has been initiated in
the pioneering works [34, 53] and recently in [24]. For non-binary LDPC codes,
some interesting results have been obtained, but this research mostly focuses on
non-binary fields, not on more general groups [16, 8, 22]; an interesting exception is
[74], where rings are considered.

It is interesting to note that also some more classical information-theoretic ques-
tions about symmetric channels and group codes have appeared in the literature very
recently (see e.g. [15]), showing that there are still many challenging open questions
in this area.

1.2 Overview of results and thesis outline

In this dissertation, we present a very general serial turbo scheme, which is con-
structed on a generic finite Abelian group in order to match the symmetries of a
wide class of channels. In this general setting, we study ML error probability, and
in particular its asymptotic properties with respect to the codewords’ length and to
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the channel’s SNR. Following the lines of [3], we study performance averaged over
ensembles where the constituent encoders are fixed while the interleaver is uniformly
distributed. However, we allow a more general choice of the set to which the in-
terleaver belongs: it can be the group of permutations, or one of its subgroups, or
even a more general group whose action satisfies some suitable regularity properties.
This setting includes as special cases usual binary serial and parallel turbo codes,
as well as turbo trellis-coded modulation for Gaussian channels with geometrically
uniform input constellation, e.g. m-PSK. We prove rigorous bounds on the average
error probability, generalizing an upper bound already known in the binary case
[7, 3, 39, 23] and providing a matching lower bound which is new even for binary
codes. We obtain that, under some assumptions on the constituent encoders and
at sufficiently high but fixed SNR, average error probability is vanishing when the
length goes to infinity, with a polynomial decay whose speed is described by the solu-
tion of a combinatorial optimization problem, involving in general both constituent
encoders. Our bounds also underline the dependence on the SNR, characterized as
the solution of a second optimization problem. In special cases, such as in the classi-
cal binary setting, these two optimization problems simplify and involve separately
the two encoders, and thus provide simple design criteria.

In the special case of classical serial turbo schemes, we can go further in the study
of the ensemble and find not only the average, but also the typical error probability.
To do so, it is essential to obtain refined bounds on the constituent encoders’ weight
enumerators, with techniques from [41]. First we study the distribution of minimum
distance: we find bounds for its left tail, with techniques mostly from [41], and we
find a deterministic upper bound which generalizes a result in [2], there obtained
for Repeat-Convolute codes. The new deterministic upper bound is asymptotically
tighter than the best known bound for minimum distance of serial turbo codes, pre-
sented in [55]. Then, from the results on minimum distance, we obtain the typical
asymptotic behaviour of ML error probability at high SNR, using a conditioning
technique known as ‘expurgation’. This approach is classical in information theory
and in the LDPC literature (see e.g. [33]), but is new for turbo-like codes. Our anal-
ysis shows that typical error probability decays sub-exponentially fast, as opposed
to the polynomial decay of the average, thus showing that the average is strongly
affected by a small fraction of bad codes. However, the design parameters suggested
by the average-based analysis for the constituent encoders are confirmed also in the
typical behaviour: the speed of the decay increases with the free distance of the
outer encoder, while performance is also improving when the effective free distance
of the inner encoder (i.e. the minimum distance if the encoder is restricted to input
weight two), but the dependence appears only as a multiplicative term.

In the binary case, we consider also another family of coding schemes belong-
ing to the general serial turbo scheme, generalizing Repeat-Accumulate codes and
which is a family of linear-time encodable and decodable LDPC codes. We discuss
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average-based analysis, and we note that in order to find a design parameter for the
inner encoder we need to consider a smaller sub-ensemble. We compare theoretical
predictions, which are average-based and obtained for maximum likelihood decod-
ing, with simulation results which use iterative decoding: we find that in some cases
a bad behaviour of the decoder strongly deteriorates performance. We conjecture
that this is related to the high number of cycles in the structured part of the graph.
We propose a different decoding algorithm, which runs on a modified graph where
some nodes are gathered together, in such a way to destroy structured cycles: this
both improves performance and allows a density-evolution analysis.

Thesis outline

In Chapter 2, we describe the channel model we are considering (memoryless G-
symmetric channels) and group codes. Particularly, we focus on convolutional codes
over Abelian groups, which are the constituent elements of turbo concatenations.
We give here some properties of convolutional codes which will be instrumental to
the derivations in the next chapters; some of them are classical, and some are new.

In Chapter 3, we introduce a general serial turbo coding ensemble and we analyze
its average word and symbol error probability, providing an upper and a lower bound,
which are asymptotically tight when the length goes to infinity.

In Chapters 4 and 5 we restrict our attention to two particular cases of the very
general ensemble of Chapter 3, both of them binary.

Chapter 4 is joint work with Giacomo Como. It presents a detailed analysis of
classical binary uniform interleaver serial ensemble, for which we find precise esti-
mations of the minimum distance distribution and then, by expurgation techniques,
the typical behaviour of error probability.

Chapter 5 is joint work with Daniele Capirone and Giacomo Como. It deals with
a family of codes that generalize Repeat-Accumulate codes, and can be seen both as
particular systematic serial turbo codes and as structured LDPC codes. We discuss
average-based analysis, including an expurgated sub-ensemble, and we compare ML
and average-based predictions with simulation results using message passing. We
propose a new decoding algorithm which both improves performance and allows a
density-evolution analysis, and we describe some directions on encoders design.

Finally, in Chapter 6, we summarize the results presented in this thesis, and we
describe future research directions that arise naturally from this work.

This thesis is partly based on the following papers:

e F. Fagnani, F. Garin, “Analysis of serial concatenation schemes for non-binary
modulations”, in Proceedings of ISIT 2005, pp. 745-749 (Adelaide, SA, Aus-
tralia), September 5-9, 2005.
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G. Como, F. Garin, F. Fagnani, “ML performances of serial turbo codes do
not concentrate!” | in Proceedings of 4th International Symposium on Turbo
Codes (Munich, Germany), April 3-7, 2006.

F. Fagnani, R. Garello, F. Garin, “Average ML Asymptotic Performances of
Different Serial Turbo Ensembles”, in Proceedings of ISIT 2006, pp. 572-576
(Seattle, WA, USA), July 9-14, 2006.

F. Garin and F. Fagnani, “Analysis of serial turbo codes over Abelian groups
for geometrically uniform constellations”, submitted to Siam Journal on Dis-
crete Mathematics, April 2007. Pre-print available on-line:
http://calvino.polito.it/rapporti/2007/pdf/20_2007/art_20_2007.pdf

F. Garin, G. Como, F. Fagnani, “Staircase and other structured linear-time
encodable LDPC codes: analysis and design”, in Proceedings of ISIT 2007,
pp. 1226-1230, (Nice, France), June 25-29, 2007.

D. Capirone, G. Como, F. Fagnani, F. Garin, “Nonbinary decoding of struc-
tured LDPC codes”, to appear in Proceedings of 2008 International Zurich
Seminar on Communications, (Zurich, CH), March 12-14, 2008.

D. Capirone, G. Como, F. Fagnani, F. Garin, “Density Evolution of Nonbinary
Decoding Applied to Structured LDPC Codes”, submitted, ISIT 2008.

F. Garin, G. Como, F. Fagnani, “Typical minimum distance and ML error
probability of serial turbo codes”, in preparation.



Chapter 2

Group codes

In this chapter, we introduce the channel model which we will be considering
throughout this thesis and we introduce group codes, whose algebraic properties
are perfectly matching the symmetries of the channel. After some general prop-
erties of all group codes, we focus on convolutional group codes: we gather here
many properties, some classical and some new, which will be instrumental to the
derivations in next chapters.

2.1 Notation

We fix here some notation that will be used throughout this thesis.

Given a set 2 and A C (2, the symbol 1,4 : {2 — {0,1} will denote the indicator
function of A, i.e. 14(x) =1 if and only if z € A. |A| will denote the cardinality of
A.

We will denote by N the set of non-negative integers, and by N* the set of positive
integers.

Vectors will always be column vectors, and will be denoted by boldface letters.
We will denote by e; a vector of the appropriate length (clear by the context or
explicitly stated) made by all zeros except a one in position j. Given two sets A,B,
B4 will denote vectors with entries in B, having length |A| and components indexed
by elements of A instead of integers 1, ... |A].

By log and exp we will denote logarithm and exponential with respect to the
same basis b > 1.

Given groups G and H, Hom(G,H) will denote the group of all homomorphisms
from G to H, while Aut(G) will be the group of automorphisms of G.
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2 — Group codes

2.2 Symmetric channels and block encoders over
Abelian groups

2.2.1 Weights

In this thesis, we will deal different kinds of weight. We propose here a general
definition. First a notation: for any w € N¥, we put |w| = 3", w;.

Definition 2.1 A weight on an Abelian group Z consists of a positive integer p and
of a map w : Z — N7 satisfying the following properties:

1. w(0) = 0;

2. |w(z' + 22)| < Jw(2h)] + |w(z?)] for every 2',2% € Z;

3. {e1,....e,} Cw(Z) (here e; € NP).

A few considerations on the above definition:

e [tem 2. simply says that summation in Z can not create any extra weight;

e [tem 3. is a simple minimality assumption which ensures that the full semi-
group structure of N” is used.

Whenever we have a weight w we will consider its natural extension to vectors
by componentwise sum

w:Z" =N, w(z) = Z'w(zj).
J
Given h € N*| we will use the following notation

7y ={ze Z" . w(z) = h}

Moreover, if h € N” we will use the notation

! )
N = m if |h| <N
h 0 otherwise

The following result will be useful later

Lemma 2.1 Suppose w is a weight on Z. For every h € N” we have that

() =1z < (21"

10



2 — Group codes

Proof: Fori=1,...,p,letn; € Z be such that w(n;) = e; € N? (they surely exist
by point 3. of definition of weight). The lower bound is trivially true if |h| > N.
Otherwise, consider the words in Z% with support cardinality |h| made by exactly h;
times n;, for j = 1,...,p: there are (]}\:) such words, and all of them have invariants
vector weight h.

The upper bound is clearly true if h = 0. Assume therefore that h # 0 For any
z € Zp consider the subset J of indices j € {1,...,N} for which z; # 0. Clearly,
1 < |J| < |h|. Tt thus follows that the number of elements in Z;' can be upper
bound considering all possible subsets J of cardinality 1 < | 7| < |h| and all the
possible elements of Z in the positions in 7. In other words

k| |h|

N ; N
z1=3 (Vizv<izmy (%)
= N =1 7
L
It is now sufficient to use the inequality ) (j) < NPl to obtain the result. ]
j=1

Two examples of weights, always available on any set Z, are the following:
e Hamming weight: p =1, wy(2) = 1 — 1p(2);

e Type weight: p = |Z| — 1, or better wr(z) € N?M0 because we prefer
indexing the components of wr(z) directly by the elements in Z \ {0} instead
of by integers 1,...,|Z| — 1; define wr(z), = 1,(z) for every a € Z \ {0}.

With this notation, we clearly have |wr(z)| = wyu(2z) . Notice moreover, that for
any weight on Z, it necessary holds

wi(2) < |w(2z)] < Wnaxwr(2) .

where Wy, = max |w(z)].
z€Z

On Abelian groups, it will be particularly important to consider the weights
compatible with the algebraic structure, as defined below.

Definition 2.2 Given an Abelian group U, a distance d on U is called compatible
with the group structure of U if d(u,v) = d(u + w,v + w) for all u,v,w € U.

A weight w : U — N is called compatible with the group U if there exists a
distance d compatible with U such that, for all u € U, w(u) = d(u,0).

Notice that if d is a compatible distance on U, the natural extension (by compo-
nentwise summation) on U* remains compatible: it will be denoted with the same
symbol d, as well as the associated weight w.

Notice that the Hamming and the type weights are always compatible with any
fixed group U.

11
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2.2.2 Symmetric channels

A memoryless channel is described by: an input alphabet X (which we will always
assume is finite), an output alphabet ), endowed with a o-algebra B C 2Y and
a probability measure p; a family of transition probability densities W (-|z) on Y,
indexed by the inputs x € X. Such a channel will be denoted by (X,),W). In most
applications, either ) is finite, and p is the counting measure, so W (-|x) are simply
probability vectors, or ) = R™ and p is the Lebesgue measure.

To give a formal definition of symmetric memoryless channels, we need to recall
some definitions of group actions. Given a group (G,+) with neutral element 0, and
given a set A, G acts on A if for every g € G there exists a map a — ga from A to
A, such that (h+ g)a = h(ga) for all h,g € G, and a € A, and Oa = a for all a € A.
For finite A, the group action of G on A is said to be (simply) transitive if for every
a,b € A, there exists a (unique) element g € G such that ga = b. If G acts simply
transitively on A, G and A are in bijection, through the map 6 : G — A defined by
0(g) = gay for any fixed ay € A.

Given a probability space ), with o-algebra B and probability measure u, we say
that a group G acts isometrically on ) if there exists an action of G on ) consisting
of measurable bijections such that u(gA) = p(A)VA € BNVg € G. If Y is finite, then
all group actions on ) are isometric. If ) = R", then an action is isometric when
all maps y — gy are isometries of R".

Given a group G, a memoryless channel (X,),W) is called G-symmetric if:

1. G acts simply transitively on X’;
2. G acts isometrically on Y;
3. W(y|x) = W(gy|gz) for every g € G, x € X, y € ).

In this case, the bijection 0 : G — X defined by 0(g) = gz, for some fixed zyp € X
is called an isometric labeling.
The most common examples of G-symmetric channels are the following.

Binary-input output-symmetric channels. Zj,-symmetric channels are known
in the coding literature as binary-input output-symmetric (BIOS) channels.
Well-known examples are binary symmetric channel (BSC), binary erasure
channel (BEC), and binary-input AWGN (BIAWGN) channel.

Geometrically uniform AWGN channels. A n—dimensional constellation is a
finite subset S C R™ that spans R™; we denote with I'(.S) its symmetry group,
i.e. the group of the Euclidean isometries of R™ mapping S into S itself.
A constellation S is said to be geometrically uniform (GU) with generating
group G if G is a subgroup of I'(S) whose action on S is simply transitive.

12
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The simplest example of GU constellation is the 1-dimensional antipodal con-
stellation {—1,1} (a.k.a. 2-points Pulse Amplitude Modulation, 2-PAM). A
bi-dimensional example is the m-PSK constellation

2mil

S={em :1=0,..m—-1} CC~R?

which always has the generating group Z,, (seen as rotations of angles multiple
of 27r/m) and for even m also has the non-Abelian generating group D,,/». For
a complete theory of GU constellations and generating groups, see [29] and
[45].

Given a GU constellation S C R? with generating group G, define the S—
AWGN channel as the memoryless channel (S,R™,W) where the family W of
n-dimensional transition densities is given by, for every x € S,

W(ylz) = N(y — z),

where N(-) is the density of a n-dimensional diagonal Gaussian random vari-

able: ) 7“,1,”22
N(Z/) = We 207 .

The interpretation is that, if x € S is the transmitted symbol, the received
symbol is given by x4 Z where Z is a Gaussian random variable of density N.

Other examples of G-symmetric channels can be obtained from the S-AWGN
by suitable symmetric quantizations of the channel output, e.g. quantizing
with respect to the Voronoi regions of the same constellation S.

m-ary symmetric channels. This is a simple generalization of the BSC: X =) =

{0,1,...;,m — 1} and W(y|x) =¢/(m — 1) ify # x, W(y|lz) =1—€if y = z.
This channel is G-symmetric for any group G with |G| = m; in particular, for

G = Zp,.

In the study of G-symmetric channels, a key element is the pairwise equivocation
probability of a word ¢ € G™, P(0 — c¢), defined as the probability that, for some
fixed decoding rule, the decoder will prefer ¢ to 0, given that 6(0) was transmitted.
In this thesis, we consider maximum likelihood decoding, with the choice to break
ties uniformly at random (or with any given rule on channels such as S-AWGN
where ties occur with probability zero), so that

P(0—c) = s Wi (+16(0)) L, 6(c))>Wa(-0(0)) Aftn

+3 g W, (-16(0)) Lw, (. jo(e))=wa (- 16(0)) dfin

13
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where W,,, u, and @ are the natural extensions to multiple uses of the channel of
W, 1 and 6. Note that, under this decoding rule, P(0 — ¢) depends only on the
type wr(e), and given a type w we will use the notation Q(w) to denote P(0 — ¢)
for any ¢ with wr(c) = w.

The well-known Bhattacharyya bound is the following upper bound for pairwise
equivocation probability:

P(0—c) < [ Wa(-16(0))1w,(l6(c))>Wn(l6(0) dfin
yn

<H / VIR ([6(e) du

< ,.YWH (e)

where v is the (worse) Bhattacharyya noise parameter of the channel defined as:

7= mas / VIO (10(9)) dy

On the other side, a lower bound for pairwise equivocation probability is easily
obtained:

PO —c)> [ W,o(:[0(0))lw,(6c)>wWn(l0(0) tin
yn

> H/yW(-IQ(U))lwc6(ci>>>w<-e<o>> dp
i=1
Z pWH(C)

where p is the (worse) equivocation probability of the channel, defined as:

p= mm/W 10(0)) Iw(jo(e)y>w (o)) dp

Let’s see what these definitions give in the examples of G-symmetric channels
we have presented.

BIOS channels. The names Bhattacharyya parameter and equivocation probabil-
ity for v and p are mostly used only in this context, where there is only one
non-zero g € G and so there is no maximization (resp. minimization) in the
definition of v (p).

For BSC with cross-over probability e, if wg(e) = w is odd, P(0 — ¢) =
Qw) = > fw/2] (“)e(1 — )=, while if wy(c) = w is even, P(0 — ¢) =

14
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Qw) = Z:;Hwﬂ (l:) (l—e)"+1 (w“/}2) €”/2(1—¢)"/? (the last term because

of breaking ties). The Bhattacharyya parameter is v = 24/€(1 — €), while the
equivocation probability is p = e.

For BEC with erasure probability €, the only terms in P(0 — ¢) come from
breaking ties: if wu(c) = w, P(0 — ¢) = Q(w) = 3¢*. Here v = ¢, while
p=0.

For BIAWGN channel, see below.

S-AWGN channels. Here, with S C R? and codewords of length n,

P(0 —c) = g W (:10(0)) 1w, (. jo(c))>Wa(-16(0)) dfin
_ /+OO 1 e v?/(20%) q
- loe)—0()] 2702 4

_ %f (Ht‘)(«;) %2(0)”)

where erfe(x) = % f:oo e dt and || - || denotes Euclidean norm.

It is well-known that all points of a geometrically uniform constellation lie on
a sphere and it is usually assumed that constellations have barycenter in the
origin, so the radius of the sphere, squared, is the signal energy per transmitted
symbol Ej: this remark allows to find explicit dependence of P(0 — ¢) on the
re-scaled Euclidean distance and on the SNR:

where E;/Ny is the signal-to-noise ratio per transmitted symbol.
You can compute

Y = max e_||0(9)_0(0)”2/(802) = (e_ES/(4NO))ming¢O 16(9)—6(0)|I?/Es
g#0

Often, v is defined in a slightly different way, as v = e~ Fs/(4No) "in order to
underline the role of the re-scaled squared Euclidean weights in the exponent.

Finally,

1 O(g)— 0 1 0(q) — 0 E
p— min L erte (160 =8O _ 1 o (maxoro [16(9) = Q)] [ E:.
970 2 2252 2 'E. AN,
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m~ary symmetric channels. A symmetric channel with alphabet size m and mis-
take probability € has

PO =)= 2 (- g)d ™ S () (=) (-9

w2 e e feio)?
T3 ;::0 (25)[(1_m)€] (S><m_1>
In this case, v = /-5 <2\/1 —€e+(m— 2)\/z> and p = —.

2.2.3 Block codes over Abelian groups

We fix an Abelian group I' and we consider transmission on a memoryless I'-
symmetric channel. Given another Abelian group U, we define a block encoder
of rate k/n, over I' with inputs in U, to be any injective group homomorphism
¢ : U* — I'™; we define the corresponding code to be the image of the encoder.

We let ¢ to be a r.v. uniformly distributed on U* (¢ is the word to be sent) and
independent from the channel noise. We let f to be the ML estimate of £ from the
received word y. In this setting, we can clearly define the word error probability of
our code in the usual way:

Puy(elu) =P(§ # ul¢ = u)
and
Pule) =P #&) = W > Pulelw).
ueUk
Our assumptions ensure that the Uniform Error Property holds, i.e. the word error
probability does not depend on which word has been sent and, in particular, we can
assume that the all-zero word has been sent: P,(e) = P,(e|0)

Another interesting property of a code (or, more precisely, of an encoder) is its
bit error rate. In our abstract setting, it is more convenient to consider a symbol
error rate, where symbols can be, for example, the elements of U or, as we will see,
also something ‘smaller’. We propose the following definition.

Given a distance d compatible with U and such that d(u,0) # 0 for all u # 0, we
define a symbol error rate with respect to d as

Poefu) = 3" 8% pe _ e — )

aeUk kpU

where py is the diameter of U with respect to d. Moreover, we put

Py(e) |U|’“ Z P(e|u) .

ucUk
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The compatibility of the distance with U, together with the previous assumptions,
ensures that also for Ps(e) the Uniform Error Property holds true:

Ple) = Pel0) = 3 %P(é _ale=0),

where w is the weight associated with the distance d. In this case, py = max,ecpy w(u),
and we have the inequality

1 Iginﬂ)w(u)
PS > _ue U Pw
(e) 2 N ma(;('w(u) (€)
ue

When d and w are Hamming distance and weight respectively, the above defi-
nition simply gives the usual Symbol Error Rate, where symbols are elements in U,
and if U = Z, this is the classical Bit Error Rate. When U = Z, in addition to
the Symbol Error Rate, we can find also the Bit Error Rate taking as distance the
number of different bits (Hamming weight in (Z%)* identified with Z4*) instead of
the number of different symbols.

2.3 Convolutional encoders over Abelian groups

In this section we will recall some basic facts of the theory of convolutional codes
over Abelian groups which will be needed for the sequel. Further details can be
found in [40, 25, 26, 27] and the reference therein.

2.3.1 State maps and error events

Let U and Y be two Abelian groups. Consider the spaces of sequences U and YV,
respectively, both equipped with the componentwise group structure. Convolutional
codes will be for us homomorphic maps ¢ : UN — YN satisfying certain properties
which are introduced below. In coding theory the only maps between sequence
spaces which are really relevant are those which admit a realization through finite
state maps.

A (homomorphic) state map n from U" to YN consists in another Abelian group
X and in four homomorphisms

F:X—-X, L:U—X
R:X—-Y, S:U—-Y

X is called the state space of the state map and if X is finite, then the state map
is said to be a finite state map. A state map is formally denoted by the quadruple

17
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n = (F,L,R,S). A finite state map can be pictorially described by a trellis, in the
usual way: at each time step, we draw vertices corresponding to the elements of X,
then we draw an edge from vertex x at time ¢ to vertex 2’ at time ¢ + 1, with input
tag u and output label y if and only if ' = Fz + Lu and y = Rx + Su.

Given a homomorphic state map n and a state x € X, we can define a map
ne : UN — YN mapping u € U" into y = 7,(u) computed recursively starting from
the initial condition xzq = z, as follows:

Tip1 = Fag+ Ly
vVt € N. 2.1
U Rt c @1)
Explicitly, we can write
t
Yy = Rth—l—RZFjLut,j + Su, . (2.2)

J=1

Notice that ng is a homomorphism.

A homomorphic map ¢ : UY — YV is said to be a convolutional encoder if there
exists a homomorphic finite state map n = (F,L,R,S) such that ¢ = 79. In this case
n is said to be a state space realization of ¢. Given a convolutional encoder ¢ : UN —
YN there may exist many homomorphic finite state maps realizing ¢. A state map
7 is said to be a minimal realization of ¢ if it has the state space with the minimal
number of states among the possible realizations of ¢. An important consequence
of minimality ([20, pag. 48] or [42, pag. 192]) are the following properties:

e Observability: Let u’,u” € UY and x’',x” € X" be such that both pairs (u’,x’)
and (u’,x’) satisfy the first relation of (2.1). Let y’,y” be the corresponding
output sequences. Then, if u’y = u”; and y', = y”, forallt =0,...,|X| -1,
necessarily, it must hold x’g = x”.

e Reachability: For any z,2’ € X there exist t < |X|—1, u € U" and x € XV
satisfying the first relation in (2.1) such that xg = = and x; = 2’. The smallest
t for which this condition holds for any x,2’ € X is called the reachability
index of n and denoted by v.

From now on, whenever we are considering a convolutional encoder ¢ : UN — YN,
we will assume that an underlying minimal state space representation n has been
fixed once and for all: in particular, to any given w € U", and initial state z we
can unambiguously associate a state sequence & € X. Whenever the initial state
x is not explicitly mentioned, we assume that x = 0. Notice moreover that x; only
depends on u up to time ¢t — 1.

We now define the key concept of error event.

18
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Definition 2.3 Let w € UY be an input sequence with associated state sequence
x. u is said to be an input error event for ¢ if there exist t; < t5 such that

(i) y=0for all t <t; and t > t,.
(ii) x; =0 for all t < ¢y and t > t,.
(iii) x; # 0 for all t €]ty,t].

The corresponding codeword y = ¢(u) is said to be an error event. We call [t;,t5]
the active window and ty — t; the length of the (input) error event and we denote it
by l(u) or by I(y).

The following property shows that the length of an error event cannot grow un-
bounded. We omit the proof since it is a straightforward generalization of Lemma
20 in [23] (binary case) using the observability property of the minimal realization.

Proposition 2.1 Given a convolutional encoder ¢ : UN — YN there exists a con-
stant L > 0 such that any error event w has length [(u) < L (wy(u) + wy(é(u)) O

The support of a sequence u € UY is defined by

supp(u) = {t € N : u; # 0}.

u is said to have finite support if its support has finite cardinality. Notice that the
cardinality of the support of a sequence coincide with the Hamming weight.

2.3.2 Laurent series formalism

In many situations the description of a convolutional encoder through a state repre-
sentation or the corresponding trellis is sufficient and quite appropriate. As in the
classical binary case there are also more algebraic but equivalent ways to describe
convolutional codes which, on the other hand, turn out to be quite useful in inves-
tigating concepts like recursiveness, non-catastrophicity etc. This is what we are
going to do next.

Given a group U, we consider the group of Laurent series

U((D)) = {Zuka €U 3 keruk:OVk<ko} .

Inside U((D)) there are two relevant subgroups: the polynomials U[D] and the usual
formal power series U[[D]].
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Relation (2.2), for x = 0, can be interpreted as a multiplicative operator (product
being defined in the Cauchy style) from U((D)) to G((D)) with the multiplicative
symbol given by

[e.e]

(RF'L)D’ + S € Hom(U,Y)[[D]] . (2.3)

Jj=1

(D) is called the transfer function associated with ¢. Conversely, given a generic
#(D) € Hom(U,Y)[[D]], we can ask if it is the transfer function of a convolutional
encoder. The answer is that this is true if and only if ¢(D) is rational. Rationality
is defined similarly to the field case. Consider the ring Z((D)) of Laurent series
with coefficients in Z. The invertible elements in Z((D)) are those Laurent series
whose trailing coefficient is equal to 1 or —1: we denote this subset with the symbol
Z((D))*. Given any Abelian group U, U((D)) is naturally a Z((D))-module. We
define the submodule of rational elements of U((D)) as

U(D) ={u(D) e U((D)) : 3p(D) € ZIDINZ((D))", p(D)u(D) € U[D]} .

Notice that rational Laurent series can always be represented in the usual fraction
style

for some suitable polynomials p(D) € Z[D] N Z((D))* and v(D) € U[D]. The
assumption on p(D) is exactly to make sure that 1/p(D) is a meaningful element

of Z((D)). It can be proven that ¢(D) = Z ¢ D* € Hom(U,Y)[[D]] is the transfer

functlon of a convolutional encoder if and only if it is rational (see Proposition 5.2
n [25]). Rationality has a useful characterization at the level of the underlying
sequence ¢y: it is equivalent to the fact that ¢, is periodic for sufficiently large k.
A special type of convolutional encoders are the polynomial ones, namely those for
which ¢(D) € Hom(U,Y)[D].
In the sequel we will often ‘confuse’ the group sequence U™ with the formal power
series U[[D]] through the one-to-one correspondence

(Ut)teN — Z UtDt .
t

In particular ugD™ will often be used to denote the sequence uw which is equal to
up at time tg and equal to 0 otherwise. Notice that finite support sequences are
in this way represented by polynomials in D and polynomial encoders transform
polynomials into polynomials.
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2.3.3 Properties of convolutional encoders

In this section we describe how some classical properties can be generalized to our
setting; we will need them in analyzing our concatenated schemes. Some further
properties, specific for the case when the input and output groups are free Z,,—
modules, will be given in the Appendix 2.4.

Non-catastrophicity

The classical definition of non-catastrophic encoders is the following.

Definition 2.4 A convolutional encoder ¢ : UN — V¥ is non-catastrophic if, for all
u e UN
wh(o(u)) < oo = wh(u) < 00

An useful remark is that systematic encoders are surely non-catastrophic. Also,
non-catastrophic encoders have the following nice characterization (direct conse-
quence of [27, Coroll. 1, p. 41})

Proposition 2.2 Let ¢ : UY — V¥ be a convolutional encoder. The following
conditions are equivalent:

1. ¢ is non-catastrophic;
2. ¢ admits a polynomial left inverse.

3. there exists a constant ¢ > 0 such that, for all u € U"

wi(u) < Cwi(o(u)) .
U

Notice that condition 2. gives a practical tool for testing if an encoder is non-
catastrophic, and it also shows that non-catastrophicity is a property stronger than
injectivity. Instead condition 3. is a sort of continuity reformulation.

Recursiveness

Binary convolutional encoders are defined to be recursive when no input word with
Hamming weight one can give a finite-weight output; this property can be easily
generalized to our setting.

Definition 2.5 Given a weight w : U — NP, a convolutional encoder ¢ : UN — YN
is w-recursive if, for all u € UV,

lw(u)] =1 = wu(p(u)) = +oo.
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When w is the Hamming weight, this is the usual definition of recursiveness.
See Appendix 2.4 for a characterization of recursive encoders on free Z,,—modules
which allows to easily test for recursiveness.

Small input-weight codewords

All convolutional encoders, including the recursive ones, admit non-zero finite sup-
port input sequences whose image also has finite support. This fact is obvious from
the rationality property. Indeed, if the transfer function ¢(D) is of type

L
p(D)

where p(d) € Z((D))* N Z[D] and ¢'(D) € Hom(U,Y)[D], we can observe that any
polynomial input of type u(D) = p(D)v(D) for some v(D) € U[D] is transformed
into another polynomial ¢(D)u(D) = ¢'(D)v(D).

We now present a sharper result which shows how to construct input sequences
with support of cardinality 2, whose image has finite support: this will be useful
later on.

¢(D) = ¢'(D)

Proposition 2.3 Let ¢ : UY — YN be e a convolutional encoder and let uy, . .. ,u, €
U be such that Y u; = 0. We can find time instants ¢;,...t¢, such that given
u =Y u;D% we have that ¢(u) has finite support. O
Proof:

Consider the transfer function ¢(D) = >, ¢,.D*. By rationality we know that
there exists kg € N and T' € N such that ¢, = ¢ 7 for every k > ky. Consider now
the input sequence u = Zj ujD(j_l)T. We have that

r

P(u), = Zqﬁtf(jfl)TUj

j=1

Notice that if we choose t > ko 4 (r — 1)T', we easily obtain that ¢;_;_1yr = ¢ for
every j so that, ¢(u), = 0. This proves the result. |

From the above result we obtain as an immediate corollary the following property,
well-known at least for the binary case.

Proposition 2.4 Given a recursive convolutional encoder ¢ : UN — YN there

exists € N such that, for any u € U the input sequence u = v — uD? is an error
event. |
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Free distance

In the classical analysis by Benedetto et al. [3], an essential design parameter is
the free distance of the outer encoder. When the concatenating group is not the
group of all permutations (the classical uniform interleaver), we have to consider a
slightly different parameter: instead of taking the minimum Hamming weight among
non-zero outer codewords, we minimize some other proper weight.

Definition 2.6 Given a convolutional encoder ¢ : UN — YN and a weight w :
YN — N?, we define the w-free distance of ¢ to be

ds(p,w) = min{|w(c)| : ¢ = ¢(u),u € UN u # 0}

The classical free distance is the wy—{ree distance.

2.3.4 Terminated convolutional encoders

Suppose ¢ : UN — YN is a convolutional encoder with minimal state space X. We
now define the terminated block codes associated with ¢ as follows.

Fix N € N*. Given a vector u = (ug, ...,ux_1) € UV, let xx be the correspond-
ing state at time N. Because of the reachability condition it is possible to find input
elements uy, ..., un1,—1 such that the state at time N + v — 1 is equal to 0. This

input string may not be unique and we assume we have fixed a specific one as a
function of the terminal state z we had reached in such a way that the mapping

N (TlN, e ,’INLNJrl,,l)

is a homomorphism. It is a straightforward algebraic verification that this is always
indeed possible. Given w = (ug,...,uy_1) € UY we now consider the associated
input sequence

U = (Uo, <o UN—1,UNS - - 7/U/N+l/7170707 e )

We then define the N-terminated block encoder as
<Z5N L UN — YN+V7 ¢N(u) = ¢(ﬂ)|[O,N+V71] .

For the assumptions made, ¢~ is also a homomorphism. C¥ = Im ¢" is called the
N-block code associated to ¢*.

An input vector u € UY is an input error event for ¢V if @ € UY is an input
error event for ¢. In this case ¢ = ¢ (u) is called an error event for ¢". Suppose
the active window of @ is equal to [t,t2]. Then, the (input) error event is said to
be regular if to < N, otherwise it is called terminated. For a terminated error event,
we call N — t; its length.
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. . 1
Notice that any codeword ¢ € CV can be written as ¢ = Z;L;rl c; where c; are
regular error events for 7 = 1,...,n and ¢, is either zero or a terminating error

event and the active windows of all these events are disjoint. We will use the notation
n(c) to denote the number of regular error events in the above decomposition of e.
Also notice that the above decomposition is unique, up to a permutation of the
regular error events.

Some codewords have a decomposition in error events which is the same up to
shifts of their error events, and for this reason share many important properties.
More formally, we propose the following definition:

e two error events ¢ = ¢ (u) and ¢ = ¢ (u') (notice that possibly N # N')
are said to be shift equivalent if the corresponding extended inputs w, @’ € UN
differ only by a shift.

e two codewords ¢ = ¢"V(u) and ¢ = ¢"'(u') are said to be shift equivalent if
there exist error event decompositions ¢ = Zyill c; and ' = Z?:J{l c, such
that ¢; and ¢ are shift equivalent for all i.

Notice that, given two shift equivalent codewords ¢ and ¢, clearly n(c) = n(c’) and
moreover, given a weight w on the alphabet Y, w(c) = w(c).

Remark 2.1 Now we want to underline a property which is somehow similar to
an inclusion of CV in CV' for N < N’ (while strictly speaking an inclusion cannot
occur, as the two codes are subsets of different spaces). If N < N’, for all ¢ € CV we
can construct ¢/ € CV' such that ¢ and ¢ are shift equivalent, by properly adding
ZEros. |

2.3.5 Enumerating functions and growth estimates

A fundamental concept for all encoders is the so called weight enumerating function,
since it is well known to play a basic role in all performance evaluations. While in
the binary case, there is only one possible weight to be considered, namely the
Hamming one, in our setting many choices are possible and we will need to consider
different possibilities in later sections. We start defining the basic one based on the
Hamming weights in the input and output groups.

Definition 2.7 Given a convolutional encoder ¢ : UN — YN consider its associated
N-terminated block encoder ¢V : UN — YN+ Define its input/output support
enumerating coefficients as:

Apan =Hu €UV wr(u) = w, wu(¢" (u)) = d,n(¢" (u)) = n}|

w,d,n
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2 — Group codes

In some cases, we will need to replace the Hamming weight with other possible
weights in the input and in the output. We will use the notation A}, to de-
note enumerating coefficients relative to some specified input weight w and output
weight d.

The following proposition gives a growth estimation for input/output support
enumerating coefficients: this will allow us to have general bounds (even if quite
loose) on all the different weight enumerators. We omit the proof, which is a straight-

forward generalization of Proposition 10 in [23].

Proposition 2.5 There exists two positive constants a and b such that

A]u\J/v,d,n S (N N n) awbd

n

O

2.4 Properties of free 7Z,, convolutional encoders

In this Section, we consider convolutional encoders ¢ : ZFN — Z™ which can be
represented as matrices ¢ € ZEX"(D) ~ Z,,(D)*™. We will call them free Z,,
convolutional encoders. They are the most straightforward generalization of classical
binary convolutional encoders, and they have some interesting properties. Let us
start with a simple algebraic remark: we know that ¢ can be represented as ¢ =
p(D)~tq(D) for some p(D) € Z|D]NZ((D))* and q(D) € Z,,[D]**". Since all the
algebraic structures involved are also Z,,-modules, it turns out that we can as well
assume that p(D) € Z,,[D] N Z,,((D))* which in practice means that p(D) has all
coefficients in Z,, and the trailing coefficient is in Z;,.

In Sect. 2.3.3, we gave a general definition of recursiveness. In the binary case
(for simplicity consider scalar input, i.e. ¢ : ZY — Z5N) there are well-known
characterizations of wy-recursive encoders: ¢ is recursive when its shift-register
state representation has a feedback, or equivalently if ¢ = ﬁ[pl(D), —.,pa(D)],

with ged{q,p1, . ..,pn} = 1 has non-trivial denominator, i.e. ¢(D) # D". This latter
characterization allows to check very easily if an encoder is recursive and we will
now generalize it to recursiveness of free Z,, encoders with respect to Hamming or
equivalently to type weight in Z,, (not the Hamming weight in ZF ).

First of all, without loss of generality we can restrict ourselves to considering
scalar encoders ¢ : ZY — ZX: if not so, notice that ¢ : ZF — Z"™N is w-recursive
(w being the Hamming or the type weight in Z,,) if and only if each column of its
matrix has at least one entry which is a scalar w-recursive encoder.

Then, if m is a prime (so that Z,, is a field), ¢ = p(D)/q(D) with p(D),q(D) €
Z,,|D] and ged(p,q) = 1 is w-recursive if and only if ¢(D) # D': as in the binary
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2 — Group codes

case, we can identify recursive encoders at a glance, just looking at their denomina-
tor.

If m is not a prime, let m = p* ...p;" be its prime factors decomposition and
let ¢; : Zzli — Zzli be obtained by taking the restriction of ¢ to inputs in pﬂiZm and
then identifying pmiZm with Z,, through the natural fields isomorphism mapping.

Proposition 2.6 ¢ is w-recursive if and only if ¢, ...,¢; are w—recursive. 0

Proof:  The first implication is trivial. Conversely, knowing that ¢;,...,¢; are
recursive, we want to show that wy(¢(D)u) = +oo for any u € Z,, \ {0}. Since
u < m, there exists i € {1,...,l} and r € N such that p}|u, p;*'{ u, and p.™|m.
Consider @ = (p; 'm)(p; "u) = (p; " 'm)u. Clearly, @ # 0 and, by the assumptions
made, wy(¢(D)u) = oco. This clearly implies that also wy(¢(D)u) = oco. [

The characterization given by Prop. 2.6 is helpful because the encoders ¢1, . .. ,¢;
can be obtained very easily from ¢: if you write ¢(D) = p(D)/q(D) with p(D),q(D) €
Z|D], you have ¢;(D) = p(D)/q(D) where p(D),¢(D) are polynomials in Z,, ob-
tained multiplying each coefficient of p(D) (resp. ¢(D)) by m/p; (modulo m) and
then identifying the corresponding element in Z,_ .

For example, the encoder ¢ : ZY — Z% defined by ¢(D) = 11137%2 is not recursive.
You cannot tell it simply looking at the denominator, which is non-trivial. You can
see it using the definition given in Sect. 2.3.3: notice that ¢(D) = (14+3D?) Y ",., D'
and then input u(D) = 2 produces output 2¢(D) = 2 + 2D € Zg[D]. You can also
check the recursiveness of ¢ using Prop. 2.6: as m = 8 has only one prime divisor
p1 = 2, you need to check only one encoder ¢ = 2 ° = 1+ D which clearly isn’t

1+D
recursive.

By the same technique of looking at the encoders ¢, ...,¢; defined above, we
can obtain a characterization of the free distance of ¢ with respect to Hamming or
type weight in Z,,. This characterization is not interesting under a computational
point of view, as the computation of the free distance of encoders over fields or rings
does not have a different complexity, but it is essential to find tight bounds for the
interleaver gain of free Z,, serial schemes (Prop. 3.12 and Coroll. 3.1).

Proposition 2.7 Let dy be the w-free distance of ¢ and d;(¢;) be the w-free dis-
tance of ¢;, where w is the Hamming or the type weight in Z,, and Z,, respectively.
Then:

dp = min {d(¢;)}

Proof:  Clearly, for all j = 1,...,, df(¢;) = dy(
that there exists at least one j such that d¢(¢;) = d

I%_(b) > dy. Now we will prove

f.
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Let C = ¢ (Z*,((D))) and let @ € C be a codeword such that wy(z) = dy. The
key remark is that wy(x) = d; implies that all non-zero symbols (i.e. elements of
Zy,) of & have the same annihilator. In fact, wg(x) = d; means that Yy € C \ {0}
wi(y) > wh(x), which implies that

Ba € Z,, such that 0 < wy(az) < wy(z)

and so, for all a € Z,,, either ax = 0 or wy(ax) = ds i.e. ax; # 0 for all x; # 0.
This remark implies that there exists d|m (possibly d = 1) and there exists
p; a prime factor of m such that wy(de) = wy(x) and p;dx = 0. Now, choosing
c = dx we have a codeword ¢ € pﬂj C such that wy(c) = dy, so that we can conclude:
dy(¢5) = dy(5;¢) = dy. u
Finally, when proving Prop. 3.12 we need also the following simple lemma, even
though it is just a property of Z,, and not of convolutional codes.

Lemma 2.2 Givenay,...,a, € Z,\{0}, there exist indexes {i1,...,i,} C{1,...,m}
such that a;; +...4+a;, =0 mod m. U

Proof: By contradiction, assume that ), .;a; # 0 mod m for all non-empty
Z C{1,...,m}. Then, in particular, > " a; # 0 mod m for all n = 2,...,m and
soa; ¢ {—ag, —as—as, ... 7_2?:2 a; }, which, being a set of m—1 distinct non-zero
elements of Z,, is Z,, \ {0} itself, contradicting a; € Z,, \ {0}. |
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Chapter 3

Generalized serial turbo ensemble

In this chapter we introduce a wide class of generalized serial turbo schemes, coupling
two convolutional encoders over groups through an interleaver respecting the group
structure; these codes are designed to be used on symmetric channels, where the
group structure of the encoder and the channel is matching. A particularly relevant
example is the case when the convolutional codes are modules on Z,,, the interleaver
is a permutation and the channel is AWGN with m—PSK input constellation.

We introduce an ensemble of coding schemes, and we study its average ML
performance: we obtain the exact asymptotic decay of the average symbol and
word error probability when the interleaver length goes to infinity and also the
behavior when the SNR goes to infinity. The performance is characterized by two
parameters, the interleaver gain p and the effective distance ¢*, which are defined
as the solution of an optimization problem and in general jointly depend on both
constituent encoders, differently from the binary case. To make clear the meaning of
these parameters, we have explicitly computed them in some examples encompassing
most of the relevant scenarios.

3.1 Ensemble description

3.1.1 Serial interconnections

We now precisely define the serial interconnected schemes we are going to consider.
We start with a I'-symmetric channel. We also fix the input Abelian group U. All
encoders we will consider will be driven by words on U and will output symbols
in I'. The interconnection will take place through a third Abelian group, say Y
called the interconnection group. We now fix two convolutional encoders denoted,
respectively, the outer and inner encoder:

G0 UM — (YI), oy (V)" — (I,
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3 — Generalized serial turbo ensemble

Denote by v, and v; the reachability indices of ¢, and ¢; respectively, and define the
set
N={NeN" : sjr(N+vwv,)}.

Consider now the terminations, for N € N:

? Y

(bé\/ . UN - YT‘(N+I/O) ¢ZN . YsMN - ]”l(MN+Vi)
where sMy = r(N + v,). We now fix, for every N € N* a subgroup Gy C
Aut(Y"W+ve)) - The triple (¢o,0i,(Gn)nen) is said to be a serial interconnected
ensemble. The asymptotic rate of the serial interconnected ensemble above is defined

by the product

log |U
og | |§ bits per channel use.

To the serial interconnected ensemble above we can associate a random sequence
of encoders and codes as follows. Define I1y to be a r.v. uniformly distributed over
Gy and consider the corresponding homomorphic encoder @V = ¢ o [Ty o ¢ and
group code CV = Im(®"): they are called, respectively, the random encoder and the
random code associated with the given ensemble.

The following picture describes the above construction.

R =

UN yr(N+vo) ysMn UM N +v;)
-— gbév — — gbZN —

In the sequel we will denote by P and [E probability and expected value, respec-
tively, made with respect to the probabilistic space underlying the sequence I1y.
We will also use the notation P,(e) and Ps(e), respectively, for the average word
and symbol error probabilities.

3.1.2 Regular ensembles

Our aim is to give asymptotic results for P,(e) and Ps(e) when N — oo, keeping
fixed the constituent encoders. To do so, we need to make further assumptions on
the groups G n: roughly, we need to enforce some compatibility among the groups
as N varies and that the number of invariants of the group action does not grow
with N. Following [23] we propose the following definition.

Definition 3.1 The sequence of groups Gy (and the corresponding ensemble) is
said to be regular if there exists a weight wg : Y — N such that, for every N and
for all y, z, € Y"V+0) it holds

we(y) =wg(z)e JoeGy :oy==2

we(y) will be called the invariants weight vector of y € Y7T(N+¥0),
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3 — Generalized serial turbo ensemble

Property of regularity simply says that all actions of the groups Gy on the sets
Y7(N+10) can be described through a finite (constant) family of invariants: the p
components of the weight wg. We will use the notation Y} = {x € Y' : wg(x) =
h}. Moreover we denote by G y(y, z) the subset of elements in Gy mapping y to z.
Using standard results on group actions (the class formula) [36], we can show that

Remark 3.1

|Gy ()] )0 if wg(u) # we(v)
Gyl )i we(u) = we(v) = h

This technical result will be needed later.

Lemma 3.1 Assume that y,z € Y™+ are such that for every index i € {0, ... ,N+
Vo— 1}, y; # 0 yields z; = 0. Then, given any o € Gy and given any i we have that

(0y)i #0 = (0z); # (oY) -
Proof: Notice that
(wg(oy + o(—2))| = |lwe(y — 2)| = |we(y)| + [wa(—2)|.

On the other hand, if oy and oz were equal in an index where they are not equal
to 0, by point 2. of Definition 2.1, we would have

[we(oy + 0(=2))| < lwa(oy)| + [we(o(=2))| = [wa(y)| + |wa(=2)]-

This ends the proof. |

We now present two fundamental examples of regular actions.

1. Symbol permutation In this case we simply take G'n = Sy (n4.,) the full sym-
metric group acting on Y"W+0) by standard permutation. In this case the in-
variant weight is the type weight: p = |Y| — 1 and wg(y) € N? by (wg(y)). =
1.(y) as a varies in Y\ {0}. Notice that

_ (T(N; uo)) .

2. Separate channels symbol permutation Assume Y =Y; x Y5 and assume Gy

)Y’:(N+VO)

and G2 are sequences of groups acting regularly on Y{(NWO) and YQT(N+V°)
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3 — Generalized serial turbo ensemble

respectively with invariant weights wg, : Y1 — NP and w}, : Y5 — NP2 respec-
tively. Then, we can consider a regular action given by Gnx = Gn1 X Gy 2 act-
ing componentwise on Y; x Ys. Its invariant weight is given by wg : V) X Yy —
NP2 awa(yr,ye) = (wh(y1),wé(y2)). Notice that in this case

_ (r(Nh+1 vo)> (T(Nht uo)> .

3.1.3 Examples of serial ensembles

r(N+vo)
’th ho

In the examples below we assume [' = Z,,.

Repeat-Convolute codes We choose U =Y = Z,, and ¢, = Rep, : Z — (ZI )N
to be the r-repetition encoder

Rep, (w); = (ug, ... uy) -

We let ¢; @ (Z3 )N — (Z:)N be arate-1 non-catastrophic convolutional encoder.
Finally we choose for the coupling interleavers the symbol permutation groups
Gxn = Syn. The corresponding invariant weight is thus the type weight wr :
Zr — N™ 1 where (wr(y)); is the number of elements equal to j in the
vector y € Z,. The rate of the scheme is

logm

R = bits/ch. use.

For this ensemble, we will need the assumption that ¢; is w-recursive, which
is the same as asking it is wy-recursive.

Structured LDPC codes We choose U = Z,,, ¥ = Z{ X Z,, and ¢, as the
systematic encoder

o+ Ly — (Ly, X Lm)", do(u) = (Rep,(u),u).

Instead ¢; is itself the serial interconnection of two encoders. We consider
Sumy, : (Z3 )N — ZN defined by

Sumg(y) = (1 + - + YaYar1 + -+ Yod, -+ )

and a wg-recursive non-catastrophic rate-1 convolutional encoder 1 : ZN —
ZN . Finally we take ¢; : (Z3 X Z,)N — (Zyy X Z,,)Y defined by

0i(y"'y?) = (¢ o Sumy)(y'),y?) .
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3 — Generalized serial turbo ensemble

When taking the truncated versions of these encoders, we must make sure
to have suitable lengths, so we take: ¢Y : ZIV — Z¢N x 7dN and ¢V -
ZEN 5 7N s ZeN T 7N = [letdN+vy So the design rate of the serial

encoder ¢V = ¢ o ITy o ¢ iSR:lOgm%d'

As interconnection group, we chose the separated channels symbol permuta-
tion GN = Sch X SdN~

This family of codes is a generalization of Repeat-Convolute codes: the ad-
ditional summator Sum; is the same as the grouping factor introduced in
Irregular Repeat Accumulate codes.

If we construct the parity check matrix for the code C = Im(®") C Z£§+d)N+yw,

we can see that it is sparse, and it has a structured and a random part, so that
we have a structured LDPC ensemble, generalizing staircase LDPC codes. In
fact, notice that

(c'.e?) e CV & ¢! =N o Sumy o my o Rep, o (m3) ' (c?)
& (M) 7! (e") = Sumg oy 0 Rep, o (m3) (<)

It is clear that the permutation 7% does not play any essential role: we needed
it only to fit this scheme in our assumptions, but we can take it out without
changing the performance of the scheme.

Note that the non-catastrophicity of ¢; is needed to make the syndrome matrix
‘low density’ , i.e. with a number of non-zero elements per row and per column
which is small and does not grow with N. More precisely, the matrix Hy, =
Sumgym}Rep, is a random low density matrix with entries in {0,1}, depending
only on ¢, d and my, with at most ¢ elements equal to 1 in each column and
at most d on any row. Instead H; = (V)™ depends on the choice of v, and
is also low density, having a number of non-zero elements per row and per
column at most equal to the degree of the polynomial ¢~*(D).

3.2 Main result: interleaver gain

The well-known analysis by Benedetto et al. [3] showed an interleaver gain, in the
sense that average error probability is asymptotically vanishing when the interleaver
length grows, and their result was true under the assumption that both constituent
encoders where systematic recursive convolutional encoders and that the free dis-

tance of the outer encoder was d$ > 2 to ensure F,(e) — 0 and d$ > 3 to have also
P,(e) — 0.

In this section, we will comment on how the classical assumptions on the con-
stituent encoders can be adapted to our setting, and we will state our results about
the interleaver gain. All the proofs will be given in Section 3.3.
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From now on, we will be always considering a regular serial ensemble (see Defini-
tion 3.1), with outer encoder ¢, : UN — (Y")N and inner encoder ¢; : (Y*)N — (I')N,
and with a family of interconnection groups (Gy) with invariants weight wg. The
symbol error probability will be with respect to a fixed weight on the input group
U, denoted w;,, with the requirement that w;,(u) # 0 for all u # 0.

First of all, we have to generalize the assumptions about the constituent encoders
introduced in [3].

When considering one single convolutional encoder, non-catastrophicity is usu-
ally needed to ensure good asymptotic properties. However, when dealing with a
concatenated scheme the assumption that all constituent encoders are non-catastrophic
can be slightly weakened, as it was already recognized for example in [23] and in
[35] (in the latter, the authors consider serial schemes where the inner encoder is
heavily punctured and becomes not injective). The essential assumption is that the
overall scheme is non-catastrophic, and this can be obtained by asking classical non-
catastrophicity of the outer encoder and a weaker property of the inner encoder: ¢;
must be non-catastrophic when restricted to the inputs he will actually receive, i.e.
the permuted outer codewords.

When we are dealing with ensembles of concatenated codes, each code of the
ensemble must be non-catastrophic, in the sense specified above. This leads to the
following definition.

Definition 3.2 A regular serial ensemble with constituent encoders ¢, : UY —

(Y")Nand ¢; : (Y*)N — (I')N and regular group family (Gy) is concatenatedly non-
catastrophic if there exist two positive constants (, and (; such that, for all N € N*
and for all u € UV:

L wi(u) < ¢ |we (63 (w)|;
2. for all m € G, |wg (85 (w))| < Gwy (¢ o 7o ¢ (u)).

Notice that the requirement (1) is equivalent to asking that the convolutional en-
coder ¢, is non-catastrophic (see Prop. 2.2). In the examples introduced in previous
section, we have an example where both encoders are non-catastrophic (Repeat-
Convolute), and an example where only concatenated non-catastrophicity is true
(Structured LDPC). In fact, in this second example, non-catastrophicity of ¢ en-
sures sparsity of the parity-check matrix, but due to non-injectivity of Sumg the
inner encoder is indeed catastrophic; overall non-catastrophicity of the concatenated
scheme is ensured by the systematic branch.

About the other classical assumptions on the constituent encoders (d$ > 3 and

recursiveness of ¢;), they clearly must be re-stated considering the suitable con-
necting weight wg instead of Hamming weight, using the definitions introduced in
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Sect. 2.3. However, we will comment later in this section why these assumptions are
sufficient and not necessary to obtain some interleaver gain, and how they can be
weakened.

Now we will introduce some useful definitions, and then state the interleaver gain
result, which will answer to the question: ‘Is the average error probability asymp-
totically vanishing when the interleaver length grows to infinity? And if so, how
fast is the decay?’. From now on, we will always assume that we are considering a
concatenatedly non-catastrophic ensemble.

Let CN = ¢ (UN)) C Y"(N+%) be the outer block code, and let
H = {wg(c) : c € CY for some N, c # 0} .

Notice that with this notation the requirement (2) in Definition 3.2 is equivalent
to the following:

VN € N*,Vh € H,Ve € Y"™*) guch that wg(c) = h, |h| < (|wr (67 (c)) |

Given h € H, we look at the decomposition of codewords in error events, as
defined in Sections 2.3.1 and 2.3.4, and we define:

e n,(h) = max{n(c) such that IN,Je € CV : wg(c) = h}
e n;(h) = max{n(x) s.t. IN,Ju € Y'W+) : = ¢N(u),wg(u) = h}
o f(h)=1+|h|—n,(h) —ni(h)

Remark 3.2 Both maxima in the above definition are well defined, since we clearly
have n(e) < |h|, n(x) < |h|. Moreover, notice that, because of Remark 2.1 in 3.4,
the sequence of sets

{n(c) such that 3¢ € C) : we(c) = h}
is increasing in N and so there exists N (h) such that
no(h) = max{n(e) such that 3¢ € CN™ : ws(c) = h}

An analogous statement holds true for n;(h).
It is also clear that for what n,(h) is concerned, maximum can always be obtained
with a codeword which only admits regular error events, while this is not necessarily

true for n;(h). [
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Finally, we define:
w=1inf{f(h),h € H}. (3.1)

Notice that the function f takes values in Z and H is non-empty, so either y = —oo
or p = min{f(h),h € H}. We will use the assumptions about the constituent
encoders to ensure that we are in the interesting case when p is positive.

Our main result (formally stated in Theorem 3.1) is that, for sufficiently good
channels, if © > 1,

P,(e) < N™* and P,(e) < N** for N — oo

In addition to this interleaver gain result, we want to underline also the depen-
dence of the error probability on the channel, following the steps of Benedetto et al.
[3] and looking for an analogous of the classical effective free distance.

We define the set of the vectors h minimizing f(h):

H={he€H: f(h)=pu}
and we define:
¢ ¢*(h)= max{P(0 — x): 3N, Ju € Y"V") : 2= N (u),wg(u)=h,n(x)=n,(h)}
e ¢" = max{q’(h)}.

Remark 3.3 e We can prove that maxima in the definitions of ¢*(h) and ¢* are
well-defined. In principle the number of @ involved in the maximum defining
q*(h) is infinite. However, we can always restrict the search to a finite set, in
the following way. As a first step, we can find an upper bound on the values of
P(0 — «) to consider, trivially by computing ¢ = P(0 — &) for one admissible
. Then we restrict our search to the set:

X ={x:P(0 — x) > gand IN,Fu € YY"V . =N (u)we(u)=h,n(x)=n;(h)}
Now note that P(0 — x) > g implies 7"#® > g, ie. wy(zx) < logg/logy.
Now, by Prop. 2.1, we can bound the length of all error events in the decom-
position of & € X. This implies that, up to shift equivalence, the family of all
possible error events appearing in @ € X is finite. Therefore, also X, up to

shift equivalence, is finite. The same argument applies also to g*.

e Later, we will also see that under suitable assumptions H is a finite set
(Prop. 3.2). [

Using the definition of ¢*, we can state the interleaver gain result in a stronger
way that underlines, additionally to the decay with N, also the dependence on the
channel.
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Theorem 3.1 Consider a regular and concatenatedly non-catastrophic serial en-
semble (¢,,0i,(GN)nen), corresponding to the encoding scheme

UN yr(N+vo) ysMn UM N+v;)
-— gbév — — gbZN —

If 4 > 1, there exist positive constants c,ci,co and 7y (depending only on ¢,,d;
and (Gy)) such that, for all I-symmetric channels with Bhattacharyya parameter
7 <Y

J q*N—M < Pw(e) < Clq*cgogq*/logﬂN—u + O(N_“_l)
Moreover, for a given input weight wy, (compatible with U and satisfying wy,(u) # 0
for all u # 0),

max max

w; —_ w! .
1 Win * AT—p+1 in * (logq*/logv) ar—p+1 —u
CmQN SPs(e)Sclmq% N +O(N )
in in
where w* = max wi,(u) and W™ = min  w;,(u). O
uel uel\{0}

*log ¢*

o o logy
haviour of Ps(e) and P,(e) with respect to the channel’s noise. Note that ¢* =
P(0 — ¢) for some word ¢, so that if you denote w* = wg(c), ¢ < v*" and

lﬁ)g ¢ < w*. Hence, for a family of channels where you let 4 — 0 in such a way that
2y

the decreasing noise does not affect which words minimize P(0 — ¢) (e.g. BSC,
BEC, S-AWGN channel for fixed S, m-symmetric channel), all the information on

how fast P,(e) and Ps(e) tend to zero is contained in ¢*.

The terms ¢* in the lower bound and ¢ in the upper bound describe the be-

Now we will show how the free distance of ¢, and the recursiveness of ¢; come
into the picture. First of all, we generalize the classical assumptions in the most
natural way, simply replacing Hamming weight with the interconnection weight wg:
this will ensure that there is an interleaving gain (namely that g > 1). From now
on, let’s denote by d} the wg—free distance of ¢,.

Proposition 3.1 Assume that d} > 2 and ¢; is wg-recursive. Then
[(d5 +1)/2) < p < ds.
In particular, p > 1 and if d? > 3 then p > 2. O

In some particular cases we will give tighter upper bounds on p (see Sect. 3.4).
The strong assumptions used in Prop. 3.1 have also another interesting conse-
quence:

Proposition 3.2 If d} > 3 and ¢; is we—recursive, then H is a finite set. ([l
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3 — Generalized serial turbo ensemble

However, these assumptions are not necessary to obtain an interleaver gain. For
example, in the case of parallel concatenations with multiple branches, those as-
sumptions would mean that all constituent encoders are recursive, while it is known
that there is an interleaver gain, even if smaller, also when only some of them are
recursive. Also, a relaxation of the classical assumptions will allow us to give re-
sults about very interesting examples, such as the heavily punctured serial schemes
considered in [35], or the class of structured LDPC interpreted as serial schemes
that we introduced as Example (E2). Thus, we are interested in a generalization of
Prop. 3.1.

Proposition 3.3 Assume that the interconnection weight has the structure wg =
(w1,wy) 1 VM — NPt NP2 (possibly p, = 0, but p; > 1); denote by d%, the w,—free
distance of ¢,. Assume that d$; > 2 and ¢; is w;-recursive. Then,

L(dF, +1)/2] <p < df.
In particular, p > 1, and if d; > 3 then p > 2. 0

Notice that Prop. 3.1 is a particular case of Prop. 3.3, where p, = 0 and so d} = d} ;.

3.3 Proofs of the main results

In this section, we prove our main results, i.e. Theorem 3.1 and Proposition 3.3. We
prove the upper bound for Ps(e) and the lower bound for P, (e); the whole result
stated in Theorem 3.1 is then obtained by the simple remark

1 amin
ngllax Pw(e) .

Py(e) >

3.3.1 Upper bound

This proof is based on the union-Bhattacharyya bound (see e.g. [39]) and on esti-
mations of the weight enumerating coefficients of the constituent encoders.

We will consider only the case when the symbol error rate Ps(e) is defined with
respect to Hamming input weight (w;, = wyg); however this will give results true for
every other compatible weight, up to a positive constant factor.

The well-known union bound gives

P <%+ Aud Q) (3:2)

where vadN is the average number of codewords of a serial ensemble with input
Hamming weight w and output type weight d.
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3 — Generalized serial turbo ensemble

The standard technique (see [39, 3]) is to express Awde as a function of suitable
enumerating coefficients of the constituent encoders. Here, we need:

° A;]X the number of codewords of ¢ with input Hamming weight w and
output invariants vector weight h;

. Azﬁﬁz the number of codewords of ¢ with input invariants vector weight h
and output type weight d.

N AO,NAZ',N
Proposition 3.4 Apa = Z %
heH |Yh |
Proof: .

Avad = Y > PUIN(S) (u) = v)

wwy(w)=w vawr(eN (v))=d

By Remark 3.1,

N(u)v 0 if we(o) (u wg(v
P(ITy (61 (w)) = v) = 1G0 (% (W),0) :{ o(6% (w) # wa(v)

G ot i wal0] (u) = wa(v) = h
Substituting in the expression above, we obtain the thesis. [ |

By Lemma 2.1, we know that |Y,:(N+V°)| > (T(N;:”")). Thus, by the inequality
(3.2) and Prop. 3.4 we have

w 1 o,N Ai,N
PO < Dy rowsy AunAiaQ(d (3:3)
w,h,d h

We have some inequalities involving the indexes w,h,d which are necessary con-
ditions to have non-zero AfU]XAZh]E They are listed in Definition 3.3 and Prop. 3.5.

Definition 3.3 Let I C N* x H x NI\ be the set of triples (w,h,d) satisfying the
following conditions:

e 1 <w<N;
o |d < I (My+v);
e w < (,|h|and |h| < (|d| (¢, and (; as in Def. 3.2).

Proposition 3.5 If (w,h,d) ¢ I, then AZ)JXAZ,LJZ =0. H
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3 — Generalized serial turbo ensemble

Proof: The first two inequalities are trivial remarks about the length of the input
and code words and the definition of free distance; the last one is the concatenated
non-catastrophicity of the ensemble (see Def. 3.2). [

Now, we need to estimate the product AZ}]XAZA; when it is non-zero. We start
with the following inequalities deriving from Prop. 2.5.

Proposition 3.6 There exist some positive constants a,,a;,b,,b; such that, for every
(w,h,d) € I:

i,N (Nt g max ) (k) if Q(d) < q*(h)
2. Ah,dSZ( > a; b, , where n; —{ni(h)—l it Q(d) > ¢ (h)

Proof:  Let Wy = max{|wg(v)| : v € Y7}, so that |wg(v)|/Wnax < wi(v) <
|wg(v)| for all v € Y"W+¥) Then:

k|

o,N o,N
Awh—Z > M,

no=1 h'=||h|/Wmax]

where AZ;fX,% is the input/output support enumerating coefficient of ¢%, as defined
in Sect. 2.3.5. The conclusion now follows in a straightforward way from Prop. 2.5.

The proof for the inner encoder is similar, but we want to exploit the fact that,
by definition of ¢*(h), there are no codewords of input weight h, output weight d
such that Q(d) > ¢*(h) having n;(h) error events in their decomposition. To do so,
we need to define A;;f:;?n to be the number of codewords of ¢¥ with input invariants
vector weight h, output type weight d, and n error events in the decomposition, so

that
ni(h)

max
i, N
Ahd_ E :Ahdnz § :Ahdnz

because Alh dniny) = 01 Q(d) > ¢*(h). Then we conclude the proof as for the outer
encoder, with Wi = max{|wr(g)| : g € I''}:

ne || |d|
i,N i, N
IEVED DD SENED DI

"2—1 h'= LW:;xJ d/_LW:;xJ
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3 — Generalized serial turbo ensemble

We now prove the following combinatorial inequality.

Proposition 3.7 There exists a constant C' > 0 such that, for all h € H with
|h| < Wiax (N + 1,) (where Wy = max{|wg(v)| :v € Y"}):

LS (V) (V) [ e
< (h
N-‘ruo ) = n; Clhl |]’\Lf‘;(h)) if n* =n;(h) —1

||

Proof: First, we have (’"(N’Jlruo)> > |:T(];f|-;’—b‘yo)i| .
|

This gives W < Cln [%] for some constant C' > 0.

For the other terms, we use the following combinatorial inequalities:

° (N+n) < [%}87n (N;rs) for all n > 0, s,N > 1 satisfying s > n;

n

e there exists a constant ¢ > 0 such that (N:Lr") < c [N;;”}N [NJ’”]n for all
n,N > 1,
. [%}Nge”foralanO,NZL

As n,(h) < |h|, these inequalities give

no(h) no(h) h|—n, h
Z N+no <Z @|‘ Ce‘hl N+‘h| |‘
ne=1 Mo B ne=1 N ‘h|
no(h)
< IS e
ne=1

< CIFl| | ~moP) o)

(for some positive constants ¢, and C,). The second inequality is true thanks to the
assumption that |h| < wpax (N + 1,). Similar estimation can be obtained for the
summation relative to the inner part and this yields the result. [

If we substitute the estimations given by Propositions 3.6 and 3.7 into the ex-
pression (3.3) and we use Prop. 3.5, we get, for some positive constants C7,C5,Cl:

R/ iRl [h7™ i
Py(e) < E WC Cy C3Q(d) + E th)+10 Cy C57Q(d)
(w,h,d)€I: (w,h,d)EI:
Q(d)<q*(h) Q(d)>g*(h)

(3.4)
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3 — Generalized serial turbo ensemble

Now, we split the first summation into two terms, separating h € H from h ¢ H.
Define:

o I, ={(wh,d)cl: f(h)=puqQ(d) <q(h)}
o I. ={(wh,d)el: f(h)>p,Q(d) < g (h)},
o I, = {(wh,d) el: Q) > q(h)}

Eq. (3.4) can be re-written as follows:

Q
Q

1 o
Pi(e) < + S ntorelies Q)
(w,h,d)el,
1 RN il
+ N >, oy (W) |h[*C57C37Q(d)

(w,h,d)el>

1 w (R e
T N Z Ci N |h[*Cy7C57Q(d)

(U),h,,d)el*

In the following we show that the first summation is bounded by cq* exp(log ¢*/ log p)
(Prop. 3.8), while the second and the third one are bounded by ¢(v) (Prop. 3.9),
thus ending the proof of the upper bound.

Proposition 3.8 There exist some positive constants 7y and ¢ such that, for all
BIOS channel with v < 7,

> TGN Q) < ep” expllog ) logp)
(w,h,d)eT,
0
Proof:  Recall that (w,h,d) € I, implies that w < (,|h|, |h| < ¢|d| and Q(d) <
q*(h) < ¢*. So:

S rptorelioQd)

(w,h,d)eT,

< 3 el Y or)cko)

deNT\{0} heNP w<Colh
Qe(d)gq* |h|<(id ln

< Y > el re e Q)
\{0} heNr
(éze(lfil)ﬂng |h\€§Cid

< Z K4Q(d) (for some suitable K > 0).

deNT\{0}
Q(d)<q"
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Now, we split the summation, recalling the Bhattacharyya bound Q(d) < ~!¥:

Y oKM@ = Y KMy S ki

deNT\0} deN\{0} deN\{0}
Q(d)<q" Q(d)<q* !4l > ylal<g

Now let’s find a bound for the number of d’s involved in the first summation: Q(d) <
¢* implies 714 < ¢*, so |d| < log ¢*/log~y and so there are less than (|I"| —1)084"/logP
type weights satisfying this inequality:

>o kMg < (1] = DK g
deNT\{0}
Q(d)<g* ¥ >g

For the second term, note that, for v < 1/K , the series is convergent, and bounded
by a constant times its first term, which has |d| = log~y/log¢*, i.e

Z Kld\vld\ < CK(logw/logq*)q*
deNT\{0}
yldl<g*

Proposition 3.9 There exists a constant vy > 0, depending on ¢,,¢; and (G ) and
there exists ¢/(7) > 0 depending only on 7 such that, for all v < 7,

w (IR Ikl ~ld]
> ()  Rprelotoqa)

(w,h,d)El>

+ w(w) RpCPcQa) < ¢(r)

(w,h,d)el
Proof:  Notice that, for (w,h,d) € I., 0 < f(h) —pu—1 < |h| < ¢N, where
the first inequality holds true because h € H \ ‘H, the second immediately follows

from the definitions of f(h) and pu, the third is true, for a suitable ¢ > 1, because
|h| < 7r(N +v,) for all h € H. These inequalities imply that

(‘h|/N)f(h)fufl < ¢l
Analogously, for all (w,h,d) € I, 0 < f(h) — p < |h| < ¢N and so
(|h|/N)f(h)—u < (M
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3 — Generalized serial turbo ensemble

This gives:

o (IR b ~d
> o (B inpereow

(w,h,d)el>
B[\ ™" Ikl d]
+ Y oy (—N> IhrC Ol Q(d)

< > ordialieo

(w,h,d)eT

Noticing also that 37, ., CF < Co\h|C’yL|, we have:

Z Cw \hIC\h|C\d|Q Z Z €|h|0|h\ \h||h|uc\h|c\d|Q( )

(w,h,d)el deNF\{O} h:|h|<(ild]

Now notice that, for some K > 1,

> Glnlcl M ppc < K
h:|h|<(;|d|

Finally, we use the Bhattacharyya bound.

Yo (KO <Y T Y (KCm)'=d(y) <o

deNT\{0} deN deNI\{0}:|d|=d

if v is sufficiently small to ensure convergence. |

3.3.2 Lower bound

The lower bound is based on the following simple remark involving the equivocation
probability.

Remark 3.4 If ¢ € CV, then P,(e) > P(0 — ¢). So, if you define Quax(my) =
max{P(0 — c),c € ¢V o7y 0 ¢ (UV)}, for any q,

Pu(e) > ¢P(Quax(ITy) > q)
[ |

We focus our attention on the value ¢ = ¢*, and we find the following lower bound
to P(QmaX(HN) > q), thus ending the proof of the lower bound in Theorem 3.1.
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3 — Generalized serial turbo ensemble

Proposition 3.10 If x> 1, there exists a constant C' > 0 such that
IP)(Qmax(IYN) 2 Q) Z CN?qul .
O

In the remainder of this section, we will prove Prop. 3.10. To do so, we need to
define some particular codewords which are essential for the bound. We start fixing
once and for all the following objects:

1. A weight vector h € H such that ¢*(h) = ¢*.

2. An outer codeword ¢* € ¢ (UY) such that wg(c*) = h and n(c) = n,(h). Let
n, = n,(h) and let c* = ¢; +...+c;; || be an error event decomposition of ¢*
(see Sect. 2.3.4). Denote by [y the length of ¢} and let [y, = max{ly, ... ., }.
If u =1, we need the different definition

I = max{ly, . .. L., 248 (/1 + (2e| ||y [IM)-1/2 — 1)~1}

"Moo

(the reason will be clear at the end of the proof).

3. An input word w* for the inner encoder, such that wg(u*) = h and such that
x* = ¢ (u*) has equivocation P(0 — z*) = ¢*(h) and n(z*) = n;(h). Let
n; = n;(h) and let * = 7 +...+x;, ,; be an error event decomposition of x*.
Denote by u; the input error event corresponding to x; and by A its length

(with A, 41 = 0 if there is no terminating event). Let Apax = max{\i,...,\n, },
modified as Amax = max{Ar, . .. A, 222 (/T + (2e[A][Y]IF)~1/2 — 1)~} when
=1

Notice that ¢* can be chosen in such a way that it doesn’t have any terminating
event and that it does not depend on N, while this may not be possible for u*.
However, we can assume that the error events x; and their inputs w;, remain the
same apart from some possible translations (see Remark 2.1). Also remember that
no > 1, n; > 0.

Now, we select a sufficiently big set of shift equivalent words for both ¢* and x*,
choosing many positions for the error events of ¢* and for the input error events of
u*, across all the time axis [0,N + v, — 1] for ¢* and [0,My — 1] for u*.

Let’s start with ¢*. Define A = [0, L N J —1]. Given a € A™, we define

Nolmax

c;, to be the outer codeword which, for every k = 1,...,n,, contains exactly one
shifted copy of the error event ¢ starting at time aglpax + (K — 1)|A|lpax. Clearly
by construction all error events in ¢}, have disjoint support.

In the same way, we consider the inner input word w*. For n; > 1, define

B =0, LMN;/\"“J —1]. Given b € B™ we define u}, to be the inner input word

1 Amax
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3 — Generalized serial turbo ensemble

which, for every k = 1, ... n;, contains exactly one translated copy of the input error
event uj, starting at time by Amax 4 (K — 1)|B|Amax, While the terminating event u;,
(if there is one) remains fixed in its position in the interval [My — A\, 41 — 1,My —1].
Let x} be the output =; = ¢ (u}).

Given a € A™ and b € B"™, if n; > 1 we define the event

Eap = {1Ix(c,) = up} = Gn(cy,up)

and we also define

Ea, = U Ea,b
beB

(notice that this is an union of disjoint events). If n; = 0, we simply let E, =

{y(cy,) = u"} = Gn(cp,u’).

Remark 3.5 Clearly my € Egp implies Quax(mn) > P(0 — xf) = ¢*. Hence,

P(Quax(ITy) 2 07) 2 P( | Fa).

acAno

Our aim is now to estimate this last probability, using:

P(U Fa)2 D PE)- > PEanEw)
acAno acAmo a,a/§4no

We will prove a lower bound for the first term (Lemma 3.2) and an upper bound
for the second term (Lemma 3.3).

Lemma 3.2 With the convention |B| =1 if n; =0,

1
P(E,) > |A|™ |B|™
2 B = WA B o
acAno
OJ
Proof: P Bl (G (e g
P(Ea): | a| :| N(C ’u )|
|G| |G|
By Remark 3.1 and Lemma 2.1,
|GN(C*7’U'*)| o 1 > 1
Gul ) T Y (N + )]
|
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Lemma 3.3 If p > 2:

2|h|
> P(EaNEa) < |AP™|B (%)

a,a’c Ano T(N T Vo
a#a’
while if p = 1:
1
E ]P(Ea N Ea/) < W
a,a’ € A™° h

a#a’

Proof: We have
EaNEw= |J (BapNEaw).
b,b/€BMi

Consequently, by the union bound,

Y PE.NEs)< > Y P(EapNEaw)
a’a/eAno ayaleAno b,b/EBnZ
a#a’ a#a’

Now we need to deal with P(E,p N Eq p). First of all note that if there is an
incomplete error event in u*, surely P(Eqp N Eg ) = 0 for all @ # a’ and for all
b,b’. Now consider the case of only regular events. Fix any a # a’ and b,b’ such
that there exists m € Eqp N Eq . By the definition of ¢}, and ¢},, we can find outer
codewords ¢*, €, €., (possibly ¢* = 0) having disjoint supports, each consisting
of some of the error events cj, such that ¢}, = ¢ + ¢, and ¢}, = ¢* + ¢,. More
precisely, letting n, = dg(a,a’), i.e. the number of i’s such that a; # a}, € consists
of n, — n, error events, and ¢, consists of n, error events and is shift equivalent to
¢:,. Clearly, wg(€) = we(€l) = h —wg(€).

Similarly, we can find inner input words @*, u}, u;, (possibly u* = 0 or u}, =
u;, = 0) having disjoint supports, each consisting of some of the input error events
u;, such that u; = @* + 4y and u}, = 4" + 4;,. Letting n;, = du(b,b’), u* has
n; —n; error events and uj, has n; error events and is shift equivalent to uj,. Clearly,
we () = we(uy) = h —we(w”).

As a consequence of Lemma 3.1, if 7 € Eqp N Eg p, then w(¢*) = a*, 7(c}) =
u; and 7(€,) = . This implies that wg(u*) = we(€*) and that we(ug) =
we(Ul) = we(€) = wa(é) = h—we(é*). We will use the notation h = we(1}).
Note that if P(Eqp N Eay) # 0 and (a,b) # (a’,b) then surely both a # a’ and
b # b'. Also note that

1

r(N+vo)
Yh+iz

P(EapNEay) <P(IIN(E + ¢, +Ey) =0  +aj, +uyy) =
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In the simple case when h = h, this gives

1 2eln| \*"
P(EapN Egvy) <= <
(Ba 0 Bar) |y e (T(Nwo))

where the last line comes from Lemrr}a 2.1.
Now notice that h € H and h — h € H U {0}, so that

1+ |h| =7, —7; > f(h) > p =1+ |h| —ny —n; (3.5)
and, if h # h,
1+ |h—h|—(ne—7o) — (ni —7;) > f(h—h)>p=1+|h|—n,—n;. (3.6

Equations (3.5) and (3.6) together are possible only in the case when p = 1. So, for
i > 2, surely h = h, and this ends the proof:

S Y BB Bew) < AP s (240N
a,b a’,b’ — T(N + ]/O)

a,a’c Ano a#a’ b,b/eB™i b#b’

For yu = 1, instead, note that in this case g + 72; = |h| and ng 4+ n; = |h|. We can
estimate:

> PE.NEw)= > > > Y P(EapNEay)

a,a’ e A™° 1<no<no,  a,a’eA™ 1<n;<n; bb B
a#a’ 1<dn(a,a’)<no 1<du (b,b')<f;
< Z ‘A‘%Jmoz n; B e(|h| + 1, + 1) |h| 470+
A n; (N + v,)
1<f0<N0 1<f;<n;
Al |B|™ Al2elh| \™° Bl|2e|lh i
(N + v,) A r(N +v,) r(N + v,)
AP B 1

(N + v,)M ‘Y’:(NJFVO)‘

where the last line is due to the suitable choice of ..« and A, for the case p =1,
ensuring that |A| and |B| are small enough. |

Now we can conclude the proof of Prop. 3.10. Using Lemmas 3.2 and 3.3, for
w > 2 we get

AP
[r(N + o)

Z P(Ea) - Z ]P)(Ea N Ea’) >

acAmo a,a’e Ao
a#a’

L (2]
(|Y|h' ~ kA1) [T(N+vo)]h')
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For N — o0, as |A| < N and |B| < N, we have % = N~ We conclude

the proof by noticing that |.A4|™ |B|”Z% < N~#t1 0.
For 4 = 1, Lemmas 3.2 and 3.3, together with the remark that n, + n; = |h|,

give that Y 4no P(Ea) = > a,a'camo P(EqN Eq ) is bounded from below by a strictly
a#a’
positive constant.

3.3.3 Proof of Propositions 3.1, 3.2 and 3.3

We prove here Prop. 3.2 and Prop. 3.3; clearly the latter one also implies the weaker
Prop. 3.1, which can be obtained as a special case just taking p, = 0 so that wg = w;
and d} = df ;.

Lemma 3.4 Under the same assumptions as in Prop. 3.3, for all h = (hy,hy) €
H C NPt x NP2

o 1<no(h) < [[h]/df,];

o 0 <ni(h) < [|h1]/2] + |h2l;

o L+ [haf = [[hi|/d},] = [|ha]/2] < f(R) <R [
Proof:  The upper bounds for n,(h) and n;(h) are an immediate consequence of
the definition of d%,; and of the w-recursiveness of ¢;. For the lower bounds, see

Remark 3.2. Then, the estimations for f(h) directly follow. |

The definitions of d} and H now clearly imply that p < df, while the lower
bound for p comes from the following property.

Proposition 3.11 Given any constant ¢ > 2, the function g : N — N defined by
ge(h) = 14+h—|h/c| —|h/2] and restricted to h > ¢ has minimum value |(c+1)/2|
and

2N~ if ¢ = 2;

1,2 if ¢ = 3;

arg min g.(h) = {e;e+1,2c) 1 ¢ o
h>c {c,c+ 1} if ¢ is odd, ¢ > 5;
{c} if ¢ is even, ¢ > 4.

Proof:
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Step 1: consider g.(h) restricted to multiples of ¢: h = ac where a varies in N*. Then
(h) = 1+(§—1)a if ac is even
gellt) = S+ (¢—1)a ifacisodd
The minimum is obtained:
— for any a € N* if ¢ = 2;
—fora=1and a=2if ¢ = 3;
— only for a =1if ¢ > 3.

Step 2: for any fixed a € N*  consider g.(h) restricted to h € [ac,(a + 1)c¢). In this
case, g.(h) =1 —a+ |(h+1)/2]. The minimum is then obtained for h = ac
if ac is even, for h = ac and also for h = ac + 1 if ac is odd.

Step 3: combine steps 1 and 2 to obtain the complete list of A’s minimizing g.(h);
notice that this always includes h = ¢ and then

ming.(h) = g.(c) = [(c+1)/2]
]

The estimations for f(h) in Lemma 3.4 can be re-written as f(h) > gas, (|Pal).
For all h € H, clearly |h,| > d3, and so, by Prop. 3.11,

p = min f(h) > [(d3, +1)/2]
Clearly this lower bound for ¢ immediately means that d}; > 2 gives u > 1 and
d%l > 3 gives pu > 2.
Finally we prove that H is a finite set, under the assumption that p, = 0 and
d} > 3. For any h € H, i.e. such that f(h) = p, by Lemma 3.4 we get:
p=F(h) = 1+ k| = [|l/d3] = [h]/2) = 1+ h] (3= )

which gives |h| < (u — 1)%, ending the proof.
7

3.4 Examples

In this section we consider particular cases, where we can characterize p and ¢*
exactly or we can give tighter bounds than the general ones. We will particularly
focus on the relevant examples introduced in Sect. 3.1.3. Throughout this section, we
will consider I' = 7Z,,; in some cases we will restrict our attention to m-PSK-AWGN
channels.
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3.4.1 Classical free 7Z,, serial scheme

We call this scheme classical, because it is the simplest and the most natural gener-
alization of the classical binary serial concatenations introduced in [3].

In the general scheme, take U = ZF | Y = Z,,, I’ = Z,,, and consider constituent
encoders which are rational matrices ¢, € Z,,(D)**" and ¢; € Z,,(D)**!. See
Appendix 2.4 for properties of convolutional encoders in this particular setting.

Consider symbol error probability with respect to Hamming weight on Z,, (ex-
tended component-wise ). Take as interconnection group Gy = Sy(n44,), i.¢. all the
permutations moving around the elements of Z,,. Clearly the invariant weight wq
will be the type weight wr on Z,, (extended component-wise). Notice that in this
scheme, we can think ‘symbols’ in the most intuitive way, i.e. to be the elements
of Z,,, both in input, in the interconnection and at the output. Clearly, if you
take m = 2, symbols are just bits, type weight and Euclidean weight are equal to
Hamming weight and so we get the classical binary schemes introduced in [3].

For this ensemble, we have an explicit expression for p if m is a power of 2,
and tight bounds for p for general m; we also have simple examples showing that,
without more information about the constituent encoders, nothing tighter than these
bounds can be found.

Let m = pi"...p" be the prime factors decomposition of m and let ¢, : Z’;? —
Z;, be obtained by taking the restriction of ¢, to inputs in pijf;l and then identifying
pﬂjZm with Z,, through the natural fields isomorphism. ‘With this notation, the
following bounds for p hold true.

Proposition 3.12 For the classical free Z,, ensemble,
L(d(} + 1)/2J S 2! S d? - Ld?/pminJ

where pyin = min{p; : dj = df(dj.0)}- -

Proof:  We already have the bound [(d} +1)/2| < pu < d$ (Prop. 3.1), so we just
need to prove the tighter upper bound.

Notice that, by Prop. 2.7, P := {p; : d} = d(¢;.)} # 0. We want to prove that
pu < dy — |d}/p] for all p € P. So, fix any p € P; consider a word ¢ € 26 (Z};Y)
such that wg(c) = df; let h = wr(c).

Let ai,...,aa; € 5Zy \ {0} be the non-zero symbols of the word ¢ (possi-
bly with the same symbol repeated many times). Consider a4,...,a,: by Lemma
2.2 (applied to Z,), there exist indexes {ji,...,7,} € {1,...,p} such that a;, +
...,a;, = 0 mod m. Then, by Prop. 2.3, there exist distinct times ¢,... ¢, such
that ¢;(a;, D" + ...+ a;j,D™) has finite support, i.c. is formed by some (at least
one) error events. By applying the same argument to a,41, . ..,as, and so on up to
A((d3 /p|-1)p+15 - - - :0|d9 /plp> We Obtain that n;(h) > [d/p]. Clearly no(h) =1 and so
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we can conclude: p < f(h) <1+d$ —1— [d}/p]. |

From Prop. 3.12; together with Prop. 2.7 (see Appendix 2.4), we get the exact
value of p for the case when m is a power of 2:

Corollary 3.1 For the classical free Z,, ensemble, if m is a power of 2,

n=(ds+1)/2] .
[ |

It is more difficult to get an explicit formula for ¢*. We can just notice that
whenever p = [(d} + 1)/2] (so in particular for the classical free Z,, ensemble
when m is a power of 2), the inequalities n,(h) < [|h|/d}] and n;(h) < ||h|/2]
(Lemma 3.4) and Prop. 3.11, make simpler the description of H. When m = 2,
the description of H gets even simpler, because the type weight is a scalar, equal
to the Hamming weight, and for all h € H, n;(h) = |h/2]. This allows to find
the following explicit formula ¢* = @Q(d*) in the binary classical ensemble (d* was
already described by Benedetto et al. [3], but here our result is more precise for odd
values of d;) Define dlj}g and d?g to be the minimum output Hamming weight of
a regular error event of the inner encoder constrained to input Hamming weight 2
and 3 respectively (dg3 = 400 if such an event does not exist). Also define dj .,
to be the minimum output Hamming weight of a terminated error event with input
Hamming weight 1.

Proposition 3.13 For the binary classical ensemble, ¢* = Q(d*), where:

e if d} is even, d" = %d; 3}72;

o if d} is odd (d‘}’c >5),

= di-3

do—3 i . A A . ‘
) {fT by min {dy + di g, 2d0, ) i dS+1€ H
5— %5+ min {défz + dzi,terma Zf:s} if d(} +1¢ H

o if d} =3,

1,term?

g — dmin{dy, +di e dpy 255} ifde H
min {d% ) + di 1 dy3,3d5,} if4¢ H

Now we give three examples of simple choices of the constituent encoders, for
which we consider general m. We compute p and then, for the computation of ¢*,
we consider the specific case of the m-PSK-AWGN channel, for which we can find
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an explicit expression. Recall that for SFAWGN channel, given a type d, Q(d) =

Lerfe \/(Zg dywy)Es/Ny where w, = |6(g) — 0(0)||*/(4E;); when S is m-PSK, w; =

sin?(jm/m).

Example 3.1 [Repeat-Accumulate codes| The encoders are ¢, = Rep, (with
r>2)and ¢; = ﬁ. We assume that the termination rule for the accumulator is
the one that always brings to the zero state in one trellis step (using the input —a
if we are in state a).

We obtain g = min{r — 1,7 — |r/p]}, where p is the smallest prime divisor of

m, and ¢* = %erfc \/d*Es /Ny where:

o form=2d =|[(r+1)/2];
e for even m > 4,

P itr=2orr=3
Cr+1)/2] ifr>4

e for odd m > 3, let p be the smallest prime divisor of m and let n = m/p.
Define

p—1 r mod p
_ r 3
d.(rm) = {—J E Wip +  Min E Wijn mod p
Pl < - 1<j<p=1 4=
1= 1=

Then:
rwy ifr<p

d* = < d.(r,m) if r > 2p
min{rwy, d,(r,m)} ifp<r<2p

Sketch of how to get this result:

o m =2
We can use the explicit expressions we have for y and d* in the binary case.
For Rep,, d} = r and d$ + 1 ¢ H; for the accumulator, dzj}g = dﬁvterm =1 and
déc,g = +4o00.

e cven m > 4:
Notice that d¢(7*Rep,) = r for all prime p;|/m, so that, if 2|m, by Prop. 3.12

i

= |(r+1)/2]. Then compute:

— H = (rN)™ 1\ {0}.

—Ifr>4 H={h € H: |h| =rn,(h) =1n,(h) = ||h|/2|} = {k} where
ko =r and k; = 0 for all @ # m/2. This gives d* = [(r + 1)/2] wpy2.
Notice that w,,/, = 1.
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— If r = 3, we have H = {k,2k.k"Y, ... k™/?D} with k as above and k()
defined by kj(.]) = k:,(fl)ﬂ =7 and kY =0 for all i ¢ {j,m — j}. Then:

d* = min{|[(r + 1)/2]wm/2, rw1, . . . 7wy, } = min{ 2wy, /2, 3wy }

Then m > 4 implies w; < 1/2 = wy,/2/2, so d* = 3w.

~Ir=2 H={heH:h=h,N=1,,..m/2—1} and, with the
same reasonings as above, we find again: d* = |(r+1)/2] for m = 2 and
d* =d*((2,0,...,0,2)) = 2wg(¢;(1 — D)) = 2w, for m > 4.

e odd m > 3:

— H = (rN)" 1\ {o}.

— Compute:

2

l+kr—k—5r—|r/p| if kodd

) {1+k3r—k‘—ﬁr if k even
min =
heH:|h|=kr

Notice that both expressions are non decreasing in k, and increasing in &
if r > 3, so that g = min{r — 1,7 — |r/p|}

—ifr=2,p=1land H={h € H: h;=h,, Yi=1,....m/2 -1}, so
that d* = d*(re; + re_q) = rws;

—if2<r<pp=r—1land H = {kW, . . k("D the k/’s defined as
for even m. So again d* = d*(re; + re_;) = rwy.

—ifr>2p, p=r—|r/p] and H = {re,.,r€m/p, .. ,r€(p-1ym/p}, from
which comes the expression for d*

—ifp<r<2p,u=r—1=r—|r/p], soH is the union of the set H

computed for r < p and the one computed for r > 2p; thus, d* is the
minimum of the two values obtained before. O

The Repeat-Accumulate on Zz (r > 3) is an example where the upper bound
p < dy — [d/3] is reached with equality. Now, we show another simple Repeat-
Convolute code on Zz such that the lower bound p > [(d% + 1)/2] is reached with
equality, showing that the bounds in Prop. 3.12 are the best possible for general m.

Example 3.2 Consider m = 3 and ¢, = Rep, (r > 2) and ¢, = 1/(1 + D) =
Yoo D* + 2Dt with the termination rule that always bring to the zero state in
one trellis step (i.e. if at time ¢ the codeword has ¢; = a, we terminate using the
input u;; = —a if t is even, a if ¢ is odd).

Then, as for the Repeat-Accumulate, H = rN*\ {(0,0)} and given h = (rhy,rhs)
we have n,(h) = hy + he. But now, when we look at the inner encoder to compute
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n;(h), we find n;(h) = ||h|/2], because all the following inputs produce a complete
error event of ¢;: w = D' 4+ D' u = 2D + 2D w = D' 4 2D"? and u =
2Dt + Dt+2.
As a consequence,
p=1r+1)/2]

Let’s compute ¢* = %erfc \/d*Eg /Ny for this example. First of all we need H:

H if r =2
H =< {(r,0),(0,r), (r,r), (2r,0),(0,2r)} ifr=3
{(T,O), (0,7”)} itr>3

Now consider that: wg(¢;(D'+D')) = wg(D") = w; = 3/4; analogously wg(¢;(2D'+
2D'1)) = wy = 3/4; while wg(¢;(D! + 2D"?)) = wg(D! + 2D = wy + wy = 3/2
and the same for wg(¢;(2D! + D'2)) = 3/2. Assuming that termination is always
done in one single step, we also have that wg(¢N (DV™1)) = wg (N (2DN 1)) = 3/4.

Finally, we get d* = % L%J 0

Notice that for Repeat-Accumulate codes (Example 3.1) p = |(r 4+ 1)/2] for all
even m. This is true for all Repeat-Convolute codes, by Prop. 3.12 together with
the remark that df(gRepr) = r for all prime p;m. However, for a general outer
encoder ¢, this is not true: the assumption that m is a power of two is essential in
Coroll. 3.1, as shown by the following example.

Example 3.3 Let m = 6. Consider ¢, which is the following slight variation of
a Repeat code: ¢, = [1,1,1,1,3]7. Let the inner encoder be the Accumulator
¢; = 25. For p; = 2 we have ¢,1 = [1,1,1,1,1]", which has d;(¢,1) = 5, while for
p2 = 3 we have @ = [1,1,1,1,0]", which has d(¢,2) = 4, and so d} = ds(do2) = 4.
The bounds given in Prop. 3.12 give us 2 < p < 3 and now we will show that p = 3.
Notice that f(h) = p implies that 1+ |h| — ‘d—’; - |7h‘ < < 3 and then |h| < 8, so
H C {h € H : |h| <8}. There are seven elements in H with |h| < 8. By computing
f(h) for the all of them, we get p = 3 and ‘H = {(0,4,0,0,0),(0,0,5,0,0),(0,0,0,4,0)}
and finally ¢* = 1 erfc \/d*E,/Ny with d* = 2w, + wy = 9/4, reached when h =
(0,4,0,0,0) and h = (0,0,0,4,0). 0

3.4.2 Subgroups of permutations for the Z,, scheme

In the previous section, we have considered Z,,-schemes

Zlan Zr(N«H/U) ZSIWN Z%N1N+V7')

—>¢é\7 T m—>¢iv N
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by taking U = ZF | Y = Z,,, I' = Z,, in the general serial scheme. However, we
can also obtain some Z,, schemes by taking ¥ = Z¢. Then, if we consider on
7. a weight given by the component-wise extension of the type weight on Z,,, we
get again the same scheme as above. However, in this case we can also consider
permutations moving around not single elements of Z,,, but only the vectors in Z2 ,
so that the invariant weight is the type weight on Z¢ . Or, on the contrary, we can
consider a ‘separate channels permutation’: the invariant weight is w € (N™~1)2
given by the type weight on each separate component of Z¢,.

Even though these schemes are quite similar to the classical one, differing only for
a restriction of the permutations to a subgroup of S,(x1.,), Prop. 2.7 and Coroll. 3.1
do not hold true. We give here a simple example, for the binary case m = 2, and
for the ‘separate channels’ permutation, where p > | (d$ +1)/2].

Example 3.4 Consider the following outer and inner binary encoders:

1
6= [Lizpiezs]” 6= {77 L]

1+D

and consider the ‘separate channels permutation’ ensemble (here m = 2 and a = 2
and so w € N? is the Hamming weight of the two streams). The outer encoder has
free distance d$ = 4 and all the words ¢ of the outer code such that dg(c) = d$ are
obtained when input is 1+ D + D? or its shifts and have w(e) = (3,1). The inner
encoder is simply the rate-1 Accumulator, but acting separately on the two input
streams.

We claim that for this scheme =3 > [(d} +1)/2] = 2. In fact, we know that
p > [(d3+1)/2] = 2, where equality could be reached only if there was h € H such
that |h| = 4, n,(|h]) = 1, n;(h) = 2, but this is not possible, as the only h € H
such that |h| =4 is h = (3,1), which has n,(kh) = 1 but n;(h) = 1, giving f(h) =3
and so u = 3.

By an exhaustive listing of all small-weight codewords, we can also find ‘H, noting
that h € H implies |h| < 8, and then we can find ¢* = Q(3). O

Remark 3.6 The ‘separate channels’ ensemble is particularly interesting because
it allows to include in our generalized serial concatenations also the most traditional
parallel turbo codes (as it was already noticed e.g. in [2]): a turbo code with a
parallel branches, each with an encoder v; of rate k;/n;, can always be seen as
Repeat-Convolute scheme, where ¢, = Rep, and r = > k;, the interleaver acts
separately on the a streams of k; x N bits and ¢; is a block diagonal matrix, where

the blocks are the 9;’s. [
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3.4.3 Structured LDPC ensemble

For a description of these schemes, see Section 3.1.3. Here we give some statements
about the parameters p and d*.
First of all, we have the following tight bounds for p.

Proposition 3.14 For the structured LDPC ensemble,

[(c+1)/2] < p<c—[¢/Puin]
where pyi, = min{p; > 2 : p;|m}. O

By Prop. 3.3, we have o > [(d$,+1)/2] = |(c+1)/2]. The proof of the upper bound
is similar to the proof of Prop. 3.12. Notice that here p,;, is computed considering
all prime factors of m because the outer encoder is a simple repetition code. ]

In particular, this Proposition implies that for all even m the interleaver gain is:

= 1l(c+1)/2).

In the binary case (m = 2), we can also characterize ¢*. In fact, we can easily
describe H:
{Qu,w) :we N} ife=2
H=1<{3,1),(6,2)} ifc=3
{(c,1)} ifc>4

and then compute ¢* = Q(d*):

1 if ¢ is even
=42 if c=3
1 4+ min {d; term (), ds3(¢)} if cis odd, ¢ > 5
where dy trm(¥),dy3(1) are defined as df o,,,,d} 5 in Prop. 3.13 but referring here to
¥ instead of ¢;. If the inner encoder is truncated instead of terminated, d* = 2 for
all odd c.

Notice that the choice of 1 has almost no influence on d*. This happens because
pairs of bits which are repetition of a same information bit can be permuted by
some interleaver in such a way that they are summed up by Sumy, producing a zero
output. The value of d* is given by this worse case scenario. This remark suggests
to consider interleavers with a better spread, enforcing the fact that 1’s coming
from the same error event of Rep, cannot end up in positions where they would be
summed up by Sum,. However, the analysis of such a smaller ensemble, with a set
of interleavers which is not a group, requires some different proof techniques, and
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will be presented in Chapter 5.

For general m there is no explicit simple characterization of ¢*, and neither there
is one for all even m. We can just notice that, on m-PSK-AWGN channels, by the
same argument used for m = 2, if both m and ¢ are even then ¢* = % erfc \/d*E; /Ny
with d* < wy,2 = 1. This upper bound is achieved, for example, simply taking
Y = 1/(1 — D). To see that this upper bound is not always achieved, take for
example m = 6 and ¢» = 1/(1 + D): we have that ¢)(1 + D) = 1 which is an
error event of Euclidean weight w; = 1/4, so that for ¢ = 2 or ¢ = 4 we have
dr=3+51 <1
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Chapter 4

Binary serial turbo ensembles:
typical performance analysis

In this chapter we focus on the classical binary setting (binary serial turbo codes for
binary-input output-symmetric channels) in order to find more refined probabilistic
results in addition to the average error probability.

We investigate the typical behaviour of minimum distance and ML word error
probability of a serial turbo concatenation with random interleaver, when the inter-
leaver length N goes to infinity. Since the average-based analysis seemed to agree
with simulation results in the sense that hierarchies of the design parameters were
respected, it could be expected that a typical serial turbo code has an analogous
behaviour, i.e. there is a concentration phenomenon. In this chapter we will show
that in fact there is no concentration of the ML error probability around its av-
erage value, since the ratio P(e)/E[P(e)] converges to zero with probability one,
thus showing that the average error probability is dominated by an asymptotically
negligible fraction of bad interleavers. More precisely we shall prove that a typical
sequence of serial turbo codes has error probability subexponentially decreasing to
zero in N: with probability one the sequence log(—log(P(e)))/log N approaches an
interval [o,5] C (0,1). The parameters « and [ are increasing functions of the free
distance of the outer encoder, which is thus confirmed as the main design parameter
for these coding schemes, as was already suggested by the average-based analysis.

Our analysis is based on a precise estimation of the probability distribution of
minimum distances, inspired both by the the tail estimations of [41] and the deter-
ministic upper bounding techniques devised in [2]. A closer look to these bounds,
with a careful estimation of the constants involved, allows to find also a design
parameter for the inner encoder: its effective free distance, i.e. smallest weight of
codewords corresponding to input weight two. This confirms the importance of this
parameter that showed up in the analysis of the average error probability, but up
to now had not been noticed in the study of minimum distance.
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Our result has to be considered as analogous of the well known behaviour of
ML-decoded LDPC codes (see [33], [48]): for the (¢,d)-regular LDPC ensemble the
average error probability is known to decrease to zero as N'~¢2 for even ¢ and N?~¢
for odd ¢, while the error probability of a typical code goes to zero exponentially
fast.

Our proofs rely on estimations of the weight enumerating coefficients of the
constituents encoders which are tighter than those given in Section 2.3.5 in the case
when the output weight is not constant with respect to N. We will discuss these
bounds in Section 4.2; their proofs, based on techniques from [41], are specific for
the binary case.

4.1 Problem setting

In this chapter, we consider the ensemble described in Section 3.1, but specialized
to the most classical case: binary encoders and interleaver uniformly drawn among
all permutation of the suitable length.

For the sake of clarity, we recall here the scheme, in the particular case we are

now considering:

7kN g (N+vo) 7sMN g MN+vi)
2 2 2 2
L= m % ] =

where

o o : Z5(D) — Zy(D);

¢: 1 Z3(D) — Zy(D);

¢, is terminated after N trellis steps, with N such that s divides r(N + v,),
obtaining
O+ ZEN — gy

¢; terminated after My trellis steps, with My such that sMy = r(N + v,)
oN  ZMY M)

the interleaver is a permutation my € Sy

In addition, we will also use the notation:

e Ly:=71(N+v,) =sMy the interleaver length

o Ky :=I(My+v;)=I(%(N +v,) + ;) the blocklength.
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From this binary serial scheme we get the classical binary ‘uniform interleaver’
ensemble by letting the interleaver IIx be a random variable uniformly distributed
on St -

In order to avoid extremely cumbersome notation, we will at first expose our
results in full detail under some simplifying assumptions, and later (Section 4.5) we
will discuss how most of the assumptions can be weakened.

So, from now on, we will assume:

® ¢, is non-catastrophic;

e ¢; is non-catastrophic and recursive;

0 3 .
d$ is even;

¢; has scalar input (s = 1) and is proper rational, i.e. ¢; = ﬁ[pl(D), . o(D)]T
with deg(p;) < deg(q;) for all ¢

although the only essential assumptions are non-catastrophicity (at least the con-
catenated non-catastrophicity of the serial scheme described in Section 3.2) and
recursiveness of ¢;.

In most results we will assume d$ > 3, and in some also d} > 5, we will comment
on the way on this requirement.

Throughout the chapter we will have quantities depending on many parameters:
w,d,N,n .... We will implicitly assume that the all the parameters are depending on
N, but we will avoid heavy notation wy,dy . ... So a statement such as ‘ f(w,d,N) =
o(N®) for N — 00, d = o(NN) and w < d’ means that if d = dy, w = wy satisfying
wy < dy and dy/N — 0 when N — oo, then limy_., f(wy,dy,N)/N = 0. When
we say ‘w is constant’ we mean it does not depend on V.

4.2 Estimations of the weight enumerating coef-
ficients of the constituent encoders

In this section, we present the bounds on the weight enumerating coefficients. As
the proofs are long, we postpone them to Section 4.2.4.

4.2.1 Preliminaries

We recall here some notation and properties, adding some new definitions.
First of all, we remind two very important parameters:

e dj is the free distance of the outer encoder, i.e. the minimum Hamming weight
of its non-zero codewords
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o di is the effective free distance of the inner encoder, i.e. the minimum Hamming
weight among its codewords corresponding to input weight two.

We give here a slightly different version of Propositions 2.2 and 2.1 (from which
it follows immediately).

Lemma 4.1 Given a non-catastrophic convolutional encoder, there exists a con-
stant 7 such that any error event with output weight w has length not greater than
nw trellis steps

We will denote 7, such constant for ¢, and 7; the one for ¢;, or, more precisely,
we will define 1, and 7n; in such a way that any regular or terminating error event
of ¢V and ¢ respectively has length bounded by 7, (resp. 7;) times the output
weight. We will also use the notation p, = kn, and p; = sn;, so that any regular or
terminating error event of ¢ and ¢ respectively has input weight bounded from
above by i, (resp. p;) times the output weight.

In the following sections, we will give estimations of some weight enumerating
coefficients of ¢Y, and ¢, using techniques from [41]. We will use the notation:

o A" = number of codewords of ¢V with (output) weight d;

° AZUNS ; = number of codewords of ¢ with input weight w and output weight
not greater than d;

° Rzuj\; 4.n = number of codewords of Y with input weight w and output weight
not greater than d, consisting of exactly n regular error events, and no termi-
nating event;

° T;]i 4, = number of codewords of ¢¥ with input weight w and output weight
not greater than d, consisting of exactly n — 1 regular error events, plus one
terminating event

4.2.2 Outer encoder

For the outer encoder, we need only the following simple upper bound, which holds
true for all non-catastrophic terminated convolutional encoders

Lemma 4.2 ([41], Lemma 3) If |d/d}] < N/2,

N
AO7N < 2(k770+770+1)d+1
T Ld/d$]

In the particular case when d = d%, also the following tighter estimation is true:
N
AZ? <m$N
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where m$ is the number of different error events producing output weight d3 (all
starting at time 0) O

Note: we know two estimations for m%. One is the same used in the proof of this
lemma, m§ < 2" the other (usually tighter) is m$ < (m”d ) < (erno)®

4.2.3 Inner encoder

Using the recursiveness of ¢;, tighter bounds can be obtained, exploiting the limita-
tion on the number of error events given by the restriction that each of them must
have input weight at least two.

First of all we need the following well-known property, which is the binary version
of Propositions 2.3 and 2.4

Lemma 4.3 Given ¢ a convolutional encoder with scalar input, there exists a con-
stant § € N* such that wg(¢(1 + D?)) < co. Moreover, if you denote by D the set
of all such constants, and define § = minD , you have D = §N*. .

Moreover, the following inequality holds true wy(¢(1 + D)) < awg(1 + D)
and equality is guaranteed if ¢(D) is proper, i.e. its numerator has strictly smaller
degree than its denominator. In this case, if you define dy to be the smallest output
weight when input weight is forced to be 2, you also have dy = w (1 + D?). O

Note that this property is trivially true, with § = 1, if ¢ is polynomial, and is inter-
esting only when ¢ is recursive.

We will use the notation 6 to denote & for the encoder ¢; and d to denote the
effective free distance dy of ¢;.
Now, for scalar-input ¢;, define:

(1 + D%
I — inf WH(¢ ( + ))

J J
Remarks:

e As ¢; is recursive and has scalar-input, wy (gbl(l + Dt)) < oo if and only if
t =356 j€N.

o 1f ¢:(D) = %3} with degp < deg g, then wi (¢;(1+ D)) = jwu(¢:(1+ D).
Proof:

(1+ DJ‘Si)M = ti(l + D‘Si)]@. As degp < degq < ¢°, the er-
q(D) 9(D) -
ror events D' (1 + D‘Sz) EDg have disjoint supports, so that the weight of
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S DR+ D‘Sl)g—Dg is the sum of the individual weights of the j error

events, which are all equal to wy (¢;(1 + D‘Si)).

e Clearly, the same holds also for ¢;(D) = ﬁ[pl(D), -..,p(D)]* with degp; <
deg qVj (¢; has scalar input and is proper rational)

e As a consequence, if ¢; has scalar input and is proper rational, then
= wa(g:i(1+ D)) =dj

Lemma 4.4 ([41], Lemma 1) Let 1 <w < p;d, 1 <d < Ky.

e If w is even,

w w/2
i, N (2e) w2 | d
Ry gy < MN/ L—J

w 7
w s,

o If wis even, for N — oo, if d = o(NV),

i i, cv w/2 d e
Azﬁj,\id R, <dw/2+0< MN/ Li_éJ

ww

where C' = 2e3\/e(l + 1)n;.
e If wis odd, for N — oo, if d = o(N),

/211
Ayeq=0 (C N/l {;J d2>

where C = max (263 (I + 1)n;, H?\/E>2€277z‘) 0

Lemma 4.5 ([41], Lemma 2) If wiseven, 2 <w < & ., and 2w <d<? 261

s () (1)

which implies also
/2 d w/2
2, N A [w 2

w,<dw/2 = WY dg
O

Clearly A‘ a> Rzuji dwj2> SO this lemma gives also a lower bound for A <4 looking
at Lemma 4 4 you see ‘that asymptotically it is a tight bound.
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4.2.4 Proofs

Proof of Lemma 4.2 ([41], Lemma 3):

o,N _ po,N o,N

For the regular events, use the estimation

N
o,N kdno
R(dlv"'vdn) S 2 ! (n)

In fact, we are considering n error events, with lengths at most din,, ..., d,n, re-
spectively, so that the sum of their lengths is bounded by dn,: if you consider the
codewords restricted to these at most dn, trellis steps (removing the zeros corre-
sponding to state zero-state zero transitions in between), you have at most 2k
words (the number of possible inputs for dn, trellis steps). Then, the starting posi-
tion for n error events in between less then N — n zero state—zero state transitions
can be chosen in at most (]X ) ways. So finally

|d/d%)

where the last line uses the simple remark that > (i) =24,
n=0
For the terminated events,

N
O,N k‘dno
L) < 2 (n _ 1> dno

with a proof analogous to the previous, but considering that the (n + 1)-th event,
being terminated and having length at most dn,, starts in a position between N —dn,
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and N — 1 on the trellis. So,

[d/dS

1
Y= > Ta.a

n=1  di,....dn:
> di=d,d;>1

N
< 2d2kd"°< )dno
[d/df] -1

< Q(kno+no+1)d ( N )
Ld/d3)

In the case when d = d} we can get a tighter estimation by noticing that the only
two possibilities are to have one single regular error event of output weight d% or no
regular event at all and just one terminating event also of weight d%, then being the
same as some regular event. |

Proof of Lemma 4.4 ([41], Lemma 1).
We study AZUNS 4> separating the case when w is even or odd. Throughout the proof
we will use the following simple but useful estimations:

o (") < (en)” (4.1)

(” T_nm) < emtm (4.2)

t'(w— )" > (w/2)” for all t € [0,w] (4.3)
1 et

< — (4.4)

(t— 1)(1‘,71) — ¢t
Proof when w is even:
i,N i,N i,N
Aw,gd = Rw,gd + Tw,gd

w/2
i\N i\N
Ry <q= Z R <an
n=1
where RZ}AL 4n 18 the number of words of Zé N with weight w, producing codewords of
oY of weight < d made by exactly n regular error events and no terminating event
(the events possibly spaced with zeros in between).
First we find an estimation for Rzuji w2 Having w/2 error events and input
weight w, by recursiveness of ¢; gives input weight 2 for each event. So the input
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w/2
words we are counting can be written as u(D) = Z Db (14 D%), with b, > §%a,_,

t=1
(so that the error events have disjoint support). We also have the restriction

wi (¢;(D)u(D)) < d, but we can obtain an upper bound on the number of such words

w/2

by imposing a weaker condition: notice that wy qﬁi(D)ZDbt(l + Do)
t=1

w/2 w/2 w/2

ZWH ((bi(D)(l + D‘Si“t)) > I, Zat so we will ask only I; Z a; < d.
t=1 t=1 t=1

There are (Li}/ /IQZJ) choices for ay, ... ,a,/2 satisfying a; > 1 for all £ and Z;”:/ 12 a; <
|d/I;]. Then, there are at most (MEN ) choices for the beginnings by, ... ,b,/2 of the

error events, so finally

X d/ I M 1
RS, < (L {U’J)( wN) < L ony) 2 /1) e
2

w
2 w

Remember that My = Z(N +v,) < (r+1)N for all N > v,

w/2—1
. i,N
Then we have to estimate E Ry <
n=1
oN o 2 : Z i,N
Rw,gd,n - R'w,b,gd,n
w=(w1,...,wn): b=(b1,...,bn):

w;>2, Y wimw 0<by < <bp <My—1

where RiLJ,\;,g 4. 18 the number of codewords of weight < d that are the concatena-
tion of n error events, with input weights wy, . ..,w, and beginning at time b4, ...,b,
respectively. The constraint w; > 2 for all j comes from the recursiveness of ¢;.

Claim:

w—"n

4 dn;
Riﬁ:,gd,nf( g > (4.5)

Proof of the claim:

Ril;],\;),gd,n is smaller than the number of binary words of length dn; with exactly
w — n ones, because it is possible to exhibit an injective map from the words we
want to count and such words. Given an input word (of length My) producing
n error events having input weights wq, ... ,w, and fixed beginnings b, ...,b,, and
total output weight < d, map it in a word of length dn; in the following way: re-
move all the zeros corresponding to zero state-zero state transitions on the trellis of
¢i, and furthermore remove the bit corresponding to the first zero state-other state
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transition of each error event (which is surely a one, because a zero would give a
zero state-zero state transition). The word obtained in such a way has surely length
< dn;, then add dummy zeros at the end to get a word of length dn;; the number
of ones is w — n, having removed many zeros and n ones from a word of weight w.
Clearly this map is injective (remember that the beginning time of the error events
is fixed and known).

Now, using the claim (4.5), we estimate

N iN w—n-—1\ /My dn;
Ry <an= Z Z b <an < ( n—1 > ( n > (w - n)

w=(w1,...,Wn): b=(b1,...,bn):
w;i>2, Y wj=w 0<by < <bp <My —1

so that
wflRi,N <w§1 w—n—1\ /My dn;
! w,Sdn = vt n—1 n w—"n
w/2—1 _
_y(eMy)" (dm)™
< win-1(€My i by (4.1) and (4.2
_;e (= nyer y (4.1) and (4.2)
5/ w/2 w/2—1
< w/2 Z MR e by (4.3)
5w/277w/2 y N
~ W 9 [(l + )MN]571d5+1 as d S (l + 1)MN
< C_Mf’ld“’
ww
Cw v w .
=o|-—Mygdz if N — oo and d/N — 0
w

Finally, we have to consider the case of terminating events:

w/2 w/2
i, N _2 : i, N 2 : 2 : 2 : i, N
Tw,gd - Tw <dmn — Tw b,<d,n
n=1 n=1  w=(wi,...,wn): b=(b1,....bn):
> wij=w 0<b1 < <bp<Mp—1
wj>2Yj<n, wy>1 bp>Mpy—dn;

where T;]i 4 18 the number of words of Zé N with weight w, producing codewords
of ¢ of weight < d made by exactly n — 1 regular error events and one terminating
event (the events possibly spaced with zeros in between) and TZL{XK 4 1s the same
with the constraint that the error events have input weights ws, . . . ,w,, and beginning
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times by, . .. ,b, respectively. Everything is similar to the regular case, except the ad-
ditional condition b, > My — dn; which comes from the remark that the terminating
event has clearly output weight < d and so length < dn;, and being terminating it
cannot start before My — dn;. Moreover, the recursiveness imposes w; > 2 for the
regular events, while for the terminating event only w, > 1 is required.

With the same proof as for the estimation (4.5) of RZ}J’\;’< 4. We have also

i dn;
Tu’:{\;,gd,n < (w B n) (4.6)
so that
w/2 d?”]
S MDY > (")
n=1  w=(w1,...,wn): b=(b1,...,bn):
Y wij=w 0<by <---<bp<Mpy-—1
w; >2Vj<n, wp>1 bpn>My—dn;
w/2
w—n My dn;
< dn;
-;<n_1><n_1>n<w_n>
w/2 n—1
w M dw n
< iy /2d Z 1) e by (4.1) and (4.2)
d w Mg e
S5w/2, w/2 N
< e”*n, My ; 7w — 7)) en by (4.4)
s/t pe/2 g w/2
- D I+ )My dY " n by (4.3)
(w/2)* My =
5w/2+1 l+1 w/2 d
< we (££/2) )] i (Myd)®“/? by (4.3) and d < (I + 1) My
N
Cw
— ( M2d) if N — oo and d/N — 0

Proof when w is odd: As in the even case, we use
N i\N
A:u <d — RZ <d + TZU,Sd
We start with the concatenations of regular events
Lw/2]
'7N —_— ‘7N
Rl,gd - Z Rzzu,gd,n

n=1
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and we separate the term R <d,|w)2)’ which now is made of w/2 — 1 events with
input weight 2 and one event with input weight 3, i.e. the input has the form
u(D) = Zt@{%_l D%(1 + D%%) 4+ Db1 4+ D* + D). All the error events have
disjoint support which implies the weaker condition that by < ...bju/2/-1 and
b # by, ...,blw2j—1. The overall output weight is < d, and this implies the weaker

_ id .
condition I; Zt:{% ! a; < d and a < @ < p;d. There are (MQ > choices for such

a,a, ( choices for ay,...,ay/2|-1, less then |w/2]

/2] ~ 1 o [w/2]
b, ... blws2)-1,b, where the factor |w/2| comes from the choice of the position where
to put the error event of weight 3 in between the other events. Summarizing:

ReXarors = [5) (orag) () oy 1)

wl_g
< M? NG M[w/Qsz d 5]
16y wv I

Then the terms with n < [w/2] regular error events are estimated exactly as in
the case when w is even:

) choices for

lw/2]—1 lw/2]—1 ‘
> Rilan= Z 2. > Bibcan
n=1 w=(w1,...,wn): b=(b1,...,bn):

w;>2, Y wij=w 0<b1<-<bp<Mpy—1

e GIES

n=1
lw/2]-1 _
L (eMy)™ d ; w—n
< Z et 1 nquV) (u(;ﬁ)n)w—” by (4.1) and (4.2)
n=1
5w/2 w/2 [w/2]-1
e e /2 Z MEdv—" by (4.3)
5w/2 w/2
(2e (l+ D)m:)" 3 [L81-1 rena

Now differently from the even case, when estimating TZ}Z 4 We have to separate

the main term T <d.fw)2]’ which will not be o <RZ ]\Ld Lw/2J>' We have to count inputs

producing |w/2] regular error events each with input weight 2 and one terminating
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event with input weight 1, with overall output weight < d. We count inputs of
the kind u( ) = Sl Dbi( + D?%at) + DMn=l gatisfying the weaker conditions:
0<by < <bpup <My, 1 <nd, I; Y, a; <d. We get:

T 9 () Y et

Finally, the same as in the even case,

Lw/2]

dn;
i, N [
MDY > (")
W=(wW1,...,Wwn): b=(b1,...,bn)
> wij=w 0<b; < <bp<Mpy-—1
w;>2Vj<n, wp>1 bp>Mpy—dn;
[w/2]
MN dn;
< dn;
[w/2] n—1
M dw n
5w/2 w/2J
<e d Z =) Ty by (4.1) and (4.2)
Lw/2J
< Pl N by (4.4
€ 77@ MN ; nn(w _ n)(w,n) en y ( )
€5w/2+177w/2 d Lw/2]
L [+ 1) My|"d* ™™ by (4.3
(w/2)v MN;[(+ ) My] n y (4.3)
e5w/2+1[(l+1) ]w/2 d Lw/2)
M gher?l by (4.3) and d < (I + 1)M
This ends the proof of Lemma 4.4 [ |

Proof of Lemma 4.5 ([41], Lemma 2):
We count only some words consisting of w/2 regular error events (clearly each of
input weight 2): we count input words of the form

w/2
E Dit+ht—15i+Dit+ht5i

t=1

with:
Lo0<iy <ig <o+ <iyp < My —08|d/dy];
2. h0:Oand1§h1 <h2<"'<hw/2§ Ld/dzzJ

Note that these input words are defined in such a way that:
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e they are all distinct (and so, by injectivity of ¢;, they give different codewords)
e they have weight w;
e they are inputs of w/2 disjoint error events;

e they produce output weight < d. In fact: the ¢-th error event has input
Dirthi—i(1 4 D% (he=hi-1)) (fixing the notation hg = 0), so that the output has
weight wiy (¢;((1 + D% (he=he=0))) < @} (hy — hy_1), and then the total output

weight of the w/2 events is less then d} ;U:/f(ht — hy1) = dbhyye < d.

My —6%|d/d |
w/2

) choices for hy, ... hy 2, so finally:

How many such input words are there? There are ( ) choices for the

ld/dj )
w/2

RN > (MN - Ld/déJ) (Ld/déJ) . {MN —o'ld/dy] |d/d3] """

w,Sdw/2 = w/2 w/2 w/2 w/2

indexes i1, ... ,i,/2 and (

The last remark is that My — 6°|d/dy] > 22 as d < d%;;{N by assumption. |

4.3 Minimum distance

In this section we state and prove our results on the minimum distance: an es-
timation of the left tail of its distribution, based on techniques from [41], and a
deterministic upper bound based on ideas from [2].
Define (d} even):
_a?i"’ ﬁ:zl—dgo. (4.8)
! !
Notice that both a and [ are increasing functions of d$. If d} > 4, we have 0 < o <
f <1, and d} > 6 implies also a > 0.

a:=1

4.3.1 Left tail of the minimum distance distribution

The upper bound for the left tail of the distribution of d¥™ has been obtained in
[41], as follows. The precise statement given in [41], Theorem 2.a is here the last
item in Corollary 4.1.

Lemma 4.6 ([41], Lemma 6) For all d < Ky,

pid
. 1 ;
Py <d)< Y @ AN A,
w:d? w

71



4 — Binary serial turbo ensembles: typical performance analysis

Proof: Simply notice that
{dv" < d} = {3x € ¢) (ZEN) : wu(¢) o IIn(x)) < d}

=UJ U {wu(@) o lly(x) <d}

W gep) (ZEN):
wiy (¢)=w

so that, by the union bound,

Pyt <d) <> Y P(wu(e) o lly(x) ZA"N w<)d

W gepl (ZEN):
wi(z)=w

Finally notice that A%Y =0 if w < d% and A}, = 0 if w > p;d. u

Theorem 4.1 ([41], Theorem 2.a) For N — oo, if d = o(N?), then
min o [ 2 i 1-d2 /2 d |* 1—d2 /2 ;d3./2
P(d gd)gmf(ﬁ) N +0<N 7 df)
0

Proof: It follows immediately from Lemma 4.6, estimating the enumerating co-
efficients of the constituent encoders with Lemmas 4.2 and 4.4, so that you get:

. % d‘; ) d d;/Q pid ;
P(d%m < d) < m(} = ledf/Q — + Z CwNLw/def[w/Q]d(w/ﬂ
vr d; w=d$+1

for some C' > 0 depending on ¢, and ¢; but not growing with N and d. The
conclusion comes from separating odd and even w:
C/d 1/27"%
CNY% ( —
N

d 1/2
w py|w/dg]=[w/2] j[w/2] -
S e < (L) %
/d 1/21%
CNl/df _
N

w>d$ w>dg+1

w odd
and finally noticing that if d = o(N?) then CN'/% (%)1/2 — 0, so that the sums
are convergent; also notice that, being dominated by their first term, they are both

and

Z CvN lw/d$]— w/2]d[w/2] < Z

w>d$ w2d%+2
w even
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0 (led?ﬂdd?ﬁ). N

It is possible to obtain also a lower bound for the left tail of the minimum
distance distribution, showing that asymptotically the upper bound in Thm. 4.1 is
tight. This lower bound is new; its proof uses techniques from the proof of Thm. 2b
in [41] and the inclusion-exclusion principle.

First of all, fix some particular outer codewords. Let ¢* be a word of the outer
code which has wy(c*) = d} and is one error event, starting at time 0 and ending
after T trellis steps for some constant T'. Note that 2 < T < d;’cno.

Consider N > T. Define ¢} as the shift to the right of ¢* for j trellis steps;
clearly, if |i — j| > T, then ¢ and c; have non-overlapping supports. Define the set
of indexes J := {dfn,i, i € Z*} N {0,1,...,N —1 —dn,}, so that i,j € J clearly
ensures |i — j| > djn, > T. For j € {0,1,...,N —1—d$n,} and d € N, define the
events

Ei(d) := {WH(QﬁZN(HN(cj))) <d}n {(bf-v(HN(c;)) has d}/2 regular error events}
Clearly, for any j, E}(d) implies dy™ < d, so that
play <) =2 U 50)
jeJ

We will get our lower bound by estimating the probability of this union with
the union-intersection bound. The following lemma, whose proof follows part of
the proof of Thm. 2.b in [41], gives us the expression for P(Ej(d)) and shows that
asymptotically these events are almost pairwise independent.

Lemma 4.7

REY_
o forall je[0,....N—T—1], P(E}(d)) = f(fiN)f/Q
dg

e if i and j are such that |[i — j| > T, i # j,

P(E;(d) N Ej(d)) <
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(“¥) AN Iy
Note that 1 < — dfdo < (1 + difo) f, so that lim —— = 1; also note
— ( N; f) — LN*2UlfJF1 N—o0o (LN_df)
df d?

LN
o

that L:iido

(™)

f

is decreasing with Ly, and so also with N.

Proof of Lemma 4.7: The first statement is immediate, let’s prove the second
dO
one. Let ¢j = 7,7 D'. Given d} indexes 71, ... ;Tay each in [Ly]:={0,... . Ly —

.....

.....

Rip <aaz o (4)
(B} (D]E7 ()1 B ) = P D] ) < iy~ = P 0)
di a3

so that

P(E;(d)NE;d) < Y P(E(d)NE,.., Td?)IP(Ej(d))
which ends the proof, as Z P(E;(d) N E,, Td?) =P(E;(d)). |

Theorem 4.2 For all N > d?no and d > %d?dé,

do do
| B d T G4
PAy" <d)>CiNMy? |— 1-CoNMy:® |—
d dy
T _ 0%
where C] = ed;d?% and Cy = S,

Proof:  We use the inclusion-exclusion principle:

pa < )2 P U E()) 2 SRE @) - SPE @0 E(@)
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From this, we use Lemma 4.7 and then we estimate R;gv <d,d3/2 with Lemmas 4.4
and 4.5. Also remember that |J| = [N/(dn,)]. We get:

. df,gddf/2_ || (IZléfV) Rd0<dd°/2
P<UEJ‘<‘”>>“” AR el

jeJ d‘}

N 2R FJd?/z 1L epagy FJd?/z
d4 N ] N %
fTIO ef d2 2df770 d2

[
We highlight here an immediate consequence of Theorems 4.1 and 4.2 that we
will need later.

Corollary 4.1 For N — oo, if d = o(N?), then there exist two positive constants
Ch and Cy (depending on the constituent encoders, but neither on /N nor on d) such
that

C Nl ds /Qdd /2 < P(d%m < dN) < CQNl—d?/2dd?/2

and so, in particular, P(dw® < dy) — 0. |

4.3.2 Deterministic upper bound

The picture of d@™ given in Corollary 4.1 was completed in [41] by proving that
if d/N? — oo, then P(d" < d) — 1 ([41], Thm. 2.b). Their proof, based on a
second-order method, did not underline how fast was the convergence. However a
much stronger result holds true: deterministically (i.e. for any given permutation
7 as interleaver), d%" cannot grow more than C'log N N” for some constant C'.
This deterministic upper bound was obtained by Bazzi, Mahdian and Spielman for
Repeat-Convolute codes ([2], Thm. 2), but it is easy to generalize it to our setting
including a general outer encoder. Actually Bazzi et al. also study serial turbo codes,
not only Repeat-Convolute, but they do so in an even more general setting allowing
growing memory and obtain a result ([2], Thm. 4) which specialized to the constant
memory case gives a less tight bound. In addition to considering a general outer
encoder, we also underline the role that d plays in the bound, by slightly modifying
the proof.
The result we get is the following.

Theorem 4.3 For all N > max( fno,zdoé)

N 111 N 1
dy™ < =(d%)?d} logb here b= | — | =5 | =o—
( ) 0g {bJ where (4 |75d? {d‘}%J—D
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This also implies that, for sufficiently big N,

dmin < 24,426 (4(d%m, + 1)) " N log N
N-2f((f77+)) 0g 0
We give now the proof of this theorem, which requires some preliminary lemmas.
Let ¢, J, ¢} be defined as in Section 4.3.1. The aim is to show that, for any
interleaver, it is possible to find a suitable subset of the ¢js, with cardinality grow-

ing at most as clog IV, such that the corresponding output has weight smaller than
KN?log N.

dO
Define o : J — Z;' by associating to an index j € J a vector (o1(j),. .. 0a2(7))
ds ds
in the following way: if ¢f = >,/ , D' and n(c}) = >_,/_; D™ then 0,,(j) = 7
mod 4, i.e. o(j) shows the positions where the ones of the codeword ¢} end up after
the permutation, only considered mod §. By the pigeonhole principle, clearly there

exists U C J with |U| > “;’H such that o (i) = o(j) for all 4,5 € U.

From now on, we will consider only ¢} with j € U. The idea is that as all the
ones in these words are permuted to positions at a distance multiple of §, when ap-
plying ¢; any pair of them gives a bounded output weight. Now we need to bound
the distance within these pairs, for a subset of indexes S C U, in order to bound
the output weight (see Lemma 4.3).

Now look at [My] = {0,...,My — 1} and consider it as divided in b intervals
I, ....Iy, each of length | My /b] (except a possibly longer one at the end); b is a
parameter depending on N that will be properly chosen later.

Define an hypergraph H = (V,E) in the following way. Take a d}-partite vertex
set V' being the union of d} disjoint copies of W = {I,...,I;}. The set of hyper-
edges E has cardinality |U| and is dj-regular in the sense that £ C Wi, ie. every
hyperedge contains exactly one vertex from each of the d} copies of W. Any edge in
E corresponds to an index j € U, and is defined as e = (I, . .. ,Ihd;) e W7 where,

denoting ¢} = 2:2:1 D' hy, is the index in [b] such that 7(D') € I,,.
Define the degree of a vertex in the hypergraph as the number of hyperedges
that contain that vertex. The following lemma holds true:

Lemma 4.8 ([2], Lemma 3) If 46%1/? < [5”1’? L%H, then there exists a non-
f o
empty subset S C E, with |S| < d}log b and such that in the induced subhypergraph

(V,S) every vertex has even degree (possibly zero).

We first clarify how this lemma implies Theorem 4.3, then we will prove it using
a few intermediate results. As S C E, there is a bijection from S to a subset S C U:
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any s € S corresponds to a codeword cj, j € S. If you define ¢ = > jes € it is
clearly a feasible outer codeword so that ¢; y(7(c)) will be a codeword of the serial
scheme. Now notice that every vertex having even degree in (V,S) means that 7(c)

has an even number of ones in any interval Iy, ...I,. This also implies that m(c)

is made of pairs of ones falling in the same interval and so having a distance at
. . S|d

most the length N/b; more precisely, if you let 7(c) = ‘mL{ D%, for any even m

tme1 — tm < N/b. As S C U we also know that tmi1 — tm, is @ multiple of 9, so:

15]d% /2 |5]d5 /2 &N
wir(¢7' (7(e))) < mZ1 wit (¢ (D= + D)) < dj mzl (tom —tam1) < d3)S|

Finally use the bound on |S| which is the most important part of Lemma 4.8:
|S] < d}log b, which ends the proof because of the upper bound on b.

Now we proceed to prove Lemma 4.8. From the hypergraph H = (V,E), con-
struct a bipartite graph G = (V',E’) in the following way. Let V' be the union
of two disjoint copies (say W{,W3) of W% /2 and then put and edge connecting
vertices (vi,...,vaz2) € W] and (wy,... wap2) € W3 if and only if there is an
hyperedge (vi,...,Vdg/2,w1, ... Ww4g2) € E. Note that |E'| = [E| = [U] while
V| = 2|W|%/? = 26%/2. The next step is to apply the following lemma to prove
that there is a ‘small’ cycle in G (i.e. a cycle with length growing at most loga-
rithmically in N). Then we will conclude showing how this cycle in G gives the
subhypergraph of H promised in Lemma 4.8.

Lemma 4.9 ([2], Lemma 4) Let G be a graph with n vertices and m edges. If
m > 2n, then G has a cycle of length at most 2 log, n. ([l

Proof:  First notice that surely G is not a tree, as m > n — 1. Let [ be the
length of the smallest cycle: clearly [ > 3 (there are no self-loops and no parallel
edges), now we want to prove that [ < 2logn. The first part of the proof is for
the case when degv > 3 for all vertex v. In this case, notice that if you look at
any vertex, take its neighbours, then their neighbours and so on you can proceed
for at least [1/2] — 1 steps without touching again a previously visited vertex, and
thanks to the assumption degv > 3, you have built a tree, subgraph of G, with

at least 1 + 321-“,/121_1 20=1 vertices. This implies that n > 1 + 321“:/121_1 271 =

1+ 3(2M/21=1 — 1) = 2l/21 4 2M/21=1 _ 2 > 9!/2 (a5 | > 3). This gives [ < 2log, n.
Now the proof for general graphs (i.e. removing the previous assumption on the

degrees) is by induction on n. As initial step, you can take n = 5 where the only

graph satisfying the assumption is the complete graph, which has cycles of length

3 < 2log, 5 (or even more simply you can notice that for n < 5, no graph with
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m > 2n exists so the statement of this Lemma trivially holds true). For the induc-
tion step, assume the statement of this Lemma is true for graphs with n —1 vertices.
When you look at a graph G with n vertices, either every vertex has degree > 3,
and so the statement has already been proved true, or there is a vertex, say w, with
degree degw < 3, so that if you look at G’ subgraph of G obtained by removing
w (and removing edges connected to w), you have G’ with n — 1 vertices and a
number of edges > m — 2 > 2n —2 = 2(n — 1). So G’ has a cycle of length at most
2log,(n — 1) < 2log, n which is clearly also a cycle in G. [

Now apply Lemma 4.9 to the graph G obtained from the hypergraph H, which
has 2b%/2 vertices and |U| edges, where |U| > [|.J|/69] and |.J| = | N/( %n0)]. So if
bis such that | N/(d$n,)] > 4b%1/? the graph G has a cycle of length I < 2logb. Note
that G could also have some parallel edges: in this case, we cannot use Lemma 4.9
but clearly G has a cycle of length 2. Now let’s see what a cycle C' of length [ in G
means on the hypergraph H: if you take in H exactly the hyperedges corresponding
to edges of (', you have that every hyperedge has in common with the previous
hyperedge half of the vertices, alternatively on the left or right side, so that in the
end every vertex is touched an even number of times. So this construction gives the
subset of hyperedges S claimed in Lemma 4.8 and ends the proof of the deterministic
upper bound.

4.4 Probabilistic consequences

In this section we derive probabilistic results for the sequence of minimum distances
based on the estimations of the previous section. Roughly speaking, we show that
minimum distances almost grow as N to some positive exponent which is less then
one and converges in a weak way to [, while in a strong way the sequence densely
covers the whole interval [o,(], a and  being defined in (4.8). Finally we show
how these results can be transferred to ML word error probabilities. We show that
typically P(e|lly) is subexponentially decreasing to zero, again with a speed densely
covering the interval [a,3] with probability one and weakly converging to (3.
Remember that our probabilistic space is the serial turbo ensemble generated by
a sequence of independent r.v.s (ITx)nen, With each 1y uniformly distributed over
St~ The main probabilistic tool we will use in our derivation is the Borel-Cantelli
lemma (see e.g. [12] Thm. 1.4.2) which states that, for every sequence of events

(An)neN

(i) if > P(A,) < oo, then P({A4,1i.0.}) =0;

neN
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(ii) if the A,’s are independent and ) P(A,,) = oo, then P({4,1.0.}) = 1;

neN
where the event {A,1.0.} (‘A, occurs infinitely often’) is defined as
{A,i.0.} = ﬂ < U Am> :
neN  m>n

We define, for every N € N and z € [0,1],
By = {dy" < KR},

0(z) == 1+d7?(x— 1).

Observe that §(z) is an increasing function of z, and that #(a) = —1, 8(5) = 0.
From Corollary 4.1 it follows that, for 0 < x < (3, two positive constants C’ and C”
exist such that

C'N?@) <P(E}) < C"N?@ (4.9)

4.4.1 Minimum distances

Usually, asymptotics of the minimum distance of ensembles of codes are studied by
defining the relative minimum distance dy = d%"/Ky. In our case Theorem 4.3

directly implies that deterministically oy =20 for any sequence of serial turbo
codes. For this reason we propose the following non linear rescaling

__ log(d¥™)
N =T~

log(Ky) -

With this rescaling, (Xx)y is a sequence of independent random variables taking
values in [0,1], since 1 < dW™ < K. The meaning of Xy is to capture the exponent
of the sublinear asymptotic behaviour of d%". Notice that

Our main results about (Xy)ney are the two following theorems.

Theorem 4.4 With probability one:
(a) (Xn)nen densely covers [a,f] ;
(b) liminfy Xy = «;

(c) limsupy Xy = 0. O
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Proof:
(a) We define for any t,n € N, and s =1,...,2%,

B = {XN €lat+ 5B -a)a+ 2(8—a) } ,

B = {vaN 1.0.} . B=’,B;.
From (4.9), we have that
P(Bts,N> > C/NG(aJr%(ﬁfa)) _ C«//NG(a‘FS;_tl(ﬁ—a))

S 7 B=a
= ¢/ Nt (=) (1 —ONT > ,
so that, since 0 (o + (8 — a)) > —1,

S P (vaN) — 0.

NeN

Thus, part (ii) of the Borel-Cantelli lemma lets us conclude that P(B;) = 1 for any
s=1,...,2" and so

P(B,) =P (ﬂi; Bf) ~1, VteN.
But then

P ({(Xn)n densely covers [a,8]}) =P (,en Bt)
= lim P(B,) = 1.

(b) By (4.9) we have that, for every ¢ > 0

Y P(EY) <Y CON <o,

NeN NeN

so that part (i) of the Borel-Cantelli lemma implies
P({Ey " i0.})=0.

Denoting by A° the complement of an event A, we have

{E]‘ffs i.o.}C - {limianN > o — 6}

NeN
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so that

P(limianN2a>:IP’( {hmmfNXN>Oc—— )
NeN keN

1
:lgl_)nC}OIP’({hmmfNXN>oz %
> khm IP’({EO‘ Yk i.o.} )
=1.

Since by point (a) we have P (liminfy Xy < a) = 1, point (b) follows.

(¢) Theorem 4.3 directly implies that limsupy Xx < 3. Since point (a) implies
that P (limsupy Xn > ) = 1, point (c) follows. |

Although Theorem 4.4 tells us that with probability one a random sequence of
codes from the serial turbo ensemble has minimum distance exhibiting a chaotic
behaviour, a weak form of convergence for the sequence of r.v.s (Xy)y can still
be observed. Formally, we have to consider the sequence of probability measures
instead of the probability space of sequences. We will denote by Xy L X the
convergence in probability (see [12] for definitions and properties). The following
result is a restating of [41]’s Theorem 2 in our setting.

Theorem 4.5 Xy N 0. O

Proof: For every € > 0, Corollary 4.1 and Theorem 4.3 guarantee that

N—oo

P( Xy — f| <€) >1—CN-Fe V=%

4.4.2 ML Error probabilities

In order to transfer our results about minimum distances to ML word error prob-
abilities we use a classical tool of coding theory known as expurgation (see [33]).
We estimate the averaged error probability conditioned on the complement events
(E%)¢ for some proper z € [0,3). By combining these estimations with (4.9) we
derive strong probabilistic results about the asymptotic behaviour of P(e|lly).

We define the following random variable

log(—log P(e|lly))

Yy =
N log N ’

the idea is that Yy should capture the speed of the subexponential asymptotic
decrease of P(e|lly).
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Proposition 4.1 If the channel is sufficiently good, for all = € [0,3),
E[P(e[In) [(EX)°] < exp(—KoN*)
for some positive constant K. 0

Proof: =~ We use the Union-Bhattacharyya bound, remembering that (E%)¢ =
{d¥™ > K%} and then, denoting by 1z the characteristic function of some event E:

E[P(e|ITy)| (B3] ZWE[P@WN) ]

Ky  pih pow AoNAzN

BB 2 2 2wy 7

hK“”w d"ll

N—oo

By Corollary 4.1, P((E%)¢) — 1. So, for some ¢ > 1,

1
—— < c.
P((EX))
. . Lo
We estimate AZU]\,Z SAZ{\; , by Lemma 4.4 and ZA;’HJY by Lemma 4.2, so we can find
=1

a positive C' such that:
Kn wih %_dlo
E[P(e[In)|(Ex)]<c Y > C ( >( ) Foh.
h=K% w=d?

Then we remark that the function g(z) := (a/2)? has maximum value g(a/e) = /¢
and hence

(h/w)w/2 < eh/(Qe).

Moreover, w < Ly < &N for some é > 1, so (w/N)> % < 6(57@)11). Hence, as
w < p;h, we can find a constant C>1 such that:
Kn
E[P(e[IN)|(ER)T < ) (C)" < &Cy)"%
h=K2,

where the last inequality holds true, for some ¢ > 0, if v <1 /C. Notice that Cy < 1
also implies that ¢(Cy)5% < exp (—K,N?) for some positive K.

Lemma 4.10 There exists a constant K such that, deterministically, P(e|lly) >
exp(—KNPlog N). O
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Proof: = We use the inequality P(e|lly) > pIN" | where p is the equivocation
probability of the channel (see [23]; e.g. p = 1/2erfc(y/ Es/Ny) for the BIAWGNC).
This, together with Theorem 4.3, gives the result. |

Lemma 4.11 For any = € [0,3), there exist two positive constants K and C, de-
pending on z but not on N, such that

P(P(e\HN) > exp(—KN””)) > ON?@

U
Proof:  Since P(e|Ily) > p™*", by (4.9) we get
P (P(ellly) 2 p"%) > P(dF" < KF)
" Pl
> CN"W). -

Lemma 4.12 For a sufficiently good channel, for any x € [0,3), there exist two
positive constants K and K’, depending on z but not on NV, such that

P(P(e\HN) > eXp(—KNx)) < K'N?@

OJ
Proof: By Proposition 4.1 we have, for some K, > 0
E[P(e|In) [(Ex )] < exp(=KoN),
so that, by Markov inequality, we get
P (P(ellln) > exp(—5=N")| (ER)°)
E[P(e[lIn)| (EF)]
<P| Plellly) > EY)°
< exp(—ENT).
Thus, by (4.9) we get
P (P(e|Ily) > exp(—£:N7))
=P (P(elly) = exp(—5N")| Ey) P(Ex)+
+P (Pe|lly) > exp(—=N")| (E%)°) P((EX)°)
< P(EY) + P (P(elIy) > exp(— 5 N7)| (ER)°)
< ONY@ 4 exp(—£2N7)
and the claim immediately follows with K = K, /2, and for some K’ > C. [
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Theorem 4.6 For a sufficiently good channel, with probability one it holds true:
(a) (Yn)nen densely covers [a,];

(b) liminfy Yy = o

(c) limsupy Yy = . O

Proof:

(a) The proof is rather technical and we omit it, but the main ideas are similar
to those of the proof of Thm. 4.4 (a)

(b) For every € > 0, by Lemma 4.12 we get

ZIP’( (e|ITy) > exp(— KN~ €><ZK'N“ 9 <00

NeN NeN

Then point (i) of the Borel-Cantelli lemma implies
P ({P(e|lln) > exp(—KN*°)} i.0.) =0
so that

P(liminfy Yy > a —¢)
> P ({{P(e|lTy) > exp(~KN*7)} i0.}") =

and
P (liminfy Yy > «)

P (Ngey {liminfy Yy > a — 1/k})
:klim P(liminfy Yy > a—1/k) =1. (4.10)

Moreover, by Lemma 4.11

> P (P(e|llly) Zexp(—KN“))>) ~ CN"®) = 00

NeN NeN

and thus, by point (ii) of the Borel-Cantelli lemma:

P (hm il’lfN YN < Oé)
> P({P(6|HN) > exp(—KN?)} i.o.) —1

(¢) Lemma 4.10 implies that, deterministically
limsupy Yy < 3.
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Moreover, for every € > 0, by Lemma 4.12 we have
]P’(P(e|HN) > exp(—KNﬁ*€)> < ON?#B-9) Nz g
Thus a subsequence (I, )ken exists such that
ZIP’(P(@LUM) > eXp(—KN,f_E)) < 0,
keN
so that part (i) of the Borel-Cantelli lemma implies
P (limsupy Yy > 5 —¢€)
> P({P(e|lly) > exp(—~KN"*)} i.o.)
>P({P(e|y,) > exp(—KNkﬁ*E)} i.o.) =1.
By essentially the same derivation as in (4.10), we get P (limsupy Yy > 38)=1. B

Theorem 4.7 For a sufficiently good channel
P
YN — ﬁ .

Proof: This follows from Lemmas 4.10 and 4.12. [ ]

4.5 Generalizations

In this section, we discuss how the simplifying assumptions we made can be removed.
To keep this section readable, we will address these issues one at the time, not
explicitly address how to remove them altogether, e.g. taking odd d} and ¢; with
non-scalar input and non-proper, even though this is clearly possible.

4.5.1 df =2

Throughout Sections 4.3 and 4.4 we have assumed d$ > 2. Now, for the case d} = 2,
let’s look more in detail at which results are still true.

The deterministic upper bound (Theorem 4.3) holds true also for d} = 2, where
it gives a logarithmic upper bound on the minimum distance.

The upper bound on the left tail of the minimum distance (Theorem 4.1) in this
case is not true, and following the same steps as the proof of Theorem 4.1 we get

. % d‘; ) d d;/Q pid )
P(d%m < d) < m(} = ledf/Q — + Z CwNLw/def[w/Q]d(w/ﬂ
vr d; w=d$+1

85



4 — Binary serial turbo ensembles: typical performance analysis

where now every term in the summation having even w does not decrease in NV, and
so the bound grows to infinity and becomes trivial.

The lower bound on the left tail of the minimum distance (Theorem 4.2) is still
true, however it could become trivial with a right side getting negative. A more
careful choice of the indexes set J gives the more interesting result that P(d%® <
dy) is bounded away from zero. In fact, if you replace J := {d}n.i, i € Z*} N
{0,1,...,N — 1 —d%n,} with J := {Ci, i € Z*}y n{0,1,...,N — 1 — C} where
C > djn, is a constant chosen large enough to ensure that 1 — % > 0, following the
proof of Theorem 4.2

. ‘ 1 2¢?
Pdy" < dj) > 20 (1 — @) >0

Clearly this means that Theorems 4.5 and 4.7 hold true (with 5 = 0) and, even
more, Xy — 0 and Yy — 0 deterministically. More precisely, the fact that P(duin <
db) > ¢ for some positive constant ¢ implies that also P(P,(e) > p®) > ¢ > 0 and
that EP,(e) > cp® > 0, where p is the equivocation probability of the channel.
Finally note that the logarithmic upper bound implies that deterministically P, (e) >
¢/N for some positive constant ¢.

4.5.2 Non-scalar ¢;

When the inner encoder has non-scalar input (s # 1), we need to modify the results
in Section 4.2.3. Let’s start by looking at how Lemma 4.3 generalized to and encoder
¢ € Z5*((D)). Clearly Lemma 4.3 is still true for the s scalar-input encoders
corresponding to columns of ¢, so we know that also non-scalar recursive encoders
admit input words of weight 2 producing finite-weight output (thus ensuring ds <
o0). But we can say more about input-weight-2 codewords of ¢. Let’s define:

e J);; the value of § obtained applying Lemma 4.3 to Gij;
e ), the value of § obtained applying Lemma 4.3 to the j-th column of ¢;

Note that 6; = lem{d;;,7 : ¢;; is recursive}. Also note that D;; could be empty or
non-empty, depending on the encoder ¢. The following result characterizes non-
empty D;;’s. Suppose you write ¢;; = p;;(D)/q;;(D) with ged(pij,¢:;) = 1 and with
¢i(0) =1 (clearly you can always do so); then the following property holds.

Proposition 4.1 If D;; is not empty, then:
1. 6;=40;
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2. D = 5@] + 0;N*, where 5@] := min D;

ij5

3. Qmi = Gmy forallm =1,... [
5. Dj; # 0 and, more precisely, D;; = Sﬂ- + o;N* with sz‘ = 0; — 0ij.

Proof:  Assume ¢ is recursive, i.e. every column of ¢ has at least one entry which
is a recursive scalar input - scalar output encoder. If not so, the proposition is
trivially true.

3 1o . . .
To prove statement 1., say that 2 ”((g; + quff( [()?) = r(D) € Zy[D]. This implies
ij

pi;(D) gy (D) + D°piir(D)qij(D) = r(D)qi;;(D)gyr(D), which in turn implies that
¢;;(D) both divides and is divided by g;(D); in Zy[D] this gives ¢;;(D) = gy (D).
To prove statements 2. and 3. we use two steps. The first claim we prove is
that a € D;; implies a 4+ n10; + n20; € D;; for any ni,ny € N*. To see this, write:
¢(€i + Da+n16i+n26jej) — ¢(€i + Dnléiei) 4 ¢(Dn16i(€i 4 D“ej)> 4 ¢(Da+n16i(ej 4
D"%e;)) € Zs|[ D).
If D;; # 0, this claim gives us

0i; + N+ §,N* C Dy (4.11)
The second claim is that
Dij C b5 + ;N (4.12)
and
D;; C 6;; + ;N (4.13)

To prove the first inclusion, note that, if a € D;;, then gb( Db i(1+ D* 5”) J) -
¢(ei + D) + d(e; + D‘Swej) € Z4[D] which implies that a — 0;; € 6,N*. To prove
the second inclusion, note that if a € D;;, then qﬁ( + D~ 5” ) (el- + D“ej) +
¢(D*(1+ D‘“Siﬂ')ej) € 7Z5[D] which implies that a — d;; € 6;N*.

Finally, Equations (4.11), (4.12) and (4.13) altogether prove statements 2. and 3.

To prove statement 4., use a simple argument by contradiction: if it was d;; > d;,
then we would have also 51-]- — 6; € D;j, because D%p(e; + D=0 i) = ¢(e; + D%) +
¢(e; + Ddie;) € Zy[D). )

To prove the last statement, we start noticing that ¢; — d6; € Dj;. In fact,
Dgifqﬁ(ej + ND‘Si_‘giJ’) = ¢(e; + ngf e;) + ¢(e; + D%e¢;) € Zo[D]. Then, by statement
2. Dj; = 0;; + o;N* for some 6;; < 6; — d;5. The equality d;; = d; — d;; is true,
because ¢(e; + Dgiﬁsﬂej) = ¢(e; + D¥ie;) + D%ig(e; + Dgijej) € Zo[D] and so
0ij + 071 € §;N*. [
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Clearly dy = min{minwy(¢(e; + D%¢;)), I%in wi(¢(e; + D%%))}. When com-
i i,§:Djj20

puting the average error probability of the serialjfmiform interleaver ensemble, this
is the relevant parameter to consider (see e.g. [3], and see also Chapter 3). However,
when dealing with typical instead of worse case, the most relevant parameters are all
do; = wi(¢(e;+D%e;)). In fact, for all a € N*, we have wy (e;+D%ie;) < awp(d(e;+
De;)), with equality if the i-th column of ¢ has only proper fractions, and also
wi(e; + D% t%e;) < wy(e; + D%) + amin (wy(¢(e; + D%e;)),wu(¢(e; + D%e¢;)))
If ¢ is proper, i.e. degp;; < degg;; for all ¢ and j, it’s straightforward to prove the
following property.

PI’OpOSitiOH 4.2 If Dij 7é @, define SZ(D) = gb(eZ + D6i€i), Sz‘j(D) = gb(eZ + DSijej).
If ¢ is proper rational, then:

1. deg Sij < Sij < 5@;
2. WH(Sz) = WH(S]') = WH(SZ‘j) + WH(Sji);
3. WH(¢(€z -+ Dgij+a6i€j)) = WH(SZ‘J') + G/WH(SZ') = (a -+ 1>WH(3U) -+ G/WH(SZ').
[ |

Now we have the tools to see how the estimations are modified for non-scalar-
input inner encoder.

Consider the upper bounds of the inner weight enumerating coefficients given in
Lemma 4.4. The modified version is:

Lemma 4.13 (Lemma 4.4 for non-scalar ¢;) Let 1 <w < ;d, 1 <d < Ky.

e If w is even,

w w/2
i,N w (26) w/2 d
Ry <awpe < 8" —n My Li_’z

o If wis even, for N — oo, if d = o(NV),

: : cv d|“"?
i, N i, N w
Aw,gd = Rw7§d’w/2 —|—0 (w—w (S{\/jN> /2 \‘déJ )

where C' = 2e3s%\/e(l + 1)n;.

e If wis odd, for N — oo, if d = o(N),
A w w/2)-1
AN, =0 (SW/Q%N“”/” L?J d2>

where C' = max (26382\/@ + 1)n;, su?\/é,QseZm) O
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The bound for R, <42 in Lemma 4.4 is generalized by counting words made
of w/2 pairs of ones, each of this pairs being of the form D" (e;(1 + D*%)) or

Db (ei + D‘siﬂ'*“t‘siej) for some 4,j such that D;; # (. By imposing Z;":/f a; < % we
ensure that the total output weight is < d (overcounting; a tighter but very cum-
bersome bound could be obtained involving all d4(#)’s and d5(ij)’s). The number of
possible times to begin the w/2 events is bounded by (wM/f‘é) and finally the term s
takes into account the choice of the component where the w ones are (if D;; = () for
all 7 # j, we can replace s by sw/Z).

For the remaining terms RZ}A; an and T;]i 4> follow the proof of Lemma 4.4 being
careful to distinguish My from Ly = sMy. The only tricky point is the estimation
(4.5) and its analogous (4.6): it is essential to get (jﬁn) and not just (dgi), and
for scalar-input ¢; this is obtained by noting that surely the first bit of each error
event cannot be zero, so it is known to be one. Now, the first vector (element of Z3)
of an error event is surely not all-zero, but it can still have 2° — 1 different values.

However, with some careful estimation, we can replace (4.5) by the following:
Ripb<in < 5° [— } (4.14)

which is tight enough to prove Lemma 4.13. To prove (4.14), let’s define Riﬁ;,v, <dn
to be the number of inner codewords with output weight < d, made of n regular
error events, where w = wy,...,w, are their input weights, b = b, ...,b, are their
beginning time (b, € [My]), and v = vy, ... v, is the weight of their first vector (i.e.
vy is the weight of the vector, element of Z§ which is the input at time b;). Clearly,
for all t, 1 <wv, < s and also vy < w, so that ), v, <>, w, = w. Now we estimate
Ry pocan < (5) - (2) (o ). Note that ()... () < s==1 < s, For

S
Un w_Z?:1 Wt U1 Vn -~
.. . ) ) w_Z?:1 wy
the remaining term, we estimate ( sdn; ) < [%]

w3 TS . Now note that

the function ¢(z) := (a/z)* is an increasing function of z for z < a/e, and here we
have it with a = esdn; and z = w — > jw < w —n < w < sdy; = a/e, so that

w—Y "1 wy .
[%] < [%]w ". Putting everything together:

A
w—n

esdn; 1"
in - i,N n w (3
Rw,b,gd,n = E : Rw,b,v,gd,n <s's [ ]

w—"n
V1 yeeyUn
1<v:<s

The same bound can be proved also for Tfl;f\g <dn [ |
The lower bound on the enumerating coefficients given in Lemma 4.5 is easily
extended to non-scalar input ¢;.
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Lemma 4.14 (Lemma 4.5 for non-scalar-input ¢;) If w is even, 2 < w < nﬂo
2u1 diM
and <d < 2t
—~ (My = 6;ld/dy(5)] (Ld/d5(j)]
R > i
w<dw/2—z< w/2 w/2
j=1
which implies also
w w/2
i,N 2 /2 w/2 d
R ctwpe 2 57 My ™ |
O

Proof:  Simply apply the proof of Lemma 4.5 to every column of ¢; separately.ll
A slightly tighter bound could be obtained by counting also words with error
events in different components, similarly to what is done in the upper bound.
These two modified lemmas allow to obtain easily the results in Theorems 4.2
and 4.1, only with suitably modified constants.
Also the deterministic upper bound (Theorem 4.3) generalizes to non-scalar-

input ¢;:

Theorem 4.8 (Theorem 4.3 for non-scalar-input ¢;) If My > max(d$1,,3d}(max; d})

2/d?
min i N - 1 ! >
B < Sl () ogd | | Whereb‘<4 {(H]&;) b‘}%”)

This also implies that, for sufficiently big N,

dmin < Q(maxdl ))d( H(V ))Z/d?Nﬁ log N
UJ

Proof: In the proof of Theorem 4.3, change the definition of o, letting o : J —
(Zs, X Zs, x --- x Zs,) be the function that associates to the dj ones of the outer
codeword cj the position where they end up after the permutation, in the following
way: if a one goes to component k at time ¢ (we look at Z3"~ as (Z5)M~, My being
the time on the trellis) we put a 0 in all components except the k-th, where we put
t mod dx. In this way, o(i) = o(j) means that for all k = 1,...,d}, the k-th one
of the codewords ¢; and ¢} are permuted to the same component, say mg, and at
distance multiple of o,,,, say a0, so each pair produces an output with weight
upper bounded by aydy(k) < (axd, ) (maxy ds(k)).

By the pigeonhole principle, we can find U C J such that o(i) = o(j) for all

i,j € U, with |U| > W. With this new U you can apply all the proof of
1%2"s

Theorem 4.3, simply replacing 6 by Hj: ¢ and replacing d}, with max;_ Ldi(7). |
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4.5.3 ¢; not proper rational

Now we want to relax the assumption that the degree of the numerator of ¢; is
strictly smaller than the degree of the denominator, which was used to obtain the
equality wi(¢(1 + D) = ad) (Lemma 4.3). For simplicity we focus again on the
scalar-input case.

Note that if both input and output are scalar, than non-catastrophicity and
recursiveness together imply that ¢;(D) = 1/q(D), so there is no need to study
non-proper rational encoders. However this is no longer the case when the output
is non-scalar.

Clearly we have wy(é(1+ D%) < ady and, by definition of I;, wy (¢ (1 + D) >
al;, so Lemma 4.5 and Theorem 4.3 are still true, and Lemma 4.4 is true if we use
I; instead of d.

In the following we want to show a parameter which can appear both in the upper
and in the lower bounds, at least for the case when the degree of the numerator is not
too big. As a notation, say that ¢;(D) = 7D )[pl(Dl) _____ i) with ged(q,p1,...,p) =

and let IZ((DD)) =s5;(D) + ((D) with degr; < deggq, s; possibly zero. Denote s(D) :=

[s1(D),...,s1(D)]". Define

L; == wy ( ! [ri(D), ... ,m(D)]"(1+ D‘Si))

i.e. L; is the dy of the proper rational encoder ﬁ[rl(D), —om(D)]E.
Lemma 4.15 If deg s < mJd, then:
Li S WH(¢(1 + Da6)) S CLLZ‘ + QWH(S(D)) .

Moreover,

b~ i (O + D)

a—00 a
]

rjgg; . Note that

T4 D a . a—1 T4 a
(55(D) + Z5)(1 + D) = s;(D) + Y4Zg D(1 + DO)2F) + Ds;(D). Clearly
(1+ D‘S)Z((D)) D°(1 + D°) 7;17((]3)), o, DO ¢ D‘S)% and also D%s;(D) all have
disjoint supports thanks to the assumption deg s < md, so the only part that overlaps

and could cancel some bits in the summation is s; (D) Thus:

Proof:  Consider separately each of the scalar encoders s;(D) +

, r;i(D)
wi((s;(D) + (D)

)(1+ D™)) < 2wi(s;(D)) + awn((1 + D‘S)Z(D
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and

(D) no)y,
4(D) TR

This applied for all j gives the bound. The limit follows immediately. ]

wi((s;(D) + )1+ D)) > (wu(s;(D)) + awn((1 + D°)

Note that in Lemma 4.15 the assumption deg s < md is needed only for the lower
bound, not for the upper. Also note that if degs < d, the bound in Lemma 4.15 is
true for all values of m, and so I; = L;, which allows to have L; appear in Lemma 4.4
without any further calculation. Moreover, in this case you can notice that s;(D)
overlaps only with the first term in the summation ) ;_, L DKo (1+ D‘S)T;((DD)), so that
another interesting upper bound can be derived from the proof of Lemma 4.15:

wi(o(1 + D)) < d\+ (a — 1)L;.

Lemma 4.5 and Theorem 4.3 are easily modified using the upper bound in
Lemma 4.15. Lemma 4.5 now gives

Rﬂmﬁ2@M1%W@)G%§fg

which makes sense with the additional assumption that w = o(d) for N — oo,
which is clearly verified for the constant w = d% (this is the only use we make of
this lemma). To prove it, simply modify the proof of Lemma 4.4 by choosing

—

because wi (¢;((1 + DY *e=hi-1)))) < Li (B, — hy_1) + Y2wn(s), and then the to-
tal output weight of the w/2 events is less then L w/Q(ht — hi1) = L'hyys +
wwy(s(D)) < d. The deterministic upper bound can also be modified, keeping
all the proof the same, except that after the codeword construction the bound on

1§h1<h2<-..<hw/zﬂd—W7WH<8>

|S1d%/2
the weight uses Lemma 4.15: wy(¢; (7(c))) < Z wi (¢ (D1 + D"m)) <
m=1
[S1d$ /2 o 0
|S|d% dy N _|S|d

+2Lwy(s(D)) Theorem 4.3

now becomes:

N
dmln < (dO) LZ lOgb \‘?J + d?pWH(S(D)) logb

2/do
where b = (i {&% { dév H) f, also implying that, for sufficiently big /V,

A" < 2dyd50” (4(djm, + 1)) NP log N + 2wi(s(D)) log N
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4.5.4 Odd &

The relevant parameters now are:

. 2 _ 4 .
.()é—l—m—]_—@,
=1-2;
e a2

.ﬁ::1_|—d§§%:1_#'
Clearly 0 < aw < 3 < 3 < 1, with a = 0 if and only if d9 = 3.

Here Lemmas 4.2 and 4.4 hold true without any modification. Only note that
a slightly more tight upper bound for AZ{\Qd could be obtained in Lemma 4.4, by
carefully evaluating the constants. -

We need the following version of Lemma 4.5 for odd w, to be used with w = d.

In addition to the parameter dj, we also need here

. 1 4 -
d, = sup W (¢"N(DMN=H)
t=1,...Mn

where we consider the terminated encoder ¢*V, not the convolutional encoder ¢’
which would always give wy (gbi(DMN ’t)) = 400 by recursiveness. Note that we
have the trivial bound 1 < d} < 1.

Lemma 4.16 (Lemma 4.5 for odd w) If wis odd, for any choice of 1,65 € (0,1),
if €2d S lElMN,

Y L Mj’dJ) ({“df;’dJ) ]

w<d,fw/2] = lw/2] lw/2] ) L db

In particular, this implies that for all d < My /(20):

N N 1 w2 | d lw/2] g

Au’;,gd = Tu;,gd,(w/ﬂ = (8w)w MN \‘d_zzJ d_zl
Proof: We count some particular codewords which have a first part with support
in [0,...(1 — e )My — 1], consisting of (w — 1)/2 error events each of input weight
2 and of total weight < (1 — €ad) (use Lemma 4.5 to count them); a second part is
one single terminating event of input weight 1 and output weight < eyd. |

Now we have the tools to see how Theorems 4.1 and 4.2 generalize.
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Theorem 4.9 (Theorem 4.1, odd d$) For N — oo, if d = o(N"”), then

P(AR" < d) = O (N'FH24M/2T) 4 0 (N*ah)

O

Proof:  From Lemma 4.6, estimating the enumerating coefficients of the con-
stituent encoders with Lemmas 4.2 and 4.4, you get:

P(d2" < d) Z v N/ dpl=Tw/2] gle/2] (4.15)

wd°

for some C' > 0 depending on ¢, and ¢; but not growing with N and d. Now we
need to separate different terms. If you write w = ad} + b, with integers a > 1,
0 < b < d%, you can see that

4\b/2 <N1—d<;/2dd;/2>a if @+ b is even
NLw/dg]=Tw/2] glw/2) _ (Z ) bt
N

(£) (N'9972a%/2)" it 0+ bis odd

For N — 00, if d = o(N?) then N'~%/2q%/% — 0 and so 3, N*"%/2q%/? converges.
So, you need to split the summation in (4.15) in the following four terms (with the
notation [d7] = {0,1,...,d} — 1}):

b/2 a
> (x) T (vomeenr) <anan
be(dg] N aeN*
b even aeven

d\""* 1-ds /2 jd2/2\“ d\"? 1-d9 /2 1d%/2
e Y (§) X () sa(g) wtaa
]

be(ds aeN*
b o a odd
b+1
AN 1-d5/2 7d%/2\“ d oo s
® Z N Z (N d > S CBNN Fd%r
be(dg] a€eN*
b even a odd
' y d\ ' )
“ 1-d$ /2 jd3/ “ 1-d$ /2 7d% /2
.Z(N) Z(N 4% >§c4<N) N3/
be([dg] aeN*
b odd a even
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for some constants c¢1,co,c3,c4 > 0.
Finally note that %N%d?‘dd?‘ =0 (szd?‘dd?‘). [ |

The reason why we keep two terms in the right-hand side of Theorem 4.9 is that,
depending on how fast d grows with N, either the first or the second term will be
dominating. More precisely, define k := 1 — d°2—1 and note that for N — oo, if

f
d/N* — 0 then N'-14/21gld3/21 — (N*79d%) and vice-versa if d/N* — oo then
N*Z%Gqds = o <N1_M?/21d[d?‘/21>. Also note that a < k < 3, except for d} = 3 which
gives 0=a=r< [=1/3.

A closer look to the proof shows that the term N?~% d% corresponds to input
weight 2d%, while the term N 1=143/21q143/21 comes from input weight d} and also
from input weight d% + 1 (if there is any outer codeword with such weight). This
suggests which words we have to count in the different regimes (d below or above
N*) in order to obtain a tight lower bound for P(dw™ < d).

We give here a bound, analogous to Theorem 4.2, which is tight for d below N*
and will allow us to show the role of a.

Theorem 4.10 (Theorem 4.2 for odd d}) Forall N > dn, and d > &;dg—l—dﬁ

a2 a3 a2 a3
P(dmin < d) > Cy N M, i L%JH d% 1 -GN M];M L%JMd
where C} = —L1— and Cy = %(4@)‘@. O]

d3mo(8)"S

Proof:  Modify the definition of the events E7(d) as follows:
Ei(d) == {WH(quV(HN(c;))) < d}ﬂ{gbﬁv(ﬂ]v(c;)) has |d}/2] regular and one terminating events }
Clearly E7(d) implies dy™ < d.

A slight modification of Lemma 4.7 gives:

i, N
T .

()

f

o forall j€[0,....N — T —1], P(E(d)) =

e if i and j are such that |i — j| > T, i # j,

P(E; (d) N Ej(d)) <
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Then we estimate Té;}N< .[d/2] from above using Eq. (4.7) from the proof of Lemma 4.4

ds—1
i 2e ! |d2 /2] i lde

while for the lower estimation we use Lemma 4.16. We conclude estimating P(dy™" <
d) > > P(E;(d)) — > P(E;(d) N Ej(d)) as in Theorem 4.2. |

jeJ ijes
1<J
From Theorems 4.9 and 4.10 we understand the role of «:

ZP(dﬁm < d) < 400 if and only if d = o(N).
N

From Theorem 4.9 it is also clear that d = o(N®) implies P(d%" < d) — 0 when
N — oo. However, to generalize Theorems 4.4, 4.5, 4.6 and 4.7 we still need the
deterministic upper bound of Theorem 4.3. What we can get is the following.

Theorem 4.11 (Theorem 4.3 for odd d$) For all N > max(d;ng,%d;é)

A N 1|1 | N a3
0\2 7i = = | — | ——
(d})"ds logb { bJ where b \‘4 |75d? L@%J‘H

This also implies that, for sufficiently big N,

dI]I\l[lIl S

N | —

2
dn™ < 2d4d$6° (4(djn, + 1)) T NP log N
O

Proof:  The proof is the same as for even d} except the way you construct
the bipartite graph G from the hypergraph H: now you let V' = V; x V; with V; =
wl4/21 and v, = W4/2) and you put an edge connecting vertices (vy, . . . Uy /21) €
Vi and (wy, . .. ,det;/gJ> € V; if and only if there is an edge (vy, . .. UTd2 /2], W15 - - - ,det;/QJ) €
E. Note that |V’| = bl1/214-pl97/2) < 2pl97/2] while | E'| is the same as for even d$ and

satisfies |E'| > [% { N H so you need to choose b satisfying 4b/%/?1 < {% { N H
& f dfno 5 f dfT]o
in order to apply Lemma 4.9 and conclude the proof.
Unfortunately, the exponent 3 in this bound does not match § as it does when
d$ is even. It is still possible to prove Theorems 4.5 and 4.7 (with the exponent (3)
by a second-order method used in [41] for even d$. Following the suggestion in [41],
for odd df it is necessary to look at events somehow similar to E7(d) but involving a

pair of outer error events c;,c; instead of just one of them. Roughly, what we want
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to estimate is the probability that wy ((bfv oll(c + cj)) < d, but we will choose
slightly smaller events in order to simplify the study of the intersections. We define:

dO

E5(d) = {H ZD’” and I1(c ZDbt”i‘sz
t=1
d‘j’c d
for some 0 < by < -+ <bge < My, =1, ) 1, < |
! =1 d;

Now define the random variable
> Loy
ijel,itj
Clearly
P(dun < d) > IP’( U E;;(d)) —1-P(Z=0)
ijel,ij

so all we need is to estimate P(Z = 0) using the following well-known trick

Lemma 4.17 ([41], Lemma 5) If Z is a r.v. with finite mean and finite variance,

P(Z =0) <

O

Proof: P(Z=0)<P(|[Z-E(2)| >E(2)) < ]E[(Z E Yl by Chebyshev inequality.l
From this Lemma and from the definition of our , we get

2 ZZ]klEIP E(d) N Efy(d)
[ZZJEIP(E (d))}

i#]

(4.16)

The aim now is to prove that, for N — oo, if d/N” — oo, then the right side of the
above inequality tends to one and so also P(d%™ < d) — 1. We do so by using the
following estimations:

e alook at the proof of Lemma 4.5 (with w = 2d%), gives:

P(E}(d)) =

1 247 ds L d Jd?‘
(59) (a5 Ldy
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e with a similar proof to Lemma 4.7 (i.e. using the same conditioning trick) you
find that, if 7,7,k,l are all distinct:

&)

P(E}(d) N Biy(d)) < B(E}(d))B (B} (d))

e simple counting gives that, if 7,7,k are all distinct,

P(E; (d) N Ej(d) < = (fzjfv) (de/lj’iigjf

L
&)

and the same bound holds for IP’(E;;(d) N E;J(d))

so that we can split the summation in Eq. (4.16) in the following terms:

> igkier P(E5(d) N Ey(d))

,5,k,l distinct —00 1

Sere(Ey@)|

%)
> igker  [P(ES(d) N Ej(d)) + P(E;;(d) N Ejy(d))]

4,7,k distinct 1
: <a—

2 N

{Zz‘g&ef P(Ef}(d))}

for some constant ¢; > 0 and so it tends to zero when N — oo;

222]75][ P(E;(d)) . (Nﬂ)d;
I (i

< Cp———5 =
= 2N2—dfddf d

2
SR
for some constant ¢, > 0 and so, if d = o(N”), it tends to zero when N — oo.

As a conclusion, for N — oo:

e if d/NP — oo, then P(dW® < d) — 1;

e if d/NP — 0, then P(d < d) — 0.

This proves that Theorems 4.5 and 4.7 are true also for odd d}. Unfortunately,
the second moment technique used here does not tell anything about the speed of
convergence: even for d/N” — oo, when the we know that d™" < d deterministically,
the upper bound obtained with the second moment technique goes to zero as slow
as 1/N. Thus we cannot obtain a full strong result analogous to Theorems 4.4 and
4.6. However, it is clear that we have at least the following, by the same techniques
used to prove Theorems 4.4 and 4.6: with probability one,
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(a) (Xn)nven and (Yi)nen densely cover [a,[];
(b) liminfy Xy =liminfy Yy = a;

(c) B <limsupy Xy = limsupy Yy < 3.

4.5.5 Other generalizations and open questions

One straightforward generalization is a relaxation of the assumption that both en-
coders are non-catastrophic, using instead the assumption that the family of serial
encoding schemes is concatenatedly non-catastrophic (Definition 3.2). With this re-
laxed assumption, all results of this paper still hold true, without any modification
in the proofs.

An interesting generalization is the study of other ensembles. From the same
fixed component encoders ¢° and ¢;, it is possible to construct different ensembles,
introducing other probabilistic structures for the interleaver sequence. For instance,
instead of a sequence of independent interleavers (I1y)neny with ITy uniformly dis-
tributed over Sy, as in our serial turbo ensemble, we can consider a sequence of
interleavers (II)nen such that each [T}, is still uniformly distributed over Sg,, but
possibly dependent on {IIi=1,... . N —1}.

A close look at our proofs shows that independence among the ITy’s is required
only when using point (ii) of the Borel-Cantelli lemma. Hence, for the new ensemble
based on (IIy)nen We can state that (for even d%), with probability one:

e liminfy X\ >a; limsupy Xjy=0,
o liminfy Y >a; limsupy Y =0,

while X% 5 8 and Y}, = 8.

This means that introducing some dependence among the uniform interleavers
cannot make performance worse while it could possibly improve it. It would be
interesting to develop an analysis for these hierarchical structures.

Finally, it would be very interesting to obtain results also for the non-binary
case, for example in the same setting considered in Chapter 3. However, the proof
techniques used to obtain the tight bounds on enumerating coefficients (Sections 4.2
and 4.2.4) are specific for the binary case: they don’t generalize easily, not even for
the case of non-binary codes still maintaining the rich algebraic structure of vector
spaces over some finite field. We leave as a completely open problem the search for
new proof techniques to address this issue.
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Chapter 5

A family of structured linear-time
encodable LDPC codes

In this chapter, we develop the study of a family of codes which are a generalization
of Repeat-Accumulate codes, and which can be seen both as serial turbo schemes and
as structured LDPC codes. We already introduced these schemes in Section 3.1.3,
as an example of our very general serial turbo scheme, so that we could compute
the average error probability (Section 3.4.3).

Now we want to focus on the binary case, for which it is easier to get a deeper
understanding. First, we will propose the study of the average error probability
of a smaller ensemble, which is quite natural in analogy with results from LDPC
literature, and which allows to find a design parameter for the inner encoder which
was not visible in the bigger ensemble. In this smaller ensemble, the interleaver
is uniformly distributed on a subset of permutations which is not a subgroup and
thus the study requires some other proof techniques in addition to what is done in
Chapter 3.

Simulations using usual LDPC decoding show some dependence on the proposed
design parameter, but not as much as it could be expected. An explanation to this
is that in many cases the presence of a large amount (linear in the blocklength) of
small cycles in the structured part of the Tanner graph deteriorates the performance
of the iterative decoder, thus giving poor performance even for some good codes.
For an important class of inner encoders, we introduce a modified decoding, which
corresponds to suitably grouping together the nodes in the Tanner graph, obtaining a
modified graph without cycles in the structured part. Under this modified algorithm,
simulations show a good matching with the proposed design parameter: in the
medium-high SNR, the hierarchy given by the inner encoder’s effective free distance
is respected. Moreover, it is possible to analyze the behaviour of codes under this
decoding at small SNR, by density evolution. This was not possible for most codes of
our structured family with usual LDPC decoding, because the tree-like assumption
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was false even after very few iterations due to small structured cycles.

5.1 Encoder description and parity check matrix

We consider the following encoding scheme:

YN

where:

e Rep, : ZY — 75N we denote the repetition code with rate 1/r;
o Sum, : Z5N — 75V is defined by
Sumg(x) = (1 4+ ...+ Ts, Top1 + ... + Tos, .. .)

i.e. it gives the modulo-2 sum of every block of s bits (s is called the grouping
factor in the Irregular Repeat Accumulate codes literature).

e (D) : Z5((D)) — Z5((D)) is a rate-1 non-catastrophic and recursive convo-
lutional encoder, and 9y : ZQN/ i ZQN/ * is the truncated encoder obtained
by using the trellis of (D) for rN/(sk) time steps (here we consider trun-
cation instead of termination of the convolutional encoder, for simplicity, but

the terminated encoder could be considered as well)
& Ty € SrN-

We will always assume that NV is a multiple of sk, so that the above construction
can be properly made (this will be implicitly assumed also when taking limits for
N — 0).

This scheme generalizes Repeat-Accumulate and Repeat-Convolute codes, which
are the particular case when s = 1 and k = 1 (and ¢(D) = 1/(1 4+ D) for Repeat-
Accumulate codes). On the contrary, Irregular Repeat-Accumulate (see [38]) in-
troduced for the first time the grouping factor s, and were more general than our
scheme in the outer repetition, which was irregular, i.e. time-variant, while they
were less general in the inner encoder, which was fixed to be the accumulator.

To make this scheme fit in the general setting presented in Chapter 3, you need
to include the systematic branch in both the outer and the inner encoder and to
consider interleavers (my,7y) where 7y permutes only the systematic bits, and so
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does not change the performance of the code. This was the description of these
schemes given in Section 3.1.3. Other two small differences from the scheme in
Section 3.1.3 are that we are allowing ¢/ to be non-scalar, even if with rate 1, and
that we are taking a truncated instead of a terminated version, i.e. we are not
enforcing the return to all-zero state. However, this does not affect the results on
the average-based analysis.

The decoding can be performed exploiting the fact that these same codes can also
be seen as LDPC codes: a parity check matrix can be constructed in the following
way. Notice that a pair (u,c) € ZY x Z;N/S belongs to our code if and only if ¢ =
Y o Sum, o 7y o Rep, (u), which is equivalent to Sum, o 7y o Rep,(u) + 1y (c) = 0
and can be represented with matrices as [Hy Ky][%] = 0.

Notice that Hy is a low-density matrix depending only on 7, s and on the
permutation 7y, and has at most s ones per row and r ones per column, while K
is a matrix depending on the choice of v, and is also low density, having a number
of ones per row bounded by the degree of the polynomial ¢)~1(D) and a number of
ones per column bounded by k times the degree of v~!(D).

For example, if k£ = 1 and ¢(D) is the accumulator (D) = 1/(1 + D), we have
the so-called ‘staircase’” LDPC codes: Ky has ones on the diagonal and on the lower
diagonal, and zeros everywhere else.

As another example, the scalar encoder (D) = m is associated to a matrix

Ky =

OO OFF

5.2 Error floor region analysis

In this section, we look for design parameters for the medium-high SNR region.

5.2.1 Uniform interleaver

It is clear from Section 3.4.3, that Theorem 3.1 applies to the family of codes we are
analyzing. Theorem 3.1, together with the computations in Section 3.4, gives the
following result.

If r > 2, there exist positive constants 7, C; and Cy (depending only on the
ensemble, i.e. on r,s5,1(D)) such that, for any BIOS channel with Bhattacharyya
noise parameter v < 7yo:

i Clpd*N_M < By(e) < CQVd*N_“ + O(N_“_l) for N — oo
o Cip" N# < Pyle) < Coy" N#H1 + O(N ™) for N — oo
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where p is the equivocation probability of the channel and p = [(r + 1)/2]. For
s = 1, i.e. for traditional Repeat-Convolute codes,

) 14+ d;P if 7 is even
=1+ 220+ min {dg + Yy dﬁg} if  is odd

and for all s > 2,

1 if r is even
d*=12 ifr=3
1 4+ min {dlﬁtr, d;fvg} it ris odd, r > 5

where d;p and d;f are the smallest output weight of error events of ¢(D) with input
weight 2 and 3 respectively, while dlﬁtr is the smallest output weight of a truncated

error event of Y. If k = 1, clearly d}p’tr = 1 and so d* = 2 for all odd r and all
s> 2.

5.2.2 A better smaller ensemble and a design parameter

In the result given in previous section, notice that when s > 2 there is essentially
no dependence of the exponents y and d* on the choice of the encoder ¥. Looking
at traditional serial turbo codes [3], we see that it is natural that p depends only on
the free distance of the outer encoder, but we expect a dependence of the effective
free distance d* on the inner encoder too. What happens with our schemes is that
pairs of ones which are repetition of a same information bit can be permuted by
some interleaver in such a way that they are summed up by Sumy, producing a zero
output. The value of d* is given by this ‘worse case’ scenario.

This remark suggests to consider a smaller family of interleavers, enforcing that
ones coming from the same error event of Rep, cannot end up in positions where
they would be summed up by Sum,. More precisely, we define the set

RY = {me S s lifr] = Lifr] = l7(0)/s] # |x(j)/s)}

What we want to consider is an ensemble of encoders constructed as in Sec-
tion 5.1, except that now the permutation is uniformly distributed on Rf,\fs instead
of all S,y. Additionally to the motivation of finding a more interesting effective free
distance, this ensemble turns out to be a natural choice in analogy with classical
results for regular LDPC codes: restricting the permutation to Rfs is the same as

enforcing that the Tanner graph corresponding to the regular part of the matrix,
Hy, does not have cycles of length two. This new ensemble is also equivalent to
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pick Hpy uniformly at random in the set of N x N binary matrices with exactly s
ones per row and 7 ones per column.

As RN is not a group, we cannot directly apply results from Chapter 3. However,
we can shghtly modify our techniques for estimating E(Py(e)|R},), where E is taken
in the ensemble with ITy uniformly distributed in S, y; notice that E(P,(e)|RY,) is
equal to the average P,(e) when ITy is uniformly distributed in R s Which is what

we would like to estimate; we will also denote it Py(e) €) exp-

The key remark is that the probability that a permutation uniformly extracted
from S,y belongs to RY, is non-vanishing: P(R.,) — e rVED/2 when N — o0
(see e.g. [11] Exercise 2.12 p. 59).

Notice that P(R}Y,) tends to a constant which is strictly smaller than one, so even
though the techniques we use are the same usually known as expurgation, the result
we will get is not the typical behavior of the ensemble introduced in Sect. 5.2.1:
we will find the average behavior of a subensemble which is neither vanishing nor

typical, but is well characterized.
Define pp = [(r +1)/2] and

(2 ifr=2and s> 2
1+d12p ifr=2and s=1
2 if r=3and s> 2
Toxp = 1—|—min{dw dltﬁdw} ifr=3ands=1
1+%d§ if r is even, r > 4
1+ 253dy + min {d§”+d1ﬁtr,d’§} if r is odd, r > 5

Our main result is the following.

Theorem 5.1 If s > 2. there exist positive constants vy, ¢; and ¢y (depending
only on the ensemble, i.e. on r,s,4)(D)) such that, for any BIOS channel with
Bhatthacharyya noise parameter v < vy, and with equivocation probability p,

o ciplew N7H < Py(€) e < coy®ee N7H + O(N~#1)

o cipfe NTHTL < P (e),. < coylor NTHTL L O(N™H) O

exp

In the remainder of this section, we will prove this theorem, by following similar
steps to the proofs in Sections 3.3.1 and 3.3.2 together with expurgation.
We start with the upper bound. By the union-Bhattacharyya bound:

(r+s)N/s

Py(€ep <D,

w=1 d=w

waIIN)| R )7 (5.1)

ZIS
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where A} ;(7) is the number of codewords of the concatenated scheme with input
Hamming weight w and output Hamming weight d for a given permutation 7= € S,y .
For most of the terms, we will use the estimation

E(Ag,d(HN)) . Aw,dN
P(RY,)  P(RY)

and the fact that IP’(RiYs) is bounded away from zero, so that we can exploit all what

we know about > > %Nvd from Section 3.3.1.

We consider separately the terms with w € W where W := {1} for r > 4,
W = {12} if r =3 and W = N* if r = 2. The reason is that, with the notation
from Section 3.3.1, because of Prop. 3.11, H = {(w,rw) : w € W}, so these are the
main terms in the estimation. Also note that dz,p 18 the minimum output weight of
@ if the input weight is restricted to {rw,w € W} and the permutation is enforced
to belong to R,

Now define V7Y as the set of codewords of ¢y (Z5") with input weight h and
output weight k£ and note that

E(A),(ITy)|RY,) < (5.2)

E(AN ITN)|RY) = ) Y P(IIx(Rep,(u)) = v|RY)
w€ZY wy (u)= wvevfé\’w

For the term with w = 1, define also S = {v s.t. [i/s] # [j/s|Vi#j:v; =v; =1}
and notice that wy(u) =1 and v ¢ SY give P({IIy(Rep,(u))= v} N RY,) =0, so
that

E(AJJ(IIN)|IRY) = ) Y P(IIn(Rep,(u)) = v|RY)
wez) wev i ,nsy
WH(u):w 4
wN 1
< VPN SN -
>~ ( w > | r,d—w s | (r?g)P(R,{YS)

Tmax

Then, [V7,, NnSY| = Z Vi wm N SY|, where Vi, denotes the set of code-

words of ¢y (Z5N) with mput Welght h and output weight £ made by exactly n error
events, plus possibly a final truncated error event not counted by n.

The recursiveness of ¢y ensures ny., < [r/2], but also notice that if wy(v) € W
and v € V7 NSV, then wy(pn(v)) > di,, so that for d < df,, we have the
tighter bound 7yax < [77/2] — 1. Finally, we estimate [V, NSN| < [V2Y .

For the terms w € W such that w > 2, which exist only for r =2 and r = 3,

note that

E(A),(Iy)|RY) = Y > P(IIy(Rep,(u)) = v|R),) S(

ueZd weV?N

r,d—w

wN) V]
w (TwN)]P)(RN)

wi (u)=w

105



5 — A family of structured linear-time encodable LDPC codes

Mmax

and [V Z |[Ven with npae = |r/2] for d > 2 = df_ while np. <

r,d—w r,d—w,n’ exp

|r/2] — 1 for d 212 =d}

exp*
We can now put the above estimations in the union-Bhatthacharyya bound (5.1):

[rw/2|

1 w
Py(€) g < B(RY) Z N( ) oy Vo
n=0

weW,w<d* rw

lrw/2]—1

(r+s)N/s 1 ]
Z Z ( ) (rwN) Z |V;“d wn|’y

r,s d=d*+1 wew, w<d n=0

(r+s)N/s wN [rw/2]
Z Z (w ) rwN Z | Td wn

T',s d=d*+1 w¢W,w<d

Then the proof is ended by the same techniques used in Section 3.3.1, in particular
Prop. 2.5, showing an analogous of Prop. 3.8 and Prop. 3.9, i.e. that the first sum-
mation is bounded by ¢y* 5 while the second and third are bounded by ¢(7) 5
Here the remark that IP’(RT],\;) remains bounded away from zero when N — oo is
essential.

Now we adapt the proof of the lower bound in Section 3.3.2 to our setting. We
use the same technique:

Py(€) oy = PP P(AN™ < di |RY)

exp €xp

and then
P(dm® < dr, |RY,) > IP’( U Ea,b]RiYs)

exp
for some suitably defined events E, p, here slightly different from those in Sect. 3.3.2.
First of all, note that if s = 1 we don’t have anything to prove, as RN = S,y and
the ensemble is the same as in previous section. When s > 2, the output weight deXp
is obtained with input weight w = 1, which simplifies the descrlptlon of words ¢,
now a is simply scalar, a € A :={0,...,N — 1} and ¢} := Rep,(D?). Only for the
case 7 = 2 we need the same trick used in Section 3.3.2 and we restrict A to be
A ={0T2T,... TIN/T| — 1} for a suitable fixed T" > 0. Then fix v* an input
word for 9%, made of:

e if r is even: r/2 regular error events vy, ... ,'vfj/z of input weight 2 and output

weight d;”, say A is the length of such events;
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e if ris odd and d¥ < d¥ +d¥ o (1 —3)/2 regular error events vy, ..., v(_3

of mput weight 2 and output weight d with length Ay, and one regular
event v ( 1)/2) of input weight 3, output Welght dw and length A3; let A =
max{ A1, };

e if ris odd and d¥ + diptr < dY: (r —1)/2 regular error events v?, ... Vo1

of input weight 2 and output weight d , with length A, and a truncated event
v{,, of input weight 1, output weight al1 « and length 1.

Define B = {0,1,...,|2¥] — 2}. For all b € Bl"/%) define the word v}, € (Z5)™/ (<P
made of the same error events of v*, with its j-th error event starting at time
(j — 1)(L%J — 1) + b;, plus possibly the truncated event starting at time LQS—NJ 1.
Finally define the word uj, € Z4"Y obtained from v* by first identifying (Z&)"N/ (k)
with Z;* and then spreading the ones s apart, i.e. transforming >, DU in
S Dt Tt is clear that, if 7(c) = uj for some a € A and b € B2 then
n o Sumg(uj) = Yy (v;) so that the final output weight corresponding to input
D“, including one systematic bit, is exactly dg,. For a € A and b € B /2] define

Eu.p = {IIn(c) = u}} so that

PAR" < di [RY) = P( | Fas|R))
acA,beBlr/2]
Now we proceed to estimate this union of events with inclusion-exclusion, similarly
to what done in Section 3.3.2. Here, it’s easier to deal with intersections, as a is
simply scalar, while we need to deal carefully with the conditioning on RN First
of all, notice that P(E,p N R,{YS) does not depend on a and b and is non-zero. Then,
to find a lower bound for Za,bP(Ea,b‘RT]'\,[s>7 forl =1y,...l,—1 and 2 = ig,...,0p_1,

define the events .
.

Fe={mvtep) = o 0
5=0
and notice that, for any a € A, b € B2} we have

P(RY) = Z P(RY, N Foys)

lo<--<lr_1 g,
o<l <1 0<Z]<8 1

N
_ (T / S) S P(RY, N E,p)

,
P(E.p N RY,) 1
N ) 7,8 _
so that P(E,p|R,.,) = PRY) (”\7{/8) - and finally
1
D D PR =|A|B e > N
a€A peBlr/2] ( r )3
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For the term with intersections, we use the simple bound

]:P)(Ea7b ﬂ Ea,/7b/ m R,'],,VS) ]P)(Ea b m Ea/ b/)
P(Eas (1 B |Fr,) = P(RY)  ~  P(RN)

Then we exploit the fact that P(Rffs) is bounded away from zero and we estimate
P(E,pNEy ) as follows. For (a,b) # (a',b'), P(E, N Ey ) can be non-zero only if
a # a’ and b; # b’ for all j and there is no final truncated error event in wu;. Under
these assumptions, simply

P(Ea,b N Ea/,b/> < ]P’(HN (Ca +cy = Uup + ub/) =

so finally

Z P(E.b N Ea’,b’|Ri\fs) <
(a,b)#(a’,b)

1
P(RY.)

TS

|A|2|B|2|_T/ZJ 1 S CN—2M+2 )

()

For r > 3, which ensures p > 2, this ends the proof:

Pw(e)exp exp

> pd:XpP(dr]I\}in < d* |R;74\77$) > pd:XpP<UEa,b}Ri\;> > pdzxp [CN7M+1_CN72/L+2]
a,b

For r = 2, a suitable choice of the constant 7" in the definition of A ensures that the

constant c is bigger than C', thus showing that Pw(e)exp is bounded away from zero.

5.2.3 ML predictions vs. standard BP simulations

We simulated the coding schemes with two simple examples of ¢(D): the accumu-
lator and ¢(D) = 1/(1+ D + D?) , using the standard belief propagation algorithm
over the Tanner graph associated to the low density matrix [HyKy]. Although this
approach is satisfactory for ¢»(D) = 1/(1 + D), this is not the case for the encoder
1/(1+ D+ D?).

In fact, Monte-Carlo simulations reported in Fig. 5.4 are in contrast with the
results of Theorem 5.1: the coding scheme based on the simple accumulator (D) =
1/(1+ D), having d¥ = 1, performs much better than the one using (D) = 1/(1 +
D + D?) as inner encoder, even if the latter has dj = 4.

A close look to the structure of the Tanner graphs suggests a possible explanation
for such a disappointing behaviour. Indeed, a large number of 6-cycles appear in the
structured part of the graph (see Fig. 5.2). More precisely there are N — 2 of such
cycles and they are concatenated in a very particular way. The belief-propagation
algorithm is known to be exact on cycle-free graphs [78] and has been shown to be
highly performing on random graphs which with high probability do not contain
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d,71 @1+D) * \

-, 3\-1
o d,=4 (1+D+D%)

T T 1 1 1 1
1 15 2 25 3 35 4 45 5
E,/N, [dB]

Figure 5.1.  Simulation with BP: 1/(1 + D), 1/(1 + D + D3?) (blocklength = 300)

S S

(a) 1/(14+ D+ D?) (b) 1/(1+ D)

Figure 5.2. Structured part of the Tanner graph

small cycles [60]. Thus, the presence of such a big and structured collection of 6-
cycles seems to be a possible explanation why the algorithm fails to converge. Notice
that the Tanner graph of the Repeat-Accumulate does not contain any cycle in its
structured part.

This remark suggests to focus the attention on codes without cycles in the struc-
tured part on the Tanner graph, but this is very restrictive. A closer look to the
matrix Ky associated with (D) = 1/(1 + D + D?) suggests a different approach.
In fact if you look at this matrix gathering together blocks of three bits, a staircase
structure emerges:

0 0
0

Ky =

o o | = =
S

1
1
0
1

= ol = o
o == o o

oo =lo
S
- = o
=)

This suggests to focus on matrices with such block-wise staircase structure and to
associate to them a modified Tanner graph, where k-tuples of bits are aggregated
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together. This will be done in the next section.

5.3 Non-binary decoding of block-wise staircase
LDPC codes

5.3.1 Encoder structure

We consider the encoding scheme described in Section 5.1, in the particular case
when (D) = (A+ BD)™! for some matrices A,B € Z§, so that the structured part
of the matrix will have the form

A0 0 ... 0
B A 0 ... 0

Ky=10 B A ... 0 (5.3)
0 0 ... B A

Another possibility is to consider an upper staircase structure, with an encoder
of the form ¢ = (AD™' 4+ B)™!, which gives:

B A 0 0]
0 B 0
Kx=10 0 . A 0 (5.4)
: : B A
0 0 0 B]

In these schemes, the matrices A and B must be carefully chosen in order to en-
sure that the inverse matrix we have written in the definition of ¢(D) indeed exists,
and that ¢)(D) has all the good properties we need: causality, non-catastrophicity,
recursiveness (see Section 2.3 for definition of these properties). In this section,
we will show that the ‘safe’ choice, that ensures all these properties, is the lower-
staircase structure with A and B both invertible. We will also discuss other possible
choices.

We start by deriving an explicit expression for the minimal state-space realization
of such convolutional codes: this is helpful for actually implementing the encoder,
but it will also enlighten the theoretical properties of (D).

Let’s focus at first on ¢(D) = (A+ BD)™!, and let’s assume that A is invertible.
This assumption guarantees that the inverse (A4 BD) ™! exists, as we can write (A+
BD) ' =AYI+BA D)t =AY (BAT)'D'. Under this assumption, it is
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also easy to find a realization with 2™ states where m = rank B, and to prove that it
is indeed minimal. In fact, you can note that y(D) = ¥(D)u(D) < ¢~ *(D)y(D) =
u(D) < (A+ BD)y(D) = w(D) < Vt,Ay; + Byt = w & Yty = A7 ue +
A71By, 1. Now, if you define the state z; = By,_;, you have the state space
X = B(Z%), which is a subspace of Z& having dimension rank B, and you have the
following realization:

= A u + Ay

D)=9y(D)u(D) &
y( ) ¢( )U( ) {xt-{-l _ Byt _ BAilut—f-BAill't.

To prove minimality, we need to prove controllability, i.e. that all states can be
reached from the zero-state, and observability, i.e. for all sequence (u,y;,%¢)ien Sat-
isfying the system (5.5) if y; = u; = 0Vt > 0 then also 2o = 0. Controllability is
clearly true. Also observability is true: even more, as (5.5) gives yo = A~ ug+A"1zy,
simply ug = yo = 0 is enough to ensure zy = 0.

Now, what can we say about the properties of 1/(D)? Non-catastrophicity im-
mediately follows from the fact that A + BD is polynomial and is the inverse of
(D). The state realization we just described clearly shows that ¢(D) is causal.
We also need recursiveness. If also B is invertible, it is clear from the state realiza-
tion that ¥ (D) is recursive. For general B, we have the following effective test for
recursiveness.

(5.5)

Proposition 5.1 A convolutional encoder ¢)(D) = (A+BD)~! with A invertible, is
recursive if and only if the matrix (BA~1)2""" has non-zero weight on each column. ]

Proof:  For simplicity of notation, define M := (BA™1).

Recursiveness means that any input u(D) with Hamming weight 1 produces
infinite-weight output; on the minimal state realization, this translates as: an input
ug of weight wy(ug) = 1 followed by u; = 0 for all ¢ > 0 produces a state sequence
never returning to zero. With the realization (5.5), this condition reads: for all
t >0, xy = M'ug # 0 for all ug with wy(ug) = 1, i.e. all columns of M* have
non-zero weight.

Then we can note that there is no need to test this condition for infinitely
many values of t. In fact, by Cayley-Hamilton theorem, if you denote by p(z)
the characteristic polynomial of M, p(M) = 0. Now, p(z) has degree k, with leading
coefficient 1. If M is not invertible, we also know that p(z) has trailing coefficient
equal to zero (in the case M is invertible, we don’t have anything to prove). These
remarks on p(z) ensure that MP” is a linear combination of M ,M?2, ... M*1 and
this also implies that all M* with ¢ > k are linear combinations of M,M?2, ... M1,
There are only 2*~! choices for the coefficients of these combinations, including
the choice with only one non-zero coefficient which simply gives again one of the
matrices M,M?,... M*1. So, finally, after having considered M,M?2, ... ,]\42]%1 you
will surely never encounter a new different matrix.
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The final remark is that testing M, M?, ... .M 2 g equivalent to testing only
M2 in fact, if some M! has zero-weight on some column, then also M* will have
a zero column in the same position, for all ¢’ > ¢. |

Now we switch to the case when we do not enforce invertibility of A, and we
assume the invertibility of B. This assumption ensures existence of the inverse
(A+ BD)~'. However, it does not guarantee that the encoder obtained in such
a way is causal; we will prove (Prop. 5.2) that it is causal if and only if also A
is invertible. This seems to suggest to avoid non-invertible A’s; however, we can
prove that for some choices of non-invertible A, the shifted encoder D(A + BD)™!
corresponding to an upper-staircase parity matrix as in (5.4), is indeed causal.

Proposition 5.2 If (D) = (A + BD)~! with B invertible, then:
e (D) is causal if and only if also A is invertible;

e Di(D) is causal if and only if there exists some m € N* such that N = N,
where N := AB™!.

Moreover, if N™*! = N, then
Dy(D) =B '+ B 'N™(I + N*""'D)~'. (5.6)
O

Proof:  We start by explicitly constructing the Laurent series of (D). First,
(A+ BD)' =D 'B I+ AB'D)y"' = D 'B 'Y (AB™')'D~'. Now, we
use the remark that surely the sequence (N*),cy is periodical, i.e. there exist a € N
and b € N* such that N*t* = N moreover, a = 0 if and only if NNV is invertible. So:

BDy(D)=> N'D™
t>0
a—1

_ ZNtht + No ZD—(aerh) + Neotl Z D~ (a+1+bh) Na+b 1 Z D (at+b—1+bh)

t=0 h>0 h>0 h>0
a—1

_ t a a+1 D—(a+1) a+b—1 D—(at+b=1)
=Y N'D™ 4 N2t 4 NoH Do o NoH D
t=0

a—1
p—(at+1)+b D—(a+b—=1)+b

_ t —t a D—atb a+1 a+b—1
_ZND +N 1+Db+N W"""'"FN 1+D?
t=0

_ aletD—t + (Nb+a—1D—a+1 44 Na+1D—a+b—1 + NaD—a-‘,-b) (Z Dbt) )
t=0 t>0

(5.7)
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Looking at the last line, we see that the first part has terms with exponent increasing
from —a+1 to 0, while the second has terms from —a + 1 to +o00: Dy(D) is causal
when all pairs of terms with negative exponent cancel each other. In particular, the
terms with exponent —1 cancel, i.e. N = N™*! for some m+1 € {a,...,a+b—1}.
If (D) itself is causal, then also the term with exponent 0 is zero, i.e. I = N™ for
the same m as above.

Viceversa, let’s assume that there exists m € N* such that Nt = N, say m is
the smallest integer satisfying this relation. If moreover N = I, i.e. N is invertible,
Eq. (5.6) is trivially verified. If N™ # I, with the above notation we have a = 1 and
b = m, so that Eq. (5.7) simplifies to

BDY(D) =1+ (N™D° + N™ 1D 4 ... 4 N2D"™"2 4 ND™ 1) (Z Dmt> .

>0

which immediately shows that D (D) is causal. From this, simple calculation gives
(BDy(D) + I)(I + N*"'D) = N™

which proves Eq. (5.6). |

Remark 5.1 By the same argument as in the proof of Prop. 5.1 (i.e. using Cayley-
Hamilton Theorem), you can prove that Not® = N¢ with a+b < 2¥~1. So, to check
wether there exists m such that N™*! = N, you need to compute and compare with
N only powers up to N2 . [ |

We can also exploit Eq. (5.6) in order to construct a minimal linear realization
of (D) := Dy(D), with state space X = N?>"~1(Zk). Note that, under the as-
sumption N = N, rank N* = rank N for all t > 1, so dim X = rank N = rank A.
Also note that N2t = N™ 1 if m > 2 and N> ' = N ifm = 1.

We start finding a realization for the encoder p(D) := N™(I + N*"~'D)~1.

Vs = Nmut + Tt
v(D) =¢(D)u(D) & 5.8
(D) = ¢(D)u(D) { O
From Eq. (5.8), we can find a realization for ¢(D) with the same state space:
~ yi = B~ 'uy + B vy = B~Y(I + N™)u; + B~y
y(D) = ¢p(D)u(D) _ a2met 2m1 (5.9)
Tir1 = N Ut + N L.

It is easy to prove that this realization is minimal, by the same technique we used
for the realization (5.5): both controllability and observability are trivially true.

With the same technique we used for encoders with invertible A, we can use the
state realization in order to characterize recursiveness.
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Proposition 5.3 Given a causal encoder ¢)(D) = D(A+ BD)~! with B invertible,
¥(D) is recursive if and only if all columns of N are non-zero, where N = AB~!. [J

Proof:  Recursiveness means that if wy(ug) = 1 and v, = 0Vt > 1, then z; #
0Vt > 1. The assumption on the inputs, used in the realization (5.9), gives for
m > 2 the state sequence zy = 0, 1 = N™ lug 29 = N* 2y, ..., z,, = N,
Tmy1 = N™, Tpio = N™ 1 and so on, periodically. For m = 1, simply z, = 0,
xy = Nug for all g > 1. So the recursiveness request translates in asking that no
column of the following matrices is zero: N,N2, ... ,N™ N™ = N: this is the same
as simply asking that all the columns of N are non-zero. ]

We show here an example of a causal encoder with non-invertible A and invertible
B, thus clarifying that the class of encoders characterized in Prop. 5.2 is not empty.

Example 5.1 If you choose matrices
A= [éé?] , B= [6?
111 10
you get the encoder

1+p'pt o |7° e
(D) := D(A+ BD) ™' = [ 0 1 D1 ] = [ = ]
1+D~! D=1 14D~! _D_
14D
From the last expression, you can understand that (D) is causal and recursive,

but you can see it directly from the matrices A and B, by applying Propositions 5.2

_ 110 011 110
and 5.3: compute N = AB~1 = [é(l)%], N2 = [%(1)%], N3 = [(1)(“} =N. N3=N
ensures a causal encoder, and N with no zero-column gives recursiveness. In this

example, Eq. (5.9) gives a state realization with 4 states:

Yt = B_l([ + N2)Ut + B_lxt

y(D) = ¢(D)u(D) & {9€t+1 = Nu; + Na;.

5.3.2 Decoding algorithm

Motivated by the remarks in Section 5.2.3 about cycles in the Tanner graph, we
propose the following modified version of the BP algorithm for block-wise staircase
encoders (k > 1).

Associate to the parity matrix [HyKy| a labeled factor graph with vertex set
given by V; UV, UV, (see Fig.5.3), where:

oV, = {iy,...,in} is a set of N information nodes, each corresponding to an
information bit (recall the codes are systematic);
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" | Information
Nodes

Check
Nodes

Parity
Nodes

Figure 5.3. Tanner graph of the hybrid non-binary algorithm

oV, ={p1,... ,péN} is a set of 7~V parity nodes, each corresponding to a group
of k consecutive parity bits;

e V.={cy,... ,cﬁN} is a set of 7=V check nodes each corresponding to a group
of k consecutive rows of the matrix.

For every 1 < j < ;=N, the parity node p; is connected only to the check node ¢;
with an edge labeled by A;, .. = A, and to the check node ¢;;; with an edge labeled
by A, ;. = B. There is an edge between a check node ¢; in V, and an information
node 4; in V; whenever the k x 1 block (HN)[k(l_l)H,lej is nonzero; such an edge is
labeled by the k x 1 block A, ,, = (HN)[k(-1)+1.k1),5 itself.

We use a sum-product belief propagation algorithm over this graph. Messages
exchanged between information nodes and check nodes consist in probability distri-
butions over Z,, while messages exchanged between parity nodes and check nodes
consist in probability distributions over Z5. For every parity or information node
v denote the a posteriori probability distributions given by the channel output by
z,. Denote the message sent from node v to node v’ at the ¢-th iteration by m!__ .
For every adjacent parity node v and check node c initialize m?_, as the uniform
distribution over Z5 and similarly for every adjacent information node v and check
node ¢ let m?_ be the uniform distribution over Z,. Then for every time step ¢ > 1

CcC—v

e the message sent from a node v in V; UV, to an adjacent check node ¢, m!__

is the normalized pointwise product of z, and of messages mfjjv received by
the node v from all its neighbors ¢ but ¢;

e the message sent from a check node ¢ to an adjacent information or parity
node v is given by

Mmsn () = P (Dt Acwr Xor = )
v v

where the probability P!__  is evaluated by considering the random variables

CcC—v

X, mutually independent, each distributed accordingly to m,_...
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The labels A and B on edges clearly affect the messages. If the label is an invertible
matrix, it just gives a permutation of the messages. If not, for outgoing messages
from the parity node, you need to map a message (which is a probability measure) to
the corresponding image measure with respect to the label matrix; in the opposite
direction, the probability of some vector is split evenly among all elements of its
preimage with respect to the label matrix.

This algorithm falls within the large class of generalized belief propagation algo-
rithms described in [79].

Notice that the complexity of this non-binary BP algorithm (with an efficient
implementation of the check-nodes updates), scales with k£ and N as 22k+1éN op-

erations per iteration, compared to WN for the standard BP algorithm.

5.3.3 Simulation results

We have focused our attention on codes with invertible A and B, so that all good
properties of ¥(D) were guaranteed.

All the examples we simulated have r = 4 and s = 4, consequently the overall
rate R is 1/2. A maximum of 50 iterations has been considered.

P,(€)

k=1 d,=1 (1+D) * binary BP NN

—3d = 3\-1 .
5 k=8d,=4 (14D+D") " binary BP X

1075 o _k=3d,=4 (1+D+D%* non-binary BP BN

k=4 d,=7 binary BP :

— a —k=4d,=7 non-binary BP
T

I I I
35 4 4.5

:
1 15 2 2.5 3
E,/N, [dB]

Figure 5.4. Binary vs. non-binary BP decoding (blocklength = 300)

Fig. 5.4 shows how the use of the non-binary algorithm may lead to a dramatic

improvement with respect to the standard BP algorithm, in two examples: 1/(1 +
D + D?), considered with k = 3, and the following encoder (D) = (A + BD)™!
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with k =4 and d¥ = 7:

0900 0001
A= 1010 » B = 0110
0101 1101

In both cases, we conjecture that the improvement is strictly related to the large
number of small cycles in the structured part of the Tanner graph. In fact, for
other codes such that 1/(1 + D3 + D*), where the structured cycles have length at
least 8, there is almost no difference in between binary and non-binary decoding
with & = 4. However, we don’t have yet a precise theory on how performance is
affected by the number of small cycles, by their length and even by the way they
are intertwined. For example, we don’t have a satisfactory explanation of the much
bigger improvement for 1/(1 + D + D3), which has cycles of length 6 with respect
to the other ¢ (D) reported in Fig. 5.4, which has also cycles of length 4.

k=1d,=1(1+D) "
k=3d,=1
10°H k=3 d,=2

o k=3d,=4 (1+4D+D%) | .

—o—

_ o k=4 d,=4
k=4d,=6

« k=4 d2=8

3 35 4 45
E,/N, [dB]

Figure 5.5. Dependence on d;p for different values of k, block length = 300

Figures 5.5 and 5.6 show the role of d;ﬂ, comparing different encoders all decoded
with the non-binary algorithm. The hierarchy given by this parameter is clearly
respected in the error-floor region, as predicted by the theoretical results. At low
SNR, we see that the hierarchy is inverted (see Fig. 5.6), so that we have cross
points among curves. The codes in Figures 5.5 and 5.6 have blocklength 300 and
600 respectively; at higher lengths it is more difficult to get simulation results in the
error floor region, which has very low P,(e).

117



5 — A family of structured linear-time encodable LDPC codes

C¥C)

10°

4= =T

107l o W14,=1(1+D)

k=3 d2:1
34 = 3\-1
k=3 d274 (1+D+D%)

o k=4d,-8

T L L L
1 15 2 25 3 35
E,/N, [dB]

Figure 5.6. Dependence on d;p for different values of k, block length = 600

5.4 Density evolution analysis of the non-binary
decoding algorithm

Density evolution is a useful tool introduced in [60] to analyze the convergence of
the message-passing decoding of ensembles of LDPC codes.

This tool has been extended to the structured ensemble of IRA in [66], but
it could not be extended to our geralized repeat-accumulate codes under usual
message-passing, because of the structural presence of cycles in the Tanner graph.
In fact, density evolution describes how the distribution probability of the messages
exchanged evolve during the decoding algorithm, under the assumption that up to
that time no cycle has been encountered. It has been shown [60] that for random
regular and irregular LDPC ensembles, if you let the blocklength grow, the proba-
bility of not having cycles up to any fixed number of iterations grows to one. On
the contrary, most Repeat-Sum-Convolute concatenations give rise to many small
cycles, which not only may deteriorate the performance of the usual LDPC decoder,
but also prevent the use of density evolution as a tool to analyze its performance.

With our modified algorithm, there are no cycles in the structured part of the
graph, while to the remaining random part the same results of [60] apply. The only
drawback is that the non-binary algorithm is more difficult to analyze and gives rise
to a bigger number of variables, as was already noted in [58] who generalized density
evolution to different non-binary decoding.
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5.4.1 Density evolution equations

In order to keep the number of variables finite, we will focus on the case of trans-
mission over Binary Erasure Channel (BEC). This choice is quite common in the
density evolution literature, because it leads to the study of a finite-dimensional
dynamical system.

Thanks to the code linearity and the symmetry of the channel, we can perform
the analysis under the assumption that the all-zero codeword has been sent, exactly
as in the classical case [60]

On the BEC and supposing transmission of all-zero codewords, the only possible
messages sent by the decoding algorithm are:

e from and to an information node: either 0 or ‘erased’. (i.e. the uniform prob-
ability on the set {0} and {0,1} respectively);

e from and to a parity node: the uniform distribution on some vector space,
subset of Z&, possibly {0} or Z§ itself. If the message comes from the channel,
not all subspaces are possible, only those corresponding exactly to the restric-
tion of Z& to some of its components, i.e. the spaces having as a basis a subset
of the canonical basis of Z5.

Clearly, one can take as message the subspace itself, instead of the uniform distri-
bution on that subspace, so that the set of possible messages from and to the parity
nodes becomes G := { subspaces of Z& }.

In the density evolution, clearly we want to keep track of the fraction of infor-
mation bits erased, which we would like to see converging to zero. Then, we need
to keep track of the probability that the parity nodes outputs each of its possible
messages. Differently from [58], for our parity nodes we need to keep separate the
distribution of messages on edges with label A and B, because we have fixed matri-
ces A, B and we cannot use the simplification given by averaging. We can exploit
the averaging effect only for information nodes, which have random labels on their
output edges. So, the density evolution system will have the following variables:

e y;€[0,1] = fraction of information bits erased at time ¢;

e ! € P(G) defined by x(V) = fraction of output messages from parity sym-
bols (on edge with label A), which at time ¢ that are equal to V;

e analogous definition for P on edges with label B.

By P(G) we denote the set of probability vectors of length |G|, with the convention
that components of these vectors will be labeled by elements V' € G instead of by
numbers 1, ...,|G|.
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r-1 .
my I C i
Al v (B] BV D/ '
\ s
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v\
(a) Information Node b) Parity Node

Figure 5.7. Portions of Tanner graph, with messages exchanged

We will now give the equations describing the density evolution. We will use the
short-hand notations [k] := {1,2,...,k} and, for I C [k], Z := span{e;,i € I}. We
will denote by 7;(V') the restriction of a vector space V € G to its i-th component,
i.e. m (V) is {0} if all vectors in V' have their i-th component equal to zero, and is
{0,1} otherwise.

The update equations are:

r—1

wor=e 1= IS Sy Y apon) (5.10)

i=1 VeG: WeaG:
mi(AV)={0} i (BW)={0}

and, for any U € G,

xt+1 Z Z Z 5|I| k " o (W)pJ(yt)né,W,I,J (5.11)

IC[k] JC[k] WeG
where:
o py(y) = (1= (1—y))"I (1 = y)* "D
o nity,=#{VEG: BV=AW + F,U=V NF}}.

The equation for &7 | is the same, simply exchanging the role of A and B everywhere.
Note that, if B is invertible, n{}y,; ; becomes simply 1if U = B~ (AW +Fy)NF}
and 0 otherwise.

These update equations describe the evolution of y, z# and z” at one step of
the decoding algorithm, under the assumption that no loops have been created up

to that time (as in classical density evolution) and under the additional assumption
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that labels on edges connected to information nodes all have weight one (this is true
with high probability).

Fig. 5.7 helps to understand the meaning of equations (5.10) and (5.11). It shows
the portion of Tanner graph corresponding to one step in the iterative decoding, from
the perspective of an information and a parity node. The triangles denote the output
from the channel. The check nodes can be thought as the aggregation of k bit-wise
check nodes, where the i-th bit-wise check is connected to the information nodes
having label e;.

Referring to Fig. 5.7(a), yi+1 is the probability that m, = {0,1}. This happens
only if both the message from the channel and all the » — 1 incoming messages
from check nodes give an erasure. The channel sends an erasure with probability
e. For each of the » — 1 edges, we will now compute the probability that the
message is {0}, i.e. not erased, assuming that the label is e;: the averaging on i
then comes from the fact that the labels are uniformly random. Looking at the
check node, we see that it sends {0} for the i-th component when all the other s — 1
edges incoming with label e; carry a {0} and both messages AV and BW from
parity nodes give {0} when restricted to the i-th component. This happens with
probability (1 —y,)s™t Y 22(V) Y aB(W).

VimAV)={y  W:m(BW)={0}

x,, is the distribution of the messages m, in Fig. 5.7(b); let’s compute the
probability that m, = U. Note that U is the intersection of the message received
from the channel and the one coming from the check node. The channel can send
any of the spaces Z2, I C [k] (i.e. an erasure exactly in the components listed in the
indexes set I), each with probability e///(1 — ¢)*~1l. The check node computes the
sum of the vector spaces it receives. The combination of the ks messages from the
information nodes is Zj, J C [k], i.e. an erasure exactly in the components listed in
J, with probability p;(y;). In fact, a bit-wise check node j is erased when at least
one of the s information nodes with label e; carries an erasure. The check node has
to sum Zj and the message it receives on the edge labeled with A, which is AW
with probability z(W), for any W € G. In conclusion, any triple I C [k], J C [k],
and W € G appears with probability e//l(1 — &)¥=1lp;(y,)x (W) and contributes to

241 (U) né,W,I,J times.

5.4.2 Convergence threshold and stability condition

The evolution equations (5.10) and (5.11) describe a dynamical system, with variable
z = (y,2,2P) € [0,1] x P(G) x P(G). It is clear that if we denote by dy a vector
in P(G) with a one in position V' and zeros everywhere else, z* := (0,010},0¢03) is a
fixed point of the system. Since y; — 0 represents successful decoding, finding the
threshold means finding up to what value of € the system converges to 2z, from the
initial condition zy = (1,5Z15,5Z12c). This choice of 2z, corresponds to the initialization
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of the decoding algorithm.
Fig. 5.8 shows an example of the threshold behaviour.

1
|
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0.9} Threshold

0.8
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0.4t
0.3t
0.2}
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0 0.2 0.4 0.6 0.8 1
€

Figure 5.8. Fraction of erased info bits (y) vs. erasure probability of the BEC (¢),
at iterations from 1 to 100 of the density evolution

Numerical computation of the threshold for different values of A and B can guide
the choice of the inner encoder, as is discussed in Section 5.4.3.

An interesting theoretical question which is often considered in the Density Evo-
lution literature is the stability condition: you look for conditions ensuring that the
fixed point to which you wish convergence (in our case, z*) is asymptotically stable
for all ¢, i.e. for all €, there exists a neighbourhood of z* such that starting from
any initial condition in that neighbourhood the system will converge to z*. This is
clearly a necessary condition for convergence from the given initial condition 2z, and
it can provide interesting design guidelines, as it happens for the degree distributions
of the irregular binary random LDPC ensemble.

In our setting, it turns out that z* is asymptotically stable, for all ¢, for any
choice of A and B, provided that » > 3. This generalizes the well-known result
that for the regular LDPC ensemble, with left degree at least three, the asymptotic
stability of the fixed point 0 is always true. However, the proof in our setting is
less trivial. You need at first to linearize the system, i.e. to compute the Jacobian
matrix in z*, J(2*). r > 3 ensures that the first line of J(z*) is all-zero. Then
you can note that a:tAH does not depend on zZ and depends linearly on z; denote
by M, the |G| x |G| matrix describing this linear map in the case when y; = 0.
Analogously define Mp. Now note that the eigenvalues of J(z*) are: 0 and then the
eigenvalues of M4 and Mp. Now, instead of explicitly computing the eigenvalues of
A and B, which are hard to express in closed form, we prove that the linear systems
on P(G) associated with M, and Mp have a unique asymptotically stable fixed
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point in dyoy, by using a Lyapunov technique (see e.g. [43]): we define the function
n(x) = Y yeq(dimU)z(U), which can be interpreted as the average dimension of
the subspaces of Z5 with respect to the probability distribution . We note that 7
is a linear function, n(x) > 0 for all € € P(G), n(x) = 0 if and only if = d(¢}, and
we prove that 7 is strictly decreasing along the trajectories, i.e. n(Max) < n(x) and
n(Mpx) < n(x) for all & # .

5.4.3 Simulation results

Our analysis is validated by simulation results in which at low SNR the hierarchy
given by the threshold is respected. The threshold has been obtained numerically,
iteratively calculating message densities and considering a maximum of 250 itera-
tions.

All the examples simulated have r = 4 and s = 4, so that the overall rate R is
1/2. Simulations differ for k£ and for the choice of (D), which influences both the
threshold and the parameter dy.

o th=0.4449 d =1 -
ol th=0.4029 d =2 JUEa
_ . th=0.3876d,=4 S

BER

107

G- T

0 1 I I I I I I I I I
035 036 037 0.38 0.39 04 041 042 043 044 045
€

Figure 5.9. Results on BEC channel, k = 3, block length 2400, rate 1/2

Fig. 5.9 shows the behaviour of the non-binary decoding algorithm with & = 3
for three encoders, on the BEC channel. For the low SNR region the predicted hier-
archies are respected, they can be read on the graph in the BER region between 10~}
and 1072, Hierarchies are reversed at higher SNR, as predicted by the parameter d;p.

Fig. 5.10 shows analogous simulations for some codes with £ = 4. For all the
curves the matrix B has been kept fixed equal to the identity while A, starting from
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Figure 5.10. Results on BEC channel, k = 4, block length 2000, rate 1/2

the identity matrix, has been filled up with more and more ones: this leads to a
decreasing threshold and a dg which is very low when A is sparse; this suggests some
relation between our design parameters and sparseness of the matrices. Simulation
results are again perfectly matching with the predictions.

BER

10 £ H <

—o— BEC th=0.4449 k

—o— BEC th=0.4236 ]
BEC th=0.3973

- # - BEC th=0.3676
. :

10°

0 0.2 0.4 0.6 0.8 12 14 16 18 2

1
SNR [dB]

Figure 5.11. Results on AWGN channel, k = 4, block length 2000, rate 1/2

Fig. 5.10 shows performance of some codes on the AWGN channel. A look at
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the thresholds for these codes on the BEC shows that the hierarchy is respected.
This suggests that density evolution on the BEC can also provide some insight in
the behaviour on other channels.

In Sections 5.2.2 and 5.3.3, we have underlined the role of the parameter d;”: its
maximization improves performance at high SNR. Now density evolution provides
an optimization criterion for low SNR: maximizing the threshold. It is well-known
that these two optimizations are often in contrast, so that a compromise is necessary
if both SNR regions are targeted. We want to investigate if this happens also in our
setting.
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0.35 0.37 0.39 0.41 0.43 0.45 0.32 0.34 0.36 0.38 0.4 0.42 0.44 0.46
Threshold Threshold

Figure 5.12. Distribution of the threshold as function of d;p with k = 3,4

Figure 5.12 reports the threshold vs. d¥ for a large number of choices of the pairs
A, B.

These numerical results show that the best threshold corresponds to A and B
being both permutation matrices; unfortunately, it is easy to prove that this condi-
tion implies dg = 1, the same as with the simple accumulator on which we wanted
to improve. For k = 3 we see that the values of the threshold are quite dispersed,
even if there is some dependence on d;p, in that the lower d;p, the higher the max-
imum threshold. For £ = 4, apart from the special case d;p = 1, the thresholds
don’t exhibit any apparent dependence on d;”. This suggests, especially for k = 4,
the following simple design criterion: take A and B with the maximum threshold
among those having the maximum .
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Chapter 6

Conclusion

In this thesis, we have considered very general serial turbo coding ensembles, where
convolutional encoders on a finite Abelian group are concatenated through an in-
terleaver which can be a permutation, or some more general homomorphic trans-
formation. This setting includes as special cases usual binary serial and parallel
turbo codes, as well as turbo trellis-coded modulation for AWGN channels with
geometrically uniform input constellation, e.g. m-PSK.

We have proved in this general setting an upper bound on the average error
probability which generalizes the interleaver gain result for binary serial turbo codes
given in [3]. The tightness of this bound is ensured by a lower bound, which is new
also for the binary case. Together, the upper and the lower bound prove that,
under mild assumptions on the constituent encoders, the average error probability
is vanishing when the blocklength goes to infinity, with a polynomial decay. We have
also characterized both the speed of decay and the dependence of the average error
probability on the channel’s signal-to-noise ratio as the solution of two combinatorial
optimization problems, in general involving both constituent encoders.

In the particular case of classical binary serial turbo codes, we have shown that
there is no concentration of the error probability around its average, in the sense that
both average and typical error probability are decreasing to zero when the block-
length grows to infinity, but the first one decreases polynomially while the latter one
decreases sub-exponentially fast. The exponent of the sub-exponential decay, as well
as some multiplicative constants appearing in the bounds, give design parameter for
the constituents encoders of the scheme, and are perfectly matching with the ones
suggested by the average-based analysis and well-known from simulations (e.g. [3]).
Our typical-case analysis is based on tight bounds for the average enumerating
coefficients, which use techniques specific for binary codes ([41, 2]). We conjecture
that also non-binary serial concatenations have a typical error probability decreasing
faster than the average, but we leave as an open problem to find some suitable tools
to obtain a proof.
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6 — Conclusion

We have considered also another binary ensemble fitting in the general scheme
discussed above. It is a generalization of Repeat-Accumulate codes, and it can also
be interpreted as a family of structured linear-time encodable and decodable LDPC
codes, generalizing staircase LDPC codes. The inner encoder is itself the compo-
sition of two maps, and in order to find a design criterion for its inner part we
presented a modified average-based analysis, where we considered a sub-ensemble
using expurgation techniques. Simulation results with usual LDPC decoders showed
poor performance and poor correspondence with theoretical predictions of ML error
probability. This, due to the presence of cycles in the structured part of the graph
associated with the parity-check matrix. We have proposed a different decoding
algorithm, where groups of nodes in the Tanner graph were associated to form a
single super-node, thus breaking cycles. This new decoding algorithm allowed both
an improvement of performance (at least for some codes) and the use of density
evolution analysis of convergence, which was not possible in the presence of many
small cycles. Simulation results show hierarchies well matching the theoretical pre-
dictions given by the density evolution threshold in the low SNR (waterfall) region
and by the average-based ML error probability analysis in the medium-high SNR
(error floor) region, and this allows us to give guidelines on the design of the code.
There are still many open questions in the study of this family of codes. A straight-
forward step is to turn from regular degrees to irregular degrees in the random part
of the matrix, i.e. time-varying outer repetition and inner summator codes. Den-
sity evolution equations can be easily generalized to this setting, and even though
their theoretical analysis does not look simple, it is clearly possible to use them to
compute numerically the threshold and thus guide the design of both the inner code
and the degree distributions. Another interesting open problem is to generalize to
this decoding algorithm the finite-length analysis techniques proposed in [1], which
provide more refined predictions of the convergence.

A broader open problem, which looks more like a whole research area, includes
the search for results on serial turbo-like codes performance under actual iterative
decoding algorithms. We believe that our techniques, based on the study of weight
enumerators and distances, could be used, together with new tools, to study the
weight of turbo-stopping-sets, a new measure of the performance of a binary turbo
decoder on the BEC introduced for parallel turbo codes in [65].
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