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EFFICIENTLY DECODABLE QC-LDPC CODE

FIELD

The present disclosure relates to efficiently decodable Quasi-Cyclic Low-Density Parity-

Check (QC-LDPC) code. In particular, the present disclosure relates to efficiently decodable

rate-adaptable QC-LDPC code which is based on a base matrix of an irregular QC-LDPC

matrix.

BACKGROUND

Fig. 1 shows a block diagram illustrating a digital communications system 10 in which

processes of the present disclosure may be implemented. The digital communications system

10 includes a transmitting side comprising an encoder 12 and a receiving side comprising a

decoder 14. The input of the encoder 12 at the transmitting side is, for example, an

information sequence ISi of k bits to which a redundancy sequence of r bits is added in an

encoding operation performed by the encoder 12, thereby producing an encoded information

sequence IS2 of k + r = n bits which may be forwarded to a modulator 16.

The modulator 16 may transform the encoded sequence IS2 into a modulated signal vector

CH IN which is in turn transmitted through a wired or wireless channel 18 such as, for

example, a conductive wire, an optical fiber, a radio channel, a microwave channel or an

infrared channel. Since the channel 8 is usually subject to noisy disturbances, the channel

output CH_OUT may differ from the channel input CH IN.

At the receiving side, the channel output vector CH_OUT may be processed by a demodulator

20 which produces some likelihood ratio. The decoder 14 may use the redundancy in the

received information sequence IS3 in a decoding operation performed by the decoder 14 to

correct errors in the received information sequence IS3 and produce a decoded information

sequence ¾ (cf. M. P. C. Fossorier et al., "Reduced Complexity Iterative Decoding of Low-



Density Parity Check Codes Based on Belief Propagation", IEEE TRANSACTIONS ON

COMMUNICATIONS, May 1999, Volume 47, Number 5, Pages 673-680, and J. Chen et al.,

"Improved min-sum decoding algorithms for irregular LDPC codes", PROCEEDINGS OF

THE 2005 IEEE INTERNATIONAL SYMPOSIUM ON INFORMATION THEORY, Pages

449-453, September 2005). The decoded information sequence Z¾ is an estimate of the

encoded information sequence IS2 from which (an estimate of) the information sequence ISi

can be extracted.

The encoding operation and the decoding operation may be governed by an LDPC code. In

the general formulation of channel coding, an LDPC code may employ a generator matrix G

for the encoding operation performed by the encoder 12 and a parity-check matrix H for the

decoding operation performed by the decoder 14. For an LDPC code with an information

sequence ISi of size 1x k , a codeword IS2 of size 1x , and a redundancy (parity) sequence of

r - (n - k ) bits, the generator matrix G has size k χ n and the parity-check matrix H has size

r x n = ( - k)x n .

The parity-check matrix n and the generator matrix G kx„ enjoy the orthogonality property,

which states that for any generator matrix G kxn with k linearly independent rows there exists

a parity-check matrix H „ with r = {n - k ) linearly independent rows. Thus, any row of the

generator matrix G x„ is orthogonal to the rows of the parity-check matrix H rxn such that the

following equation is satisfied:

'kxn ' n
(1)

The encoding operation can be performed by means of a multiplication between the

information sequence ISi and the generator matrix G k , wherein the result of the

multiplication is the encoded information sequence IS2:



(2)

At the receiving side, due to the orthogonality property between the generator matrix G

and the parity-check matrix H „, the following equation should be satisfied:

(3)

where IS4 is the decoded received information sequence of size 1x n . If the above equation is

verified, the information sequence estimate IS may be assumed to be correct.

Once the parity-check matrix Hrx is generated, it is possible to obtain the generator matrix

Gk n and vice versa. Accordingly, any process of determining a parity-check matrix H rxn

may be mapped to an equivalent process of obtaining a generator matrix G x and vice versa,

so that any process disclosed throughout the description and claims in relation to determining

a parity-check matrix H rxn shall be understood as encompassing the equivalent process of

obtaining a generator matrix G n and vice versa.

Moreover, it should be noted that LDPC codes having a parity-check matrix H rx„ of a

particular structure such as, for example, a parity-check matrix H r having a parity part of

dual diagonal structure allow the encoding of the information sequence ISi using (only) the

parity-check matrix H r so that obtaining the generator matrix Gkxn may not be required (cf.

T. J. Richardson and R. L. Urbanke, "Efficient encoding of low-density parity-check codes",

IEEE TRANSACTIONS ON INFORMATION THEORY, Volume 47, Issue 2, Pages 638-

656, August 2002).



A particular form of the parity-check matrix H is a regular QC-LDPC matrix regH „

which can be divided into quadratic submatrices l{p , i.e. circulant matrices (or

"circulants" for short), which may, for example, be obtained from cyclically right-shifting an

NxN identity matrix ΐ ( ) by , positions:

with N =nl L (cf. M. P. C. Fossorier, "Quasi-Cyclic Low-Density Parity-Check Codes from

Circulant Permutation Matrices", IEEE TRANSACTIONS ON INFORMATION THEORY,

Volume 50, Issue 8, Pages 1788-1793, August 2004). Thus, a regular QC-LDPC matrix

eg m a be defined by a base matrix B which satisfies:

Moreover, a base matrix B of an irregular QC-LDPC matrix irreg H n may be obtained by

, *H = B M
mask

where " o " denotes the Hadamard product and



m ,
0,1

,O.i-l

m, m.
(6)

denotes a mask matrix with 6 {0,1}. Alternatively, the base matrix B of an irregular QC-

LDPC matrix ,rreg H may be obtained by (only) partially labelling the base matrix B with

shift values 6 {0 ... N with not labelled entries (which are sometimes represented by a

value of "-1" or an asterisk "*") representing zero matrices of size NxN.

Thus, for employing a QC-LDPC code in the encoder 1 and the decoder 14, the encoder 12

and the decoder 14 may be provided with a circulant, shift values, i.e., values corresponding

to the labelled entries of the base matrix B, and (optionally) a mask matrix M
mask

. For

instance, an apparatus configured to choose shift values for determining a QC-LDPC matrix

n
a provide the shift values to the encoder 12 and/or the decoder 14. Moreover, the

encoder and the decoder 14 may also be provided with a mask matrix M
m s

to generate

one or more irregular QC-LDPC matrices n .

Furthermore, it is to note that a QC-LDPC matrix H y (and more generally any LDPC

code) can also be described by its equivalent bipartite graph ("Tanner graph"), wherein each

edge of the Tanner graph connects one variable node of a plurality of variable nodes to one

check node of a plurality of check nodes. For example, a QC-LDPC matrix H n of r rows

and n columns can be represented by its equivalent bipartite graph with r check nodes and n

variable nodes which has edges between the check nodes and the variable nodes if there are

corresponding "Is" in the QC-LDPC matrix (cf. R. Tanner, "A Recursive Approach to

Low Complexity Codes", IEEE TRANSACTIONS IN INFORMATION THEORY, Volume

27, Issue 5, Pages 533-547, September 1981). In this regard, it is to note that the variable

nodes represent codeword bits and the check nodes represent parity-check equations.



While known approaches to channel coding have proven to perform well for a wide variety of

scenarios, there is still an ongoing research to provide sophisticated solutions that achieve

high data throughput with decent encoding/decoding resources.

SUMMARY

According to a first aspect of the present invention, there is provided a method comprising

providing a base matrix of an irregular QC-LDPC code for encoding or decoding a sequence

of information bits, wherein providing the base matrix comprises determining one or more

first columns of the base matrix to have a higher weight than second columns of the base

matrix, determining one or more first rows of the base matrix to have a higher weight than

second rows of the base matrix, dividing a first submatrix formed by an intersection of entries

of the second columns and entries of the second rows into first quadratic submatrices,

labelling at most one entry in each column of each first quadratic submatrix and/or labelling at

most one entry in each row of each first quadratic submatrix, and labelling entries of the one

or more first columns and entries of the one or more first rows, wherein the labelled entries

represent blocks of an irregular QC-LDPC matrix corresponding to circulant matrices and the

not-labelled entries represent blocks of the irregular QC-LDPC matrix corresponding to zero

matrices.

In this regard, it is noted that the term "circulant matrix" as used throughout the description

and claims in particular refers to a quadratic matrix of size N N , e.g., an identity matrix of

size N , where each row vector is shifted one element to the right relative to the preceding row

vector. Moreover, the term "circulant size" refers to the size N of the circulant and may be

adapted to fit a desired length of the codeword IS2. Furthermore, the term "base matrix" as

used throughout the description and claims in particular refers to an array labelled with shift

values, where each shift value of the base matrix gives the number of times by which the rows

of the circulant, e.g., the identity matrix, are to be cyclically (right-) shifted to generate a

submatrix (or block) of a QC-LDPC matrix corresponding to the base matrix.

In addition, it is to be noted that values forming a "matrix" do not necessarily have to be

presented or physically stored in matrix- (or array-) form, or used in matrix algebra



throughout a process involving the matrix. Rather the term "matrix" as used throughout the

description and claims may equally refer to a set of (integer) values with assigned row and

column indices or to a set of (integer) values which are stored in a (logical) memory array.

Moreover, if not involving matrix algebra or if respective matrix algebra routines are suitably

redefined, the notion of rows and columns may be inverted so that rows correspond to

variable nodes and columns correspond to check nodes. Thus, although it is adhered to the

notations and mathematical concepts regularly used in the art throughout the description and

claims in which, for example, columns of a QC-LDPC matrix are mapped to variable nodes

and rows of a QC-LDPC matrix are mapped to check nodes, they shall be understood as

encompassing equivalent notations and mathematical concepts.

Furthermore, the term "weight" as used throughout the description and claims in particular

refers to the number of entries in a row or a column of the base matrix that are labelled with

shift values, i.e. the entries in the rows or columns of the base matrix that do not represent

zero matrices, which is equal to the number of "Is" in the corresponding rows and columns of

the irregular QC-LDPC matrix when using an identity matrix as circulant. In this regard, it is

noted that the term "weight" as used throughout the description and claims may be

interchanged with the terms "node degree" or "density" which have the same or a similar

meaning. In addition, it is noted that an expression of the type "A and/or B" as used

throughout the description and claims is intended to mean "A", "B", or "A and B".

Providing an irregular QC-LDPC code having a base matrix with a "very low weight" first

submatrix and a comparatively smaller number of "higher weight" first columns and row(s)

"embracing" the very low weight first submatrix improves decoding efficiency by promoting

a "raptor-like" code structure (cf. Tsung-Yi Chen et al., "Protograph-based raptor-like LDPC

codes", IEEE TRANSACTIONS ON COMMUNICATIONS, Volume 63, Issue 5, Pages 1522-

1532, 2015) involving a higher weight "outer code" (corresponding to the one or more first

rows) and a lower weight "inner code" (corresponding to the second rows).

Moreover, the structure of the inner code may be particularly susceptible to layered decoding

operations (i.e., decoding operations following a layered decoding schedule) involving layers

of the first quadratic submatrices of the very low weight first submatrix (forming part of the



inner code) and flooding decoding operations (i.e., decoding operations following a flooding

decoding schedule) involving the higher weight one or more first columns, (for the principle

of layered and flooding decoding schedules and their performance see, for example, Y.-M.

Chang et al., "Lower-complexity layered belief-propagation decoding of LDPC codes", 2008

IEEE INTERNATIONAL CONFERENCE ON COMMUNICATIONS, Pages 1155-1 160,

2008).

In a first possible implementation form of the method according to the first aspect, there is at

least one row order, involving all rows of the first submatrix, in which the rows of each of the

first quadratic submatrices or in which the rows of the first submatrix, ordered according to

the at least one row order, are free of vertically adjacent entries.

Hence, the orthogonally labelled first quadratic submatrices may be treated like circulants of

larger size (e.g., 2N, 3N, 4N, etc.), thereby achieving a high degree of parallelism during

decoding and a compact decoder structure while maintaining high quality code. Moreover, the

structure of the first submatrix may allow for layered decoding operations involving a

decoding order (i.e., the "at least one order") in which the number or length of stalls during

the layered decoding operations induced by consecutively processed labelled row entries

involving the same nodes is decreased.

In a second possible implementation form of the method according to the first aspect as such

or according to the first implementation form of the first aspect, there is at least one row

order, involving all rows of the first submatrix, in which all labelled entries of each column of

a matrix formed by the rows of the first submatrix, ordered according to the at least one row

order, are vertically separated by at least two not-labelled entries.

Hence, the structure of the first submatrix may be chosen to allow for layered decoding

operations in which the number or length of stalls is even further reduced, even in cases of

relatively long decoding pipelines at the decoder.

In a third possible implementation form of the method according to the first or second

implementation form of the first aspect, the one or more first rows are at least two first rows



and labelling entries of the first rows further comprises dividing a second submatrix of the

base matrix formed by an intersection of entries of the second columns and entries of the first

rows into second quadratic submatrices and labelling at most one entry in each column of

each second quadratic submatrix and/or labelling at most one entry in each row of each

second quadratic submatrix.

Hence, the susceptibility of the code structure to layered decoding in regard to the second

columns is increased which allows to further improve decoding efficiency.

n a fourth possible implementation form of the method according to the third implementation

form of the first aspect, the rows of each of the second quadratic submatrices or the rows of

the second submatrix, ordered according to the at least one row order, are free of vertically

adjacent entries.

Hence, the structure of the second submatrix may be chosen to allow for layered decoding

operations involving a decoding order in which the number or length of stalls during the

layered decoding operations induced by consecutively processed labelled row entries

involving the same nodes can be reduced.

In a fifth possible implementation form of the method according to the third implementation

form of the first aspect, all labelled entries of each column of a matrix formed by the rows of

the second submatrix, ordered according to the at least one row order, are vertically separated

by at least two not-labelled entries.

Hence, the structure of the second submatrix may be chosen to allow for layered decoding

operations in which the number or length of stalls can be further reduced.

In a sixth possible implementation form of the method according to any one of the first to the

fifth implementation forms of the first aspect, there are one or more third submatrices of the

base matrix, obtainable by removing one or more of the second rows and/or the second

columns of the base matrix, wherein a number of labelled entries that are vertically adjacent

or within a vertical distance in columns of a fourth matrix formed by rows of the first



submatrix and corresponding one or more row vectors of the one or more first rows, reordered

according to the at least one row order, of the base matrix and the one or more third

submatrices, respectively, is below a threshold, wherein a highest threshold is assigned to the

base matrix and a lowest threshold is assigned to the third submatrix corresponding to a QC-

LDPC code having a highest rate of QC-LDPC codes corresponding to the one or more third

submatrices.

Thus, the labelled entries of the one or more first rows provide a core base matrix of a "child"

QC-LDPC code of the "mother" QC-LDPC code corresponding to the base matrix, wherein

the second columns of the core base matrix contain less vertically adjacent labelled entries

between decoding layers than the base matrix to allow for highest throughput during decoding

of high rate code.

In a seventh possible implementation form of the method according to the sixth

implementation form of the first aspect, the lowest threshold is one.

Hence, stalls induced by vertically adjacent labelled entries between decoding layers can be

avoided for a highest rate code by effectively disallowing vertically adjacent labelled entries

in regimes which are susceptible to layered decoding operations.

In an eighth possible implementation form of the method according to the sixth

implementation form of the first aspect, the vertical distance is two.

Hence, the structure of the second columns may be chosen to allow for layered decoding

operations in which the number or length of stalls can be further reduced.

In a ninth possible implementation form of the method according to the first aspect as such or

according to any one of the first to the eighth implementation forms of the first aspect, a

fourth submatrix of the irregular QC-LDPC matrix formed by blocks corresponding to an

intersection of entries of a first subset of the second columns and entries of the first rows has a

dual-diagonal or triangular structure.



Hence, encoding operations involving the outer code are facilitated as no Generator matrix is

required for encoding.

In a tenth possible implementation form of the method according to the first aspect as such or

according to any one of the first to the ninth implementation forms of the first aspect, a fifth

submatrix of the irregular QC-LDPC matrix formed by blocks corresponding to an

intersection of entries of a second subset of the second columns and entries of the second

rows has a triangular or identity matrix structure.

Hence, encoding operations involving the inner code are facilitated.

In an eleventh possible implementation form of the method according to the first aspect as

such or according to any one of the first to the tenth implementation forms of the first aspect,

to-be-labelled entries of the second columns are identified by entries of a base matrix

structure divided into blocks of circulant submatrices and zero submatrices.

Hence, storage requirements for storing the base matrix of the irregular QC-LDPC matrix can

be reduced as the structure of the base matrix is given by the entries of the base matrix

structure. Moreover, the base matrix structure can be used to enforce orthogonally labelling

the first and/or second quadratic submatrices lending a double orthogonality property to the

part of the irregular QC-LDPC matrix corresponding to the first and/or second submatrices.

In a twelfth possible implementation form of the method according to the eleventh

implementation form of the first aspect, to-be-labelled entries of the first columns are

identified by entries of the base matrix structure comprising blocks of multi-diagonal circulant

submatrices.

In this regard, it is noted that the term "multi-diagonal circulant matrix" as used throughout

the description and claims in particular refers to a circulant matrix where each column and

row comprises a same number of non-zero entries, wherein the number is an integer larger

than 1 as opposed to "single-diagonal circulant matrix", in which the number of non-zero

entries in each column or row is . Hence, storage requirements for storing the base matrix of



the irregular QC-LDPC matrix can be further reduced as non-orthogonally labelled parts of

the base matrix can be accounted for by blocks of multi-diagonal circulant submatrices.

In a thirteenth possible implementation form of the method according to the first aspect as

such or according to any one of the first to the twelfth implementation forms of the first

aspect, the method further comprises determining a codeword corresponding to the sequence

of information bits based on labelled entries of the provided base matrix.

Hence, the provided base matrix is operatively used in encoding operations which, for

example, may comprise an outer code encoding operation (involving the outer code) and an

inner code encoding operation (involving the inner code) performed after determining a part

of the codeword using the outer code encoding operation.

In a fourteenth possible implementation form of the method according to the thirteenth

implementation form of the first aspect, the method further comprises transmitting the

codeword except for information bits that are indicated as punctured.

Hence, a transmission rate of the code can be increased.

In a fifteenth possible implementation form of the method according to the first aspect as such

or according to any one of the first to the fourteenth implementation forms of the first aspect,

the method further comprises indicating information bits corresponding to the one or more

first columns as punctured.

In this regard, it is noted that the term "punctured" as used throughout the description and

claims in relation to information bits (or the corresponding variable nodes or the

corresponding columns) in particular indicates that the information bits are only used by the

encoder but are not transmitted to or effectively treated as not received by the decoder. Even

further, the term "corresponding" as used throughout the description and claims in relation to

columns, nodes, and information bits in particular refers to the mapping between columns and

variable nodes/information bits in terms of the Tanner graph representation of the irregular

QC-LDPC matrix.



Hence, there may be a relatively small number of punctured columns, e.g., the columns

corresponding to the one or more first columns which, however, have a relatively high weight

(e.g., more than two times or three times the mean weight of the second columns) thereby

providing good "connectivity" of the groups of mutually orthogonal rows of the first

submatrix forming the layers for the layered decoding operations.

In a sixteenth possible implementation form of the method according to the first aspect as

such or according to any one of the first to the fifteenth implementation forms of the first

aspect, the method further comprises decoding a received sequence of information bits based

on entries of the base matrix, wherein the decoding comprises flooding and layered decoding

operations, wherein layered decoding operations are based on the first submatrix.

According to a second aspect of the present invention, there is provided a decoder comprising

a non-transient memory storing entries of a base matrix of an irregular QC-LDPC code,

wherein columns of the base matrix comprise one or more first columns and second columns,

the second columns forming a matrix comprising groups of orthogonal rows, wherein the

decoder is configured to decode a received sequence of information bits based on flooding

decoding operations or flooding and layered decoding operations involving variable nodes

corresponding to the one or more first columns and layered decoding operations involving

nodes corresponding to the second columns.

Thus, as indicated above, decoding convergence can be improved while maintaining code

quality and high parallelism of the decoding process, thereby enabling high throughput at a

low error rate.

In a first possible implementation form of the decoder according to the second aspect, the

decoder is further configured to process layered decoding operations corresponding to rows of

the sixth submatrix in an order in which consecutively processed rows of different groups are

free of vertically adjacent entries.

Hence, stalls induced to the layered decoding by vertically adjacent labelled entries can be

avoided.



In a second possible implementation form of the decoder according to the second

aspect, the decoder is further configured to neglect rows of the base matrix corresponding to

one or more of the groups of orthogonal rows and corresponding columns of the base matrix

in a decoding process to adapt the base matrix to a different coding rate, wherein the decoder

is further configured to process layered decoding operations corresponding to rows of the

sixth submatrix of the base matrix and the adapted base matrix, respectively, in an order in

which vertically adjacent entries of consecutively processed rows of different groups are

minimized.

Hence, stalls induced to the layered decoding by vertically adjacent labelled entries can be

reduced for different code rates.

According to a third aspect of the present invention, there is provided a non-transient

computer-readable medium storing instructions which, when carried out by a computer cause

the computer to provide a base matrix of an irregular QC-LDPC matrix, the base matrix being

formed by columns and rows having entries representing blocks of the irregular QC-LDPC

matrix, wherein one or more first columns of the base matrix have a higher weight than

second columns of the base matrix and one or more first rows of the base matrix have a higher

weight than second rows of the base matrix and wherein a first submatrix formed by an

intersection of entries of the second columns and entries of the first and the second rows is

divided into first submatrices, the rows of the first submatrices being orthogonally labelled.

Thus, as indicated above, decoding efficiency can be improved by promoting a "raptor-like"

code structure involving a higher weight outer code (corresponding to the one or more first

rows) and a lower weight inner code (corresponding to the second rows), which is particularly

susceptible to layered decoding operations involving an orthogonally labelled "very low

weight" first submatrix (forming part of the inner code) and flooding decoding operations in

regard to the one or more higher weight first columns. Moreover, the first submatrices can, if

quadratic and also having orthogonally labelled columns, be treated as single circulants of

larger size (e.g., 2N, 3N, 4N, etc.), thereby achieving a high degree of parallelism during

decoding and a compact decoder structure while maintaining high quality code.



BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a schematic illustration of a digital communication system;

Fig. 2 shows a flow chart of a process of providing a base matrix of an irregular QC-LDPC

code for encoding or decoding a sequence of information bits;

Fig. 3 further illustrates the process of Fig. 2;

Fig. 4 illustrates rate adaption based on a base matrix of an irregular QC-LDPC code provided

in accordance with the process of Fig. 2 and 3;

Fig. 5 shows a flow chart of a decoding process employing an irregular QC-LDPC code

provided in accordance with the process of Fig. 2 and 3; and

Fig. 6 shows conflicts between layers of an exemplary base matrix of an irregular QC-LDPC

code.

DETAILED DESCRIPTION

Fig. 2 and Fig. 3 relate to a process 22 of providing an irregular QC-LDPC code for encoding

or decoding a sequence of information bits, such as, for example, information sequence ISi

and ISs, respectively. The process 22 may, for example, be computer-implemented. For

instance, the process 22 may be implemented by persistently stored computer-readable

instructions which, if executed by a computer, cause the computer to perform the process 22.

The entries of the provided base matrix B of the irregular QC-LDPC code may, for example,

be provided to the encoder 12 and the decoder 14 of the digital communication system 10 and

used for encoding or decoding operations performed by the encoder 12 and the decoder 14,

respectively, i.e., for encoding or decoding the sequence of information bits ISi and IS3,

respectively.



The process 22 of providing an irregular QC-LDPC code for encoding or decoding a sequence

of information bits may start at step 24 and step 26 with determining one or more first

columns 28 of a base matrix B of an irregular QC-LDPC code to have a higher weight than

second columns 30a-30c of the base matrix B and one or more first rows 32 of the base matrix

B to have a higher weight than second rows 34a, 34b of the base matrix B. For example, as

shown in Fig. 3, determining the one or more first columns 28 of the base matrix B may

involve a step 36 of generating a base matrix structure 38. The base matrix structure 38 may

be divided into blocks of (multi-diagonal) circulant submatrices (indicated in the particular

example shown in Fig. 3 by circulant shifts ranging from 1 to 3 although other ranges are

possible) and zero submatrices (indicated in the particular example shown in Fig. 3 by not-

labelled, blank, entries) which may serve to identify to-be-labelled entries of the base matrix

B at step 40.

As illustrated in Fig. 3, the intersection of the second columns 30a-30b and the second rows

34a, 34b forms a first submatrix that can be divided, as indicated at step 42 of the flow chart

shown in Fig. 2, into first quadratic submatrices of a first size (e.g., size 3 as exemplary

shown in Fig. 3, although the size may also be 2, 4, 5, etc.) which are to be orthogonally

labelled as indicated at step 44 of the flow chart, thereby dividing the first submatrix into

layers of groups of orthogonally labelled rows, wherein the number of orthogonally labelled

rows corresponds to the first size. In the particular example of Fig. 3, the same applies to the

intersection of the second columns 30a-30b and the first rows 32 which forms a second

submatrix.

However, it is to be noted that the second submatrix may also be divided into second

quadratic submatrices of a second size, equal to or smaller than the first size, which are to be

orthogonally labelled, and/or into second quadratic submatrices of the second size, which are

not to be orthogonally labelled. Moreover, preceding the labelling procedure indicated at steps

44, 46 of the flow chart shown in Fig. 2, one or more of the quadratic submatrices may be

replaced with one or more differently orthogonally labelled quadratic submatrix, as exemplary

illustrated at step 48 depicted in Fig. 3. In particular, said replacing may serve to increase

code performance or to decrease a number of vertically adjacent entries of different decoding

layers, as will be discussed in further detail below.



At step 50 shown in Fig. 3, labelling the entries of the base matrix B may be finalized by

associating a shift value with each to-be-labelled entry. In this regard, it may be noted that

different ranges may be chosen for the shift values to support different codeword lengths and

that the selection of shift values within the chosen range may involve one or more

optimization techniques in view of overall code performance as known in the art, such as, for

example, progressive edge growth, without deviating from the inventive concept. Moreover, it

is noted that while a fourth submatrix of the irregular QC-LDPC matrix formed by blocks

corresponding to an intersection of entries of a first subset 30b of the second columns 30a-30c

and entries of the first rows 32 has a (lower) triangular structure for easy encoding, the fourth

submatrix may also have a dual-diagonal structure as, for example, shown in Fig. 4, or any

other structure.

Moreover, as illustrated in Fig. 4, an irregular QC-LDPC matrix generated using the process

depicted in Fig. 2 and Fig. 3 may be divided into an outer code comprising blocks represented

by entries of the one or more first rows 32 and an inner code represented by entries of the

second rows 34a, 34b. Moreover, as indicated above, the second rows 34a, 34b may be further

divided into layers of orthogonal rows when neglecting the blocks represented by the first

columns 28 which may, for example, be punctured. In other words, the irregular QC-LDPC

matrix may comprise a "core" base matrix in a high-density part (indicated in grey on the

upper left of Fig. 4) forming the outer code and a rate-adaptable extension part forming the

inner code.

Furthermore, it is note that although the example of Fig. 3 shows a base matrix B of an

irregular QC-LDPC code that is divided into first columns 28 and second columns 30a-30c

having a lower weight than the first columns 28, the base matrix B may also comprise one or

more first columns 28 and one or more third columns 28' of lower weight than the one or

more first columns 28. In addition, the one or more third columns 28' may also be punctured

as indicated in Fig. 4. Moreover, it is to note that rows and columns can be freely permutated

without affecting code performance so that, in view of code performance, any depicted base

matrix B or base matrix structure 38 is in fact equivalent to any other base matrix B or base

matrix structure 38 that is comprised of the same rows and columns. The same applies to the

principles discussed in relation thereto.



Continuing with Fig. 4, if a highest rate is required, the information sequence ISi may be

encoded using only the shift values of the core base matrix. If lower rates are acceptable,

additional second rows and columns can be appended to the core base matrix. As discussed

above, the additional second rows have a lower weight than the first rows of the core base

matrix and provide (in combination with the added 'corresponding' second columns) for

additional parity bits in the codeword to be transmitted. Thus, it is to be noted that in addition

to enabling the encoder 12 and the decoder 1 to perform encoding and decoding operations

on basis of the provided base matrix B, the encoder 12 and the decoder 14 may also use the

provided base matrix B to derive irregular QC-LDPC child codes of different rates in

accordance with different transmission scenarios, e.g., transmission scenarios which differ

from each other in view channel quality and/or throughput requirements, by, for instance,

removing (or neglecting) second rows and/or second columns of the inner code.

As shown in Fig. 4, an overlap (intersection) between additional second rows and columns

(which may be referred to as a fifth submatrix) may form an identity matrix to facilitate

encoding of the inner code, although a dual diagonal or (lower) triangular form may also be

used instead. Moreover, the part of the base matrix B representing the outer code may

comprise one, two, three, or more higher weight columns which may have a substantially

higher weight than all other columns of the outer code. For example, one, two, or all higher

weight first columns may have no empty cells, i.e., no entries representing the zero matrix.

Furthermore, as discussed above, variable nodes corresponding to the one or more higher

weight first columns 28 and/or variable nodes corresponding to one or more third columns 28'

may be indicated as punctured and the "remaining" subrows may be grouped into (non-

overlapping) layers of orthogonal subrows (or row vectors) to allow for layered decoding

operations that are to be executed in parallel. Furthermore, the first (and second) quadratic

submatrices of the base matrix B may be treated as single circulant submatrices during

decoding.

Fig. 5 schematically illustrates such a decoding process in which one or more check node unit

(CNU) processors perform flooding or a combination of flooding and layered (hence hybrid)

decoding operations in view of the one or more higher weight first columns 28 and one or

more CNU processors perform layered decoding operations in view of the second columns



30a-30c. In this regard, it is to note that the block size of the higher weigh first columns 28

may be smaller than the block size of the lower weight second columns 30a-30c which means

that orthogonal groups of blocks may be effectively treated as a single block. Moreover, if the

CNU processors work in a serial manner for a dedicated set of columns (e.g., assigned offline

during the decoder design process), no routing network to connect the CNU processors with

the memory may be required.

However, the double orthogonality property of the first (and second) quadratic submatrices

does not guarantee to avoid stalls while performing layered decoding operations (the same

applies to layers formed by groups or submatrices of orthogonal second rows). Rather, as

shown in Fig. 6, stalls may occur if a labelled entry of a decoding layer is located (vertically)

right below another labelled entry of another (preceding) decoding layer. In this regard, it is to

note that the rows in the example of Fig. 6 are in a selected decoding order while it is to note

that basically any decoding order may be established between the rows. Moreover, in case of

orthogonally labelled quadratic submatrices, conflicts between layers ma only exist between

vertically adjacent first (and/or second) quadratic submatrices which, as indicated above, may

be resolved by replacing an orthogonally labelled quadratic submatrix with another

orthogonally labelled quadratic submatrix.

Moreover, if the number of conflicts for a given decoding order is small, they may be

resolved by introducing additional pauses in the layered decoding operations. However, if the

number of conflicts is too large, this may lead to either low throughput or to performance

degradation if locally switching to a flooding schedule to avoid stalls. Hence, the presence of

a large number of conflicts should be avoided for at least one decoding order when generating

the base matrix B. For example, the total number of conflicts that are allowed to occur in

anticipated decoding order may be limited by a certain threshold maxNC (e.g. maxNC=10).

Moreover, different nested child codes as shown in Fig. 4 having different rates may "allow"

for a different number of conflicts in terms of meeting a performance requirement imposed on

the respective child code. For instance, for (child) codes of different rates Ri, R_,. . .Rk or for

(child) codes of a rate range [Riowest, Rhighest] thresholds maxNCi, maxNC2,... maxNCk or a

single threshold maxNC may be enforced while for other rates no threshold may be set during

the code design process.



CLAIMS

1. A method, comprising:

providing a base matrix of an irregular QC-LDPC code for encoding or decoding a

sequence of information bits, wherein providing the base matrix comprises:

determining one or more first columns of the base matrix to have a higher

weight than second columns of the base matrix;

determining one or more first rows of the base matrix to have a higher weight

than second rows of the base matrix;

dividing a first submatrix formed by an intersection of entries of the second

columns and entries of the second rows into first quadratic submatrices;

labelling at most one entry in each column of each first quadratic submatrix

and/or labelling at most one entry in each row of each first quadratic submatrix; and

labelling entries of the one or more first columns and entries of the one or more

first rows;

wherein the labelled entries represent blocks of an irregular QC-LDPC matrix

corresponding to circulant matrices and the not-labelled entries represent blocks of the

irregular QC-LDPC matrix corresponding to zero matrices.

2. The method of claim 1, wherein there is at least one row order, involving all

rows of the first submatrix, in which the rows of each of the first quadratic submatrices or in

which the rows of the first submatrix, ordered according to the at least one row order, are free

of vertically adjacent entries.



3. The method of claim 1, wherein there is at least one row order, involving all

rows of the first submatrix, in which all labelled entries of each column of a matrix formed by

the rows of the first submatrix, ordered according to the at least one row order, are vertically

separated by at least two not-labelled entries.

4. The method of claim 2 or 3, wherein the one or more first rows are at least two

first rows and labelling entries of the first rows further comprises:

dividing a second submatrix of the base matrix formed by an intersection of entries of

the second columns and entries of the first rows into second quadratic submatrices; and

labelling at most one entry in each column of each second quadratic submatrix and/or

labelling at most one entry in each row of each second quadratic submatrix.

5. The method of claim 4, wherein the rows of each of the second quadratic

submatrices or in which the rows of the second submatrix, ordered according to the at least

one row order, are free of vertically adjacent entries.

6. The method of claim 4, wherein all labelled entries of each column of a matrix

formed by the rows of the second submatrix, ordered according to the at least one row order,

are vertically separated by at least two not-labelled entries.

7. The method of any one of claims 2 to 6, wherein there are one or more third

submatrices of the base matrix, obtainable by removing one or more of the second rows

and/or the second columns of the base matrix,

wherein a number of labelled entries that are vertically adjacent or within a vertical

distance in columns of a fourth matrix formed by rows of the first submatrix and

corresponding one or more row vectors of the one or more first rows, reordered according to

the at least one row order, of the base matrix and the one or more third submatrices,

respectively, is below a threshold, wherein a highest threshold is assigned to the base matrix



and a lowest threshold is assigned to the third submatrix corresponding to a QC-LDPC code

having a highest rate of QC-LDPC codes corresponding to the one or more third submatrices.

8. The method of claim 7, wherein the lowest threshold is one.

9. The method of claim 7 or 8, wherein the vertical distance is two.

10. The method of any one of claims 1 to 9, wherein a fourth submatrix of the

irregular QC-LDPC matrix formed by blocks corresponding to an intersection of entries of a

first subset of the second columns and entries of the first rows has a dual-diagonal or

triangular structure.

11. The method of any one of claims 1 to 10, wherein a fifth submatrix of the

irregular QC-LDPC matrix formed by blocks corresponding to an intersection of entries of a

second subset of the second columns and entries of the second rows has a triangular or

identity matrix structure.

12. The method of any one of claims 1 to 11, wherein to-be-labelled entries of the

second columns are identified by entries of a base matrix structure divided into blocks of

circulant submatrices and zero submatrices.

13. The method of claim 12, wherein to-be-labelled entries of the first columns are

identified by entries of the base matrix structure comprising blocks of multi-diagonal circulant

submatrices.

14. The method of any one of claims 1 to 13, further comprising:

determining a codeword corresponding to the sequence of information bits based on

labelled entries of the provided base matrix.

15. The method of claim 14, further comprising:



transmitting the codeword except for information bits that are indicated as punctured.

16. The method of any one of claims 1 to 15, further comprising:

indicating information bits corresponding to the one or more first columns as

punctured.

17. The method of any one of claims 1 to 16, further comprising:

decoding a received sequence of information bits based on entries of the base matrix,

wherein the decoding comprises flooding and layered decoding operations, wherein layered

decoding operations are based on the first submatrix.

18. A decoder, comprising:

a non-transient memory storing entries of a base matrix of an irregular QC-LDPC

code, wherein columns of the base matrix comprise one or more first columns and second

columns, the second columns forming a sixth submatrix comprising groups of orthogonal

rows;

wherein the decoder is configured to decode a received sequence of information bits

based on flooding decoding operations or flooding and layered decoding operations involving

variable nodes corresponding to the one or more first columns and layered decoding

operations involving nodes corresponding to the second columns.

19. The decoder of claim 18, wherein the decoder is further configured to process

layered decoding operations corresponding to rows of the sixth submatrix in an order in which

consecutively processed rows of different groups are free of vertically adjacent entries.

The decoder of claim 18,



wherein the decoder is further configured to neglect rows of the base matrix

corresponding to one or more of the groups of orthogonal rows and corresponding columns of

the base matrix in a decoding process to adapt the base matrix to a different coding rate,

wherein the decoder is further configured to process layered decoding operations

corresponding to rows of the sixth submatrix of the base matrix and the adapted base matrix,

respectively, in an order in which vertically adjacent entries of consecutively processed rows

of different groups are minimized.

21. A non-transient computer-readable medium storing instructions which, when

carried out by a computer cause the computer to provide:

a base matrix of an irregular QC-LDPC matrix, the base matrix being formed by

columns and rows having entries representing blocks of the irregular QC-LDPC matrix;

wherein one or more first columns of the base matrix have a higher weight than

second columns of the base matrix and one or more first rows of the base matrix have a higher

weight than second rows of the base matrix; and

wherein a first submatrix formed by an intersection of entries of the second columns

and entries of the first and the second rows is divided into first submatrices, the rows of the

first submatrices being orthogonally labelled.
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