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Report on Generalized NonBinary LDPC Codes:
Split-LDPC Codes (or Multi-Binary GLD Codes)

David Declercq, Charly Poulliat and Weigang Chen

Abstract

In this deliverable, we introduce a generalization of liné&amilies of non binary LDPC codes. We do not
restrict the parity check equations to be defined on a finitei€éield. Instead we allow more general non binary
parity check equations which can be interpreted in the sadpinite Abelian groups build from extensions of
the binary grouplF's. We present the structure of this new general class of LDPdegsavith binary images (or
mappings) of the codeword symbols, codeword sub-symbalspanity-check matrix non zero values.

This class of codes is a generalization of the one introdurcgf]. The theoretical study of this class of codes is

at its early stage, and we present in this deliverable ondyimpinary results. We have however conducted a huge
number of Monte-Carlo simulations in order to give the firstts of the Split-LDPC Codes performance compared
to the classical non binary Field codes. More theoreticdl practical results on this class of codes will be reported
in a future DAVINCI-WP4 deliverable, including the hardwaimplementation issues and their rate-compatible

adaptation.
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|. DEFINITION AND STRUCTURE OFGENERALIZED NON BINARY LDPC CODES

In this first section, we will describe in more details what define as a structure of Generalized Non
Binary LDPC code. Both the algebraic definition and the citme of the associated Tanner graph are
explained.

An LDPC code is linear block code defined on a very sparseypahniéck matrixH with the dimen-
sions of M x N, which can be defined over the binary Galois field or high or@aitois fields. Let
x = [zo...2n_1] be a codeword. If the code is defined over a finite field @Mith ¢ = 27, thei—th
parity check equation can also be written as

J:hij#0
whereh;; are non-zero elements from Gfy( This definition can be generalized to the case of non-ginar
code ensembles defined over the general linear group [1] oe menerally to the case of codes defined
over the finite Abelian grougs(2?) = % [2]. Defined in these kinds of sets, theth parity check
equation can be written as

> hijlay) = 0in G(27) (1)

J

whereh;; : G(2"7) — G(27P?) is a linear function. This definition is very general and enpasses the
classical non binary codes as special cases. Since thadusiét;(.) are linear, they can be represented
by a binary input matrix of sizép,, p») with full column-rankp,;. In the following, the binary matrix
representing the functior’s;(.) will be calledclusters and will be denoted?;;. In principle, the values
of the column dimensions of the clusters could be differemte single parity check defined as (1), as
described in details in [3], [4], and as long as < p», Vj. Note that generalized NB-LDPC codes are
no longer defined on a single finite field or a single finite growpich makes them difficult to describe
algebraically. In order to simplify the presentation oé tbodes, in this deliverable, we will describe the
structure of generalized NB-LDPC codes with the binary imad the parity check matriHy,;, build
from the binary(pi,, p2) clustersH,;. The binary imagé;, corresponds to a binary linear code which
is locally dense (since images of the clusters have a lot mjtle4 cycles), but which is cluster-wise
sparse. This means that a Tanner graph representing a tpe@idB-LDPC code will be sparse only if
the edges connecting the symbol nodes and the check nodeseepconnexions between the clusters of
the functionsh;;(.). In such Tanner graph, the symbol nodes represent elemeat8rite groupG(27'),

or equivalently a vector op,; bits.

For simplicity, let us callsub-symbgla symbol inG(27%) with p,; < p,. In casep;, = p», the sub-
symbol is simply called a symbol. We associate to a sub-sympa binary map composed o@f ; bits.
Any choice of mapping is allowed, and we do not discuss in teport the impact of a specific choice
of mapping on the implementation of the codec. In the scopth@fDaVinci EMS decoder, defining a
binary map is equivalent to specifying in which order the-symbols (or the symbols) are stored in the
chip memory. Therefore, we will choose an arbitrary binargpfor each set(2"). In order to be
compliant with codes defined on fields, we choose the binafy coaresponding to the Galois field with
same number of elements, and defined with the minimal rootnpohial of the field.

Interpreting an NB parity check equation with binary imadgesequivalent to considering a binary
component code for which the parity check equation hasows andzj p1, columns. Additionnaly,
the linear functions:,;(.) corresponding tdp, ,, p») nonzero clustergi;; are one-to-one functions which
associate a binary map pf; bits to a binary map of, bits. Figure 1 gives the example of a cluster with
(p1,,p2) = (3,4) and draw the associated function.

Therefore, the-th NB-parity-check equation can be interpreted as a bicargponent code, for which
the parity-check matrix?,. is composed of the concatenation of tfebinary clusters representing the
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Figure 1. A linear function fromz(8) to G(16) associated to a full column-rank rectangular cluster. Thster has full rank equal to 3
and therefore correspond to a one-to-one mapping of veofoBshits into vectors of 4 bits. The mappings @f(8) and GG(16) correspond
to the same binary mappings of the Galois Fields with sameircality and minimal root polynomial.

hij(.):
Hcci = [HiIHi2 cee Hidc] (2)

Using the above defined notations for the binary clustersxarfdr the binary mappings of the symbols
(or sub-symbols), we can re-write the generalized paifitgek equation (1) using a binary vector notation:

JH;;7#0

The figure 2 represents the binary images of 2 codes with sarsmeters. The binary parity check
matrix of the component code is then splitdp clusters of possibly equal or different sizgs. For this
reason, we have called this family of generalized NB-LDP@exiSplit NB-LDPC codes’ Please note
that both the global code rates and dimension are equal éotwh codes, as well as the average binary
density (number of ones in the parity check maly;,,), but the Tanner graphs are different. This means
that the algrebraic properties of these two codes arerdiffeand so is the behavior of a message passing
decoder on the associated Tanner graphs.

There are some extreme cases with this family which cormedpgo already existing classes of LDPC
codes:

1) if p1, = p2 Vj, the clusters are square matrices and the code is a strpekang non binary LDPC
code. If the clusters are binagompagnon matricesf the non zeros element of a finite Galois
field, then the non-binary code is the usual non binary LDP@edype [5], [15]. If the clusters are
more general full rank square matrices, then the LDPC codenien binary code defined over the
general linear finite grougs(272) [1], [7].

2) if p1, = 1Vj, then the clusters are columns vectors of lengtlits, and the Split NB-LDPC codes
reduce to the class of Generalized Low-Density Codes (GLdespintroduced and studied in [16].
Indeed, a parity-check is composed of the concatenationlafrin vectors (2) and form a component
code (Hamming or BCH for example) if the linear functiolag(.) are choosen appropriately. The
classes of Split NB-LDPC codes with;, = 1 and GLD codes are then equivalent, and so are
their message passing decoder, based on optimal locahgxktitomputation (Belief Propagation
equations and BCJR equations are the same in this case),tantsdé message passing.

3) in [6], a special case of Split NB-LDPC codes is proposelictvis different to the extreme cases
just presented. In this paper, the authors have proposedeas component code (2) a classical
non binary parity check defined on a Galois field, and then twsicter rectangular clusters formed
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Figure 2. Binary Images of Non Binary LDPC codes with differeluster sizes. Both correspond to the same code rate ateivood
length, and both correspond to a strictly regulds = 2, d.) Tanner graph. In the first case, the clusters are squareshamatder of check
nodes in the Tanner graph é& = 4. In the second case, the clusters are rectangular, and diee of check nodes in the Tanner graph is
d. = 6 (more dense).

with a set of columns of the field elements compagnon matricethis special case, not only the
component code is split in clusters, but the binary imageheffield non-zero values as well. One
can easily see that this is only a special case of the genlass presented in this deliverable, both
in terms of the component code selection, and in terms of phietructure.

The class of Split NB-LDPC codes is very general, and cou&dt & very ineteresting codes for
which the NB-Tanner graph is sparse enough to allow effiamessage passing decoding, together with
better algebraic properties than NB-LDPC codes definedeabdsfi However, this new class is also much
more difficult to analyse and to design than binary or non fyinaDPC codes. In order to limit the
scope of the study, we will consider in this report only 2 casé parity checks defined with clusters
of size (3,6) and (4,6). We have drawn on figure 3 the Tanner graphs of a parity chediatem in
G(64) split in two different manners. Both correspond to an edeivebinary component code of length
n, = 24bits and dimensionk, = 18bits. These parity check equations will be used to build= 1/2
codes with DAVINCI constraints (target codeword lengthéje will not discuss more general Tanner
graph structures than the ones on figure 3. More generaltsteunclude connexion irregularity at the
sub-symbol node side (different thaip = 2), or non-uniform/non-regular split of the component cades
On figure 3, the following two types of Split NB-LDPC codes aemnsidered:

type C, Each component code is split ifi = 6 sub-symbols composed of 4 bits, that is(#{16).
type C; Each component code is split ifi = 8 sub-symbols composed of 3 bits, that iS(#8).
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Figure 3. Split Structure of Generalized LDPC codes comsitién this Deliverable. Representation of a Single Paritye¢k Equation.

Il. |SSUES RELATED TO THE CLASS ONB-SPLIT-LDPC CODES

In the first section of this deliverable, we have describegl general structure of this new class of
generalized non binary LDPC codes. Now we list what we thirgkthe central research questions related
to this new class, and we try to foresee the possible advestagterms of practical implementation and
expected performance compared to existing non binary LD8d2€. Some of these issues are treated in
this deliverable, and we have made extensive performameelaiions reported in section V to illustrate
the first results obtained in the DAVINCI project.

a) Message Passing Decoder and Memory Requirements:
It is well known from the litterature (see [7], [8], e.g.) thane of the major issue in hardware pratical
implementation of non-binary decoders is the memory resnénts induced by the vector messages
composed of; elements used in message passing non binary decodersigSadrimessages leads to a
too high storage area on the chip.

The class of NB-Split-LDPC codes solves patrtially the peoblof memory since in the message passing
decoder on the NB-Tanner graph, the messages are assacidterlvariable nodes which represesuib-
symboldgnstead of symbols. Therefore, a message in the Tanner gifagiNB-Split-LDPC code has only
27 entries instead of?2. If we assume that each message value is stored, doits of quantization,



the total number of bits to represent the messages in theefagmaph is indicated on the table I. We
indicate only the memory for storing the messages in onectiline of each edge, which is usually the
case for efficient hardware implementations of LDPC decadés we can see, for a Rafe= 1/2 code
in GF(64) or G(64) with N, = 576 bits for example, a field decoder would requir2288.n, bits to
represent the messages when oty8.n, are necessary for the NBplit-LDPC of clas’, and3072.n,
for the NB-Split-LDPC of clas€’s.

Field Split Co Split Cs

2p
3

2. d..Mng | 3d.275 M, | 2d.2F M,

Table |
MEMORY STORAGE REQUIREMENTS FOR MESSAGES INIWNB TANNER GRAPH. 2P = 2P2 |S THE ORDER OF THE FIELD OR THE GROUP IN
WHICH THE PARITY CHECKS ARE DEFINED M IS THE NUMBER OF PARITY CHECKSAND d. IS THE CONNEXION DEGREE OF THE CODE
IN THE FIELD.

Note that the NB-Split-LDPC codes are compliant with the loemplexity EMS decoder developped
in the DAVINCI project. As long as the truncation parametgr is lower or equal than the sub-symbol
order2”'i, the adaptation of the decoder is possible. However, dagaaliNB-Split-LDPC code is slightly
more complex in terms of the number of elementary operatpersdecoding iteration. Indeed, since the
degrees of the check nodes in a NB-Split Tanner graph isradnge the degree of field codes, we expect
an according increase in the computational need. We do edigirthe impact of this new class of LDPC
codes in terms of hardware design, and this will be the scdee fature task in the DAVINCI project
(common to WP4-WP6).

A thorough discussion on the efficient implementation of #uge updateor linear function nodes
updateis conducted in paper [7]. Although [7] limits the discussito full rank square clusters, we
believe that implementing in the hardware model the gerzemllinear functions for Split NB-LDPC
codes is not an issue.

b) Structured Code Construction for Practical Issues:
The NB-Split-LDPC code and the corresponding Tanner grdpulsl have very‘regular” structure in
order to simplify the parallelisation of the processorshe hardware model. The following three issues
must be addressed in the remaining of the project. None cktissues are solved for now.

« Practical codes should have a linear encoding structuteadtbeen shown in the litterature that non
binary cycles codes can be encoded in linear time with praperix representation, but this method
cannot be applied to NB-Split-LDPC code, even if the NB-SpDPC code has a cycle Tanner
graph. Other encoding procedure or constraints on the cedigul need to be discovered to solve
this issue.

« The design of efficient quasi-cyclic graphs or codes, usimg method of lifted protographs []
should be studied. Indeed, for binary codes, the protogb@sied LDPC constructions have multiple
advantages with respect to the other existing families oPCDcodes. In particular, the designed
codes are very robust to small to moderate codeword lengtitsjt is easy to implement a parallel
hardware model for their decoder. The same kind of advastage foreseen for NB-LDPC codes
and NB-Split-LDPC codes.

o We will study in the future the adaptation of the code desigd aptimization when only one
component codédl,.. is used for all parity checks of the type (3). Using the sanmamanent code,
as it is advised in the case of binary GLD codes [16] has tharmdge of simplifying the decoder
arhitecture, without sacrifying much in performance.



c) Code Design related to the Non Binary Clustéfs:
One great advantage of N8plit-LDPC codes is that the family is larger than for claak NB-LDPC
codes. In particular, the fact that the binary parity cheaknm H,;, is composed of rectangular clusters
instead of square clusters brings more degrees of freedaimeicode optimization. The density of ones
is less localized for NB-Split-LDPC codes, and as a consacpiewe expect more powerful codes, with
higher minimum distance than for the first DAVINCI codes. tiill have a direct impact on the error floor
performance, and also on the probability of undetectedrgrr@. instances when the decoder converges
to a wrong codeword. Indeed, for short lengths NB-LDPC cpdes minimum distance id so low that
a (too) large proportion of decoding errors are due to caysmece to the low weight codewords. This
behavior will be confirmed in this deliverable by FER simidas.

For the design of short to moderate code, we need to proposeperdfinite length code optimization.
In this deliverable, we will only consider the NB-Split-L@Pof classC, andCs, and the nonzero cluster
optimization will be made from a generalization of approdeivelopped in [5]. This generalized approach
is limited since the number of cycles and Stopping Sets gexponentially withd., and sincel,. grows
when we split with smaller and smaller “sub-symbols”, it bees impossible to track the local minimum
distance as an optimization measure for the overall codénmaim distance. This optimization procedure
gives however good first insight on the advantages of NBt&PC codes over classical NB-LDPC
codes, as demonstrated in sections IV and V.

Nevertheless, other optimization techniques for this nagsof LDPC codes need to be developped.
The first step is to develop non binary multidimensionnal EXharts or non binary Density Evolution.
This is not a trivial generalisation from the binary casea] #me existing models proposed in the litterature
are not very accurate, and therefore not very efficient imgeof code design, especially when targetting
moderate codeword lengths. A first version of the NB EXIT thas presented in deliverable D4.2.
Multidimensionnal EXIT charts for multi-edge type Tannegaghs would be also interesting to address
optimal puncturing of the designed codes, and full-diwgrgroperty when block-fading channel is
encountered (as is often the case in MIMO wireless transomgs



IIl. DISCUSSION ON THEDECODING OFNB-SPLIT-LDPC CODES

Aside from the Belief propagation decoder on (@F[9], [14], other types of decoders have been
introduced in the litterature to decode efficiently nondrn codes in high order fields [8], [17]. The
proposed decoders are essentially different for the syrabdlor the checknode updates, but are exactely
the same with respect to the edge computation and espetiatheir treatment of the non-zeros labels
supported by the edges of the Tanner graph (depicted asflfoaction nodes” on figure 4). For example,
a BP-like decoder with proper modifications to encompasgémeral group case is shortly depicted below
in this section.

Channel Values\

\ Information Symbols

X;

Messages

of size q Linear

° Function Nodes
°
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e u( j )
e, N Lt w_ .ttt
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Figure 4. Tanner graph of an LDPC code defined over a finitemf@yqg).

Additionally to the classical variable and check nodes, wé function nodes to represent the effect
of the linear mapping#,;(.). The Belief Propagation decoder has four main steps, baseBagesian
update rules through the nodes of figure 4:

e Data node updatethe output extrinsic message is obtained from the term by f@roduct of all
input messages, including the channel likelihood messageept the one carried on the same branch
of the Tanner graph.

e Function node updatethe messages are updated through the function nbgés. In the case of
general linear functions fron¥(2”) to G(27) denoteds = f;;(«), the update operation is:

UpelB)] = Z Uplad] =0...q—1, B = hy ()

e Check node updatethis step is identical to BP decoder over finite fields and canreficiently
implemented using a Fast Fourier Transform. See e.g. [2iore details.
e Inverse function node updatéhe update equation is

Vipolai] = Vep 5] Vay @ B = hij (o)

More details on the BP equations for NB nodes can be found liwvedable D4.1, as well as reduced
compexity decoders adaptation. The reader can refer alfh,t¢], [8], [17] for complete detalils.



V. MINIMUM DISTANCE PROPERTIES OFDESIGNED DAV INCI AND SPLIT-LDPC CODES

For codes defined over GH( when addressing finite length design, it has been showri4h gnd
[5] that selecting carefully the non binary entries of theityacheck matrix can improve the overall
performance of the code when compared to randomly chosefficterets. The selection of the non zero
values can impact both on the waterfall and the on error flodthe observed performance gains are
dependent of both the field order and the code rate.

In the waterfall region, selecting the edges label row-wgeritical. It is shown in [5] that “best”
rows are selected according to their equivalent binary mim distance and multiplicity of the minimum
distance. In addition to that, it has been also shown in [&} this possible to lower the error floor by
avoiding low weight codewords induced by some algebraiohlwgical structures of the underlying Tanner
graph, such as cycles or stopping sets. Choosing propeslgde labels of the stopping sets has a direct
influence on the local minimum distance of the code, and foer®n the global minimum distance as well.

In this work, we aim at generalizing the method proposed [ngshe case of NB-Split-LDPC codes.
Before describing in details our design method, let us finstoduced the main features. Basically, the
proposed finite length design is based on two main st@psuilding the graph, ie. optimizing the edge
connections andii) selecting the non zeros entries Hf, ie. choosing carefully the applicatidn,(.) or
equivalently the clustersl,;. The first part can be efficiently addressed using some instaof the PEG
algorithm [11] or its improved version [12], aiming at maxi#img the local girth. Then, non zeros entries
are selected carefully to ensure both good waterfall beinaamd low error floors. The main difference
between [5] and the work presented here is that we will mazeénthe local minimum distance by changing
iteratively the content of binary rectangular clustersteasl of binary square images of non-zeros field
values.

A. Component Code Selection

In [5], the authors selected the best row entries accordirthe maximum of/,;, using the equivalent
binary parity-check matrix of each row. This can be natyraktended to the case of NB-Split-LDPC
by considering good codes for each component chde that is a binary code witlhp, rows andzj P,
columns having a good minimum distance and minimal mutiflilow Hamming weights. Using this
selection criterion, we can then consider better componedes inG(gq) than in GKgq). For example,
the bestd.-tuples of coefficients for GIB{) with d. = 4 have minimum distance df in GF(¢) while it
is possible to consider component codes with, = 4 in G(64). This will have a direct impact on the
waterfall of the LDPC code.

This motivates the search for components codes achievengehkt bound in terms of minimum distance
and multiplicity [13]. For our example, this can be done feample by finding good codes using carefully
chosen shortened versions of @8, 57) Hamming code, or by shortening (82, 26) extended-Hamming
code. This is not the optimal choice, but we will see in thefgrenance results section that this example
is sufficient to ensure some gain compared to(3RDPC codes. Future work will aim at considering
the optimum choice for the component codes.

Once a code component or a collection of code componentsdes $elected, we can easily generate
other good codes using bitwise permutations. The techrofibéwise permutation will allow to put some
diversity in the choice of the nonzero clusters, withoutraiag the component code.

B. Code Optimization with Random Permutations of One Compo€ode

In this work, we further propose rank-guaranteed randomwibé permutations to expand the possible
entries which can construct a component code with goodrdist@roperties. With bitwise permutations,
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more component codes with good minimum distance can be gaeensuring the diversity of the non
zero entries to fully benefit from the optimization procegluLet us denotdl a bitwise permutation of

size Zj D,
Héci — [HZJO [P HZ]k e Hijdc,z‘*l] . l__[ (4)
=[Hj, ... Hj ... H;Jdc,i—l]

It is clear from these equations that from the same compooett and the same clusteripgofile,
one can get different clusters;;, and H;; with different properties. The only constraint that we make
is to ensure full column rank for all clustef$;; . Then, when considering these permutations, we apply
a generalization of the optimization method proposed in [Hje optimization consists in iteratively
selecting the randomly permuted rows and optimize the logaimum distance on the small topologies
like cycles or stopping sets, which are build from combioatof cycles. For graphs withd, = 2, the
above mentioned topological structures are closed stregtuhich are isolated. Consequently, the distance
spectrum of those isolated structures contribute direictlthe low weight spectrum of the overall code.
On figure 5, we have sketched the cases of a lefgtiicle and a stopping set composed of 2 imbricated
length-6 cycles.

0
H= 20)/\
ﬂ:j: ——— Hc: (3p X 3p)
0
0
H= } o o | Hss: (4p X 5p)
0—Hh5 re—:lg
000 0|
0

Figure 5. Binary image of a 6-cycle and a stopping set fdy, a 2 cycle code. The stopping set structure is composed of twoidated
6-cycles and a length-8 cycle. Both structures are isolatatl define sub-codes, which distance spectra are closeliedeto the overall
distance spectrum of the code. This figure considers the afasguare(p x p) clusters.

The optimisation procedure follows:

1) Build a cycle Tanner graph with, = 2 with maximum girthg and minimum number of short
cycles.

2) List all Cycles of lengthe {g/2,9/2+1,...,9/2+~} and put them in the se&.. List all Stopping
Sets of lengthe {|3¢/4], |39/4| +1,...,|39/4] + 72} and put them in the se,,.

3) Consider a single component coféle. with good distance properties.

4) Random walk Optimization (one iteration):
for each and every row=0... M — 1:
replace the clustergd,;, ... H,j, ... H

ijdcyifl

| by [H.,, ... H, ...H!

Lk ijd, ;—1

| (cf. equation (4))ff

Cost (H], ) < Cost (H.,)

whereCost(.) is a weighted objective function of the low-weight spectraomputed locally ors. U S,.
The objective function could vary from one code to another, in principle Cost(.) decreases if the
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low-weight spectrum improves, aiming at an iterative improeetof the global minimum distance.

The optimization of NB-Split-LDPC codes with the above ddsed procedure is less efficient than of
Field NB-LDPC codes. The main reason is that the number ofidened topologies in the sefs andS;,
grows exponentially with the density of the Tanner grapimc8ithe density of the Tanner graph increases
when the size of the sub-symbols diminishes, it is expoatytmore and more time consumming to take
into account topologies of the same size (same number gdfibithe computation of the local minimum
distance (computation of the cost functi6tst(.)). Therefore, the more we wish to improve the code’s
distance properties by splitting the parity checks in adangmber of sub-symbols, the more difficult is
the optimization of the code.

We have reported on tables Il and Il the low-weight distaspectra of DAVINCI benchmark codes,
with NB-Split-LDPC codes of the same sizes and rates. Thetspbhave been estimated with the improved
impulse method presented in [18]. Although it is clear tiat ibw-weight sprectra are improved when the
order of the check splitting increases, we can see on thesestthat the optimization of NB-Split-Codes
is not very efficient at this stage. For example, the minimustashice of benchmark DAVINCI code for
R =1/2andN, = 576 is D,,;, = 19 and the NB-Split-LDPC of clas§; has the same minimum distance.
However, we can see that the spectrum of the NB-Split-LDPE list sparser than the field code. This
lower multiplicity of low-weight codewords will have an inapt on the error floor and the probability of
undetected errors.

For larger codeword lengths, the sprectum improvementdcbalvery important. This is especially the
case for ratek? = 1/2 and NV, = 2304. While the minimum distance of field code is strongly limitegthe
girth of the graph, with a minimum distance 6f,,;, = 24, the typeC; has no codeword of weight lower
than 34, and a very sparse spectrum until at least a welghtfhis statement should be taken carefully
since the impulse method used to estimate the low weightrspet sparse codes [18] becomes less and
less efficient ad),,;, grows. Those results are therefore only an indication ofNBeSplit-LDPC codes
behaviors. Future research in the DAVINCI project will tickhe search for better optimization methods
for NB-Split-LDPC codes.



12

N, = 576 bits Ny = 2304 bits

weight 19 — #1 weight 24 — #1

weight 20 — #54 weight 25 —  #15
Field weight 21 —  #258 weight 26 —  #167
GF(64) weight 22 —  #668 weight 27 —  #489

weight 23 — #1474 weight 28 —  #966
weight 24 — #3167 weight 29 — #1738

weight 20 — #2

) weight 21 — #5 .
Split Co ) weight 26 — #5
weight 22 —  #13 .
GF(64) ) weight 28 —  #10
weight 23 —  #25

weight 24 —  #59

weight 19 — #2 weight 34 — #1
Split C3 weight 22 — #1 weight 55 — #1
GF(64) weight 23 —  #2 weight 56 —  #1
weight 24 — #3 weight 59 — #1

Table Il

MINIMUM DISTANCE SPECTRA OFGENERALIZED LDPC CODES WITH PARITY CHECKS INGF(64)- RATE R =

V. FRAME ERRORRATE RESULTS WITH FFT-BELIEF PROPAGATION

In this report, we made extensive Monte Carlo simulationsrder to show the performance of NB-Split-
LDPC codes compared to the benchmark DAVINCI codes. Sineeetis no EMS-like, low complexity
decoder for NB-Split-LDPC codes, we have compared the padace of both families of codes with
the FFT-Belief propagation decoder [17]. Results are etbthn figure 6 to 9 for 2 rate® = 1/2 and
R = 3/4, and two codeword lengthd, = 576 and IV, = 2304. All simulation points have been plotted
with a maximum ofN;; = 100 iterations, and a minimum of 100 recorded frame errors.

The expected behavior of NB-Split-LDPC codes compared td éedes is confirmed. We have indicated
in the legends the probability of undetected errors, i.e. fiercentage of time the decoder converges to
a wrong codeword, meaning that the decoder cannot deteartbe As we can see, for all considered
cases, the error floor for field codes is largely due to undeteerrors, meaning that the low-weight
codewords dominate the error floor behavior, as in the Tudbes case. However, for NB-Split-LDPC
codes, the number of undetected errors is considerablyrémyespecially when the check nodes are split
in a large number of sub-symbols (tyge codes). The price to pay to an improvement in the error floor
and lower probability of undetected errors is a loss in watkrThis loss can be relatively large, like in
the case ofR = 1/2 and N, = 2304, but can be small§ = 1/2 and N, = 576) or negligible R = 3/4
and N, = 576, 2304).
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N, = 576 bits Ny = 2304 bits

weight 11 — #1
weight 12 —  #20
weight 13 —  #423
weight 14 — #1903
weight 15 — #6493

weight 9 — #4
Field weight 10 —  #137
GF(64) weight 11 — #1071
weight 12 — #4851

weight 11 — #1

weight 10 —  #13 weight 12 — #1
Split C2 ) )
GF(64) weight 11 —  #106 weight 13 —  #11
weight 12 —  #503 weight 14 —  #108
weight 15 —  #335
weight 9 —  #10 weight 12 — #4
Split C3 weight 10 —  #29 weight 13 —  #11
GF(64) weight 11 —  #122 weight 14 —  #47
weight 12 —  #521 weight 15 —  #98
Table Il

MINIMUM DISTANCE OF GENERALIZED LDPC CODES WITH PARITY CHECKS INGF(64)- RATE R = 3

The work on the design and analysis of NB-Split-LDPC codessiison-going. Especially, the following
issues have to be solved:

« Adaptation of the low complexity EMS decoder to this family,

. efficient optimization of finite length NB-Split-LDPC,

« Structured representations of the associated Tanner graph

« robustness to rate and constellation changes for adapideg schemes.

All these issues are under consideration in the DAVINCI @cbjand progress will be reported in future
deliverables.
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