ClibPD

US 20070011569A1
a9y United States

12y Patent Application Publication (o) Pub. No.: US 2007/0011569 A1

Vila Casado et al. 43) Pub. Date: Jan. 11, 2007
(54) VARIABLE-RATE LOW-DENSITY PARITY (22) Filed: Jun. 20, 2006
CHECK CODES WITH CONSTANT
BLOCKLENGTH Related U.S. Application Data
(75) Inventors: Andres I Vila Casado, Los Angeles, (60) Provisional application No. 60/692,120, filed on Jun.
CA (US); Wen-Yen Weng, Los 20, 2005.
Angeles, CA (US); Richard D. Wesel,
Manhattan Beach, CA (US); Nicola Publication Classification

Moschini, Lodi (IT); Massimiliano

Siti, Milan (IT); Stefano Valle, Milano (51) Int. Cl

(IT); Engling Yeo, El Cerrito, CA (US) HO3M  13/00 (2006.01)

(52) U8 CL s seinceieceieseesies 714/758

Correspondence Address:
GATES & COOPER LLP
HOWARD HUGHES CENTER 57 ABSTRACT
6701 CENTER DRIVE WEST, SUITE 1050

LOS ANGELES, CA 90045 (US
’ US) Low density parity check (LDPC) codes (LDPCCs) have an

(73) Assignees: THE REGENTS OF THE UNIVER- identical code blocklength and different code rates. At least
SITY OF CALIFORNIA; STMicro- one of the rows of a higher-rate LDPC matrix is obtained by

electronies, Inc. combining a plurality of rows of a lower-rate LDPC matrix
with the identical code blocklength as the higher-rate LDPC
(21) Appl. No.: 11/471,439 matrix.
100
"MOTHER"
LDPC
MATRIX
104
INPUT LDPCC OUTPUT MODULATED
DATA ENCODER paTA i MODULATOR | o signar
102 106 108 112

www fastio.com


http://www.fastio.com/

US 2007/0011569 A1

Patent Application Publication Jan. 11,2007 Sheet 1 of 10

Vi “Old

Zhi - 804 904 204
WNOIS < yosvindow S v.ivad ¥3IAOONT vivd
a3LvINaow 1nd1no 20da7 1NdNI

pOL

XI4LYW

oda1

~YIHLOW.

007

Stlo.com

YYARYAYY: (a

ClibPD


http://www.fastio.com/

US 2007/0011569 A1

gl "Old

(44
viva
a3goo3a

——

0ci
d300030
J30da7

8L
dOLVINAOW3Ia

9L
TVYNOIS
a3nizo3y

Vil

Patent Application Publication Jan. 11,2007 Sheet 2 of 10

ﬁ

voi
XldLYw
aodan
«&FH1OWN.

Stlo.com

YYARYAYY: (a

ClibPD


http://www.fastio.com/

Patent Application Publication Jan. 11,2007 Sheet 3 of 10 US 2007/0011569 A1

N NN T
~

V6 ; ﬁ B : l,.uzs |
v7 i ok

V10|

\ % U36

us|

V11
vi2

Rate 1/2 :Ra‘té? 3/4

FIG. 2A

ClibPD www fastio.com


http://www.fastio.com/

Patent Application Publication Jan. 11,2007 Sheet 4 of 10 US 2007/0011569 A1

202

204 208 206
212
N\

vi||C : | j
V2 '
va|
v4| CC/& \
V5 Qé(
v6 || O—
v7| O%
v b =TV
Vo L | ya4e
v10| e / £ |
V11
V12 O/

Rate 1/2 Rate 5/6

FIG. 2B

ClibPD www fastio.com


http://www.fastio.com/

Patent Application Publication Jan. 11,2007 Sheet 5 of 10 US 2007/0011569 A1

202

204 208 206
212
\. \ '/ I/ / 210

A“
V1 /
V2
V3 O\ u1
v4| | O \ us
Vs @Q( |
V|| O— U4 .
vallc }uzs
Vg | .
V10| | ¢ I e 5 R
‘ ue G g
V11
Uro O/
Rate 1/2 -Rate 2/3
FIG. 2C

ClibPD www fastio.com


http://www.fastio.com/

Patent Application Publication Jan. 11,2007 Sheet 6 of 10 US 2007/0011569 A1

202

204 \

—\

v1
v2
v3
V4

v5

v6| | O— L NG
O% 5 U2s.

V8
V9

ul4

U36

V10

V11

Rate 5/11 Rate 8/11

FIG. 2D

ClibPD www fastio.com


http://www.fastio.com/

Patent Application Publication Jan. 11,2007 Sheet 7 of 10 US 2007/0011569 A1

AN\
(

\ é\
O
- 2 S
om0 [ CF
{3

Ho
104

[
y
FIG. 3

H1
300

ClibPD www fastio.com


http://www.fastio.com/

ClibPD

Patent Application Publication Jan. 11,2007 Sheet 8 of 10

.

- o~
- v
©0 ™ ™
g\ o
- -
- -
- -
- -
x> - )
]
©
(7]
1 ~ 1
~
~
- o)
S -
“\ -
-
L
T~
L h J
[]
N~
(7,
I - 1
-
Lo
N A o
o -
N T~ -
-
Lo
L
i ™~ ]
n
™
7]
T g |
v~
Lo
S -
Y -
L
L
™
™
= )
]
<
17,1

www fastio.com

US 2007/0011569 A1

FIG. 4


http://www.fastio.com/

US 2007/0011569 A1

Patent Application Publication Jan. 11,2007 Sheet 9 of 10

%

G¢e

G'¢ 4

Gl

£8°0=4 P¥6L=N 9NED
G20=Y P¥6L=N YINED
19°0=Y p¥6L=N 4NED

Pttt

G'0=d ¥¥61=N dN9D

LY
K3

\

\

&

\

A\

\
R
X
X

\

3

\
X

ANAN

i

J«/
\

AN AN

DA,

A3

| .y

AN

S Vm Wm RY

0]2

Ol

(0]

ot

(012

G| :Suoljeayl Jo JaquinN 'sepo) arey-aidniy Yibus-yo0|g jueisuos) °

d34

www fastio.com

ClibPD


http://www.fastio.com/

ClibPD

Patent Application Publication Jan. 11,2007 Sheet 10 of 10

My fastio.com

ACCEPT
DATA OR
INFORMATION

!

RETRIEVE
"MOTHER" LDPC
MATRIX

!

GENERATE
EFFECTIVE
LDPC MATRIX

!

ENCODE
OR
DECODE

!

TRANSMIT
RESULTS

FIG. 6

600

602

604

606

608

US 2007/0011569 A1


http://www.fastio.com/

ClibPD

US 2007/0011569 Al

VARIABLE-RATE LOW-DENSITY PARITY CHECK
CODES WITH CONSTANT BLOCKLENGTH

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority under 35 U.S.C.
§119(e) to co-pending U.S. Provisional Application Ser. No.
60/692,120, entitled “VARIABLE-RATE LOW-DENSITY
PARITY CHECK CODES WITH CONSTANT BLOCK-
LENGTH,” filed on Jun. 20, 2005, by Andres 1. Vila Casado,
Wen-Yen Weng, Richard D. Wesel, Nicola Moschini, Mas-
similiano Siti, Stefano Valle and Engling Yeo, attorney’s
docket number 30435.165-US-PI (2005-074-1), which
application is incorporated by reference herein.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The invention generally relates to the area of data
communication and data storage and relates more particu-
larly to low-density parity-check (LDPC) codes (LDPCCs)
that support a plurality of rates while maintaining a constant
block length.

[0004] 2. Description of the Related Art

[0005] (Note: This application references a number of
different publications as indicated throughout the specifica-
tion by one or more reference numbers within brackets, e.g.,
[x]. A list of these different publications ordered according
to these reference numbers can be found below in the section
entitled “References.” Each of these publications is incor-
porated by reference herein.)

[0006] LDPCCs are error-correcting codes used in data
communications systems, as well as other systems like data
storage devices. They were first introduced by Gallager in
(1]

[0007] Practical data communication systems often need
to operate at several different transmission rates. To keep the
implementation as simple as possible, the same basic hard-
ware architecture should be able to decode the encoded data
at all the possible rates. One way to achieve this is to
generate higher-rate codes by puncturing lower-rate codes.
This technique was applied to convolutional codes in [2] and
later applied to LDPC codes in [3] and [4]. However,
puncturing reduces the code blocklength, which degrades
performance. For the highest-rate codes where the punctur-
ing is most severe, the performance degradation is signifi-
cant when compared to an LDPCC with the original block-
length.

[0008] Another way to achieve this is to generate lower-
rate codes by shortening higher-rate codes, as described in
[4]. As with puncturing, shortening reduces the code block-
length, which degrades performance. For the lowest-rate
codes where the shortening is most severe, the performance
degradation is significant when compared to an LDPCC with
the original blocklength.

[0009] The present invention describes a different
approach that maintains the same blocklength across a
plurality of rates.

SUMMARY OF THE INVENTION

[0010] The present invention discloses LDPCCs that share
the same fundamental structure while having an identical
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code blocklength and different code rates. At least one row
of a higher-rate LDPC matrix is obtained by combining a
plurality of rows of a lower-rate LDPC matrix with the
identical code blocklength as the higher-rate LDPC matrix.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Referring now to the drawings in which like ref-
erence numbers represent corresponding parts throughout:

[0012] FIG. 1A illustrates an exemplary transmitter
according to an embodiment of the present invention;

[0013] FIG. 1B illustrates an exemplary receiver accord-
ing to an embodiment of the present invention;

[0014] FIGS. 2A, 2B, 2C and 2D illustrate bi-partite graph
representations for higher-rate “effective” LDPC matrices
and for an example “mother” LDPC matrix;

[0015] FIG. 3 illustrates the structure of a “mother” LDPC
matrix that reduces encoder complexity and decoder latency;

[0016] FIG. 4 provides examples (for a 10x10 sub-matrix)
that illustrate the structure of sub-matrices of the “mother”
LDPC matrix;

[0017] FIG.5is a graph of FER (frame error rate) v. E,/N,
(signal to noise ratio) for the codes in an AWGN (Additive
White Gaussian Noise) channel; and

[0018] FIG. 6 is a flowchart that illustrates the logic
performed by the LDPCC encoder and decoder according to
the preferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0019] Inthe following description of a preferred embodi-
ment, reference is made to the accompanying drawings,
which form a part hereof, and in which is shown by way of
illustration a specific embodiment in which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the present invention.

[0020] Overview

[0021] The present invention describes a new method for
designing LDPCCs for a variety of different rates that all
share the same fundamental encoder/decoder architecture. In
the present invention, combining rows of a parity-check
matrix for a lower-rate code (a “mother” code) produces one
or more parity-check matrices for one or more higher-rate
codes (the “effective” codes). An important advantage of this
approach is that a plurality of codes with different rates have
the same blocklength (a key performance factor). Also, a
plurality of codes with different rates have the same variable
degree distribution.

[0022] LDPCC Architecture

[0023] FIG. 1A illustrates an exemplary transmitter 100
that generally includes, inter alia, input data 102, “mother”
LDPC matrix 104, LDPCC encoder 106, output data 108,
modulator 110 and the modulated signal 112.

[0024] The input data 102, u, is a binary vector having a
length k_Zk,. The length k, is a specified minimum length
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of the input data 102 for the “mother” LDPC matrix 104.
The length k, varies as different effective codes are
employed.

[0025] The output data 108, ¢, is a binary vector having a
length n where n is a constant.

[0026] The “mother” LDPC matrix 104 is a parity-check
matrix H, of size (n—k,)xn.

[0027] The LDPC encoder 106 produces the output data
108, which is a vector that comprises the results of the
k.-element vector of the input data 102 being multiplied on
the right by a k_xn effective generator matrix G, (i.e. c=u
G,). The effective generator matrix G, is related to an
effective LDPC matrix H, by the matrix equation G_H_"=0,
wherein T indicates the matrix transpose operation and O is
the k_x(n-k,) matrix of zeros. The effective LDPC matrix H,
of size (n—k_)xn is related to the “mother” LDPC matrix 104
through row combining.

[0028] The actual vector-matrix multiplication for encod-
ing may be replaced by a lower-complexity operation that
produces the same result, as described, for example, in [5]
and [7], if the “mother” LDPC matrix 104 is constrained to
have a certain structure. Indeed, preferred embodiments may
specifically seek to so constrain the “mother” LDPC matrix
104, so that H, and all matrices H, of interest have a
structure that permits lower-complexity encoding, hence
avoiding the explicit matrix multiplication by the effective
generator matrix G..

[0029] The modulator 110 transforms the output data 108
into a modulated signal 112 that can be transmitted over a
channel.

[0030] FIG. 1B illustrates an exemplary receiver 114 that
generally includes, inter alia, the received signal 116 as
input, demodulator 118, “mother” LDPC matrix 104,
LDPCC decoder 120, and decoded data 122 as output.

[0031] The demodulator 118 transforms the received sig-
nal 116 into reliability information about the output data
108.

[0032] This reliability information is then processed by the
LDPCC decoder 120, using the “mother” LDPC matrix 104,
to produce the decoded data 122, using some form of
iterative message-passing (for example, as described in [6]).

[0033] The decoded data 122 is an estimate of the input
data 102.

[0034] Those skilled in the art will recognize that the
exemplary transmitter 100 and receiver 114 illustrated in
FIGS. 1A and 1B are not intended to limit the present
invention. Indeed, those skilled in the art will recognize that
any combination of the above components, or any number of
different components, hardware, and/or software, may be
used to implement the present invention.

[0035] The “Mother” LDPC Matrix and the Effective
LDPC Matrices

[0036] The basic idea of the present invention is to gen-
erate higher-rate “effective” LDPC matrices from a low-rate
“mother” LDPC matrix 104 by reducing the number of rows
in the “mother” LDPC matrix 104. Consider an example
“mother” LDPC matrix 104 shown below:
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[0037] This LDPC matrix 104 has dimensions (n-k,)xn=
6x12. Thus, k,=6 and n=12. As a result, the rate of the
LDPCC described by this LDPC matrix 104 is k,/n=1/2.

[0038] FIGS. 2A, 2B, 2C and 2D illustrate bi-partite graph
representations for higher-rate “effective” LDPC matrices,
labeled as 200, and for the example “mother” LDPC matrix
104, labeled as 202. In the bipartite graph 202, columns in
the “mother” LDPC matrix 104 correspond to variable nodes
204 labeled V1-V12, and rows in the “mother” LDPC matrix
104 correspond to check nodes 206 labeled U1-U6. Each
element (j,i) of the “mother” LDPC matrix 104 is a “1” if Vi
has an edge 208 connecting it to Uj, and a “0” otherwise. The
resulting bi-partite graph 202 completely describes the
“mother” LDPC matrix 104 and vice versa. The specific
example given in 202 of FIG. 2A is the bi-partite graph
corresponding to the “mother” LDPC matrix given in equa-
tion (1.1).

[0039] Although the LDPC matrix 104 of equation (1.1)
and the corresponding graphs 202 shown in FIGS. 2A, 2B,
2C and 2D are 6x12, those skilled in the art will recognize
that, in general, the graph 202 may have any number (e.g.,
tens, hundreds, thousands or more) of variable and check
nodes 204, 206, and FIGS. 2A, 2B, 2C and 2D are provided
only for the purposes of illustration.

[0040] To produce a higher-rate “effective” LDPC matrix,
certain groups of rows from the “mother” LDPC matrix 104
are combined to produce a single row in the “effective”
LDPC matrix. For example, combining groups of two rows,
specifically rows 1 and 4, rows 2 and 5, and rows 3 and 6 of
equation (1.1), produces the following “effective” LDPC
matrix:

111000111000 1.2
H={100110001T1T1FP0
001011100011

[0041] This LDPC matrix has dimensions (n—k_ )xn=3x12.
Thus, k.=9 and n=12. As a result, the rate of the LDPCC
described by this LDPC matrix is k./n=3/4. Thus, two LDPC
matrices with different rates of 1/2 and 3/4 both share the
same “mother” LDPC matrix 104.

[0042] Reducing the number of rows by linearly combin-
ing rows is equivalent to replacing a group of check nodes
206 with a single check node that sums all the edges 208
coming into each of the original check nodes 206.

[0043] FIG. 2A shows the resulting bi-partite graph 200
that results when pairs of rows are combined as above. The
variable nodes 204 of the “mother” LDPC matrix 104 are
also the variable nodes 204 of the effective LDPC matrix.
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However, the check nodes 206 of the “mother” LDPC matrix
104 are now replaced by the check nodes 210 labeled U14,
U25, and U36 for the “effective” LDPC matrix, wherein the
check nodes 206 are connected to the check nodes 210 by
edges 212. In preferred embodiments, no variable node 204
connects to two check nodes 206 in the “mother” LDPC
matrix 104 that will be combined into a single check node
210 of an effective LDPC matrix. Thus, the check nodes 210
of the “effective” LDPC matrix connect to each variable
node 204 at most once.

[0044] As another example of a higher-rate “effective”
LDPC matrix, groups of at least three rows from the
lower-rate “mother” LDPC matrix 104 are combined to
produce a single row in the higher-rate “effective” LDPC
matrix. Combining rows 1, 3 and 5 and combining rows 2,
4 and 6 of equation (1.1), produces the following “effective”
LDPC matrix:

111011101110 (1.3)
“lro1110111011

3

[0045] This LDPC matrix has dimensions (n—k_)xn=2x12.
Thus, k=10 and n=12. As a result, the rate of the LDPCC
described by this LDPC matrix is k /n=5/6.

[0046] FIG. 2B shows a bi-partite graph 200 of this
“effective” LDPC matrix. Columns in the “effective” LDPC
matrix (1.3) correspond to variable nodes 204 labeled
V1-V12. These are the same variable nodes 204 as for the
“mother” LDPC matrix 104. Rows in the “effective”
LDPCC matrix (1.3) correspond to the two check nodes 210
labeled U135 and U246. Each element of the “effective”
LDPCC matrix (1.3) is a “1” if Vi has an edge connecting it
the U corresponding to that row, and a “0” otherwise. The
resulting bi-partite graph 200 of FIG. 2B completely
describes the “effective” LDPC matrix (1.3) and vice versa.

[0047] Groups of various numbers of rows from the
“mother” LDPC matrix 104 can be combined to produce
rows in a higher-rate “effective” LDPC matrix. This is
known as “Strict Row Combining.” Combining rows 1 and
4, combining rows 2 and 5, and maintaining the original row
3 and row 6 of equation (1.1), produces the following
“effective” LDPC matrix:

000011100000 (1.4)
111000111000

He= b o110001 110
001000000011

[0048] This LDPC matrix has dimensions (n—k_)xn=4x12.
Thus, k.=8 and n=12. As a result, the rate of the LDPCC
described by this LDPC matrix is k /n=2/3.

[0049] FIG. 2C shows a bi-partite graph 200 of this
“effective” LDPC matrix. Columns in the “effective” LDPC
matrix (1.4) correspond to variable nodes 204 labeled
V1-V12. These are the same variable nodes 204 as for the
“mother” LDPC matrix 104. Rows in the “effective”
LDPCC matrix (1.4) correspond to check nodes 210 labeled
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U3, Uld, U25, and U6. Each element of the “effective”
LDPCC matrix (1.4) is a “1” if Vi has an edge connecting
with the U corresponding to that row, and a “0” otherwise.
The resulting bi-partite graph 200 of FIG. 2C completely
describes the “effective” LDPC matrix (1.4) and vice versa.

[0050] Degree Distributions

[0051] The number of edges attached to a variable node
204 or check node 206, 210 is referred to as the degree of
the variable node 204 or the degree of the check node 206,
210, respectively. The degree distribution describes the
fraction of nodes that have each possible degree. The degree
of a variable node 204 is also the number of 1’s in the
corresponding column. For example, the degree of variable
node V1 for the “mother” LDPC matrix 104 is 2, because the
number of 1’s in the first column of equation (1.1) is 2. In
preferred embodiments, where only rows that do not have a
1 in the same column are combined, the “effective” LDPC
matrices all have the same variable node 204 degree distri-
bution as the “mother” LDPC matrix 104. Although, in
principle, different rates may require different variable node
204 degree distributions for theoretical optimality [7], a
single variable node 204 degree distribution can be
employed that works well for all the different code rates of
interest.

[0052] A concentrated degree distribution is a degree
distribution in which every node has the same degree. In
principle, concentrated (or almost concentrated) check node
206, 210 degree distributions are desirable for theoretical
optimality, as described in [7]. If the check node 206 degree
distribution of the “mother” LDPC matrix 104 is concen-
trated, then the check node 210 degree distribution for the
higher-rate “effective” code will also be concentrated if all
the rows in the “effective” LDPC matrix result from com-
bining the same number of rows of the “mother” LDPC
matrix 104. In the examples above, the “effective” codes of
rate 3/4 and rate 5/6 have a concentrated degree distribution.
This is a preferred embodiment.

[0053] However, for many rates, it may not be possible to
maintain a concentrated check node 206, 210 degree distri-
bution. For example, the rate-2/3 code does not maintain a
concentrated check node 210 degree distribution, and this
may affect the performance of the code for longer block-
lengths. A combination of shortening and row combining
provides a solution for blocklengths where a large deviation
from a concentrated degree distribution becomes problem-
atic, as well as a way to obtain rates that are not possible with
row-combining.

[0054] FIG. 2D illustrates how to obtain a rate-8/11 effec-
tive LDPCC from the original rate-1/2 “mother” LDPC
matrix 104 that has been used throughout FIGS. 2A, 2B and
2C. The “mother” LDPC matrix 104 is shortened by fixing
one variable node 204 to be zero, i.e., the variable node 204
labeled as V12 in the other figures, but which is unlabeled
in this drawing and indicated by dashed lines. This effec-
tively removes the variable node 204 from the graph 202
(and the associated column from the LDPC matrix 104).
Row-combining pairs of rows from the shortened mother
LDPC matrix 104 produce a rate-8/11 effective LDPCC.
This rate is very close to 2/3, but now the check node 210
degree distribution is approximately (but not exactly) con-
centrated. Specifically, the check nodes 210 labeled as U14
and U25 have degree 6, while the check node 210 labeled as
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U36 has degree 5. The LDPC matrix associated with bi-
partite graph 200 of FIG. 2D is the LDPC matrix shown in
equation (1.2) with the last column is removed.

[0055] The degree of the check nodes 210 grows with the
rate, but this degree growth is consistent with the growth of
the optimal degree with rate as predicted by density evolu-
tion, as described in [7]. From a complexity perspective,
note that this degree growth occurs as the number of check
nodes 210 is decreasing, so that the number of edges 212
into the check nodes 210 does not change.

[0056] On the other hand, it has been found that, by
making minor changes after row combining (deleting or
adding a few ones to the row after row combining), the
present invention can have the variable node degree distri-
butions be different for different rates. This significantly
improves performance when the decoder uses many itera-
tions. This is known as “Row Combining with Edge Varia-
tion.”

[0057] In addition, in Strict Row Combining, it has been
observed that an undesirable non-concentrated check node
degree distribution results when the desired rate cannot by
obtained by row combining in which the present invention
always combine the same number of rows. However, there
is a relatively simple solution to this problem. A square
mother matrix can be defined that is itself not a useful matrix
as an LDPC code (since it has zero rate), but for which the
number of rows has all of the factors needed, so that every
desired rate can be achieved by row combining in which the
present invention combines equal-size groups of rows and
thereby maintain a concentrated constraint-node degree dis-
tribution. This significantly improves performance even for
smaller numbers of iterations over codes with a non-con-
centrated constraint-node degree distribution.

[0058] Low-Complexity Encoding and Decoding

[0059] For high-speed data transmission, it is important to
limit the complexity of the encoder 106 and latency of the
iterative message-passing decoder 120.

[0060] FIG. 3 illustrates the structure of the “mother”
LDPC matrix 104 for a preferred implementation that
reduces encoder 106 complexity and decoder 120 latency.
This description is not meant as a limitation of the invention,
but as a description of a preferred embodiment that accom-
plishes these two goals while also providing variable rates
with a constant blocklength.

[0061] For maintaining a low encoder 106 complexity, this
preferred embodiment builds on the ideas presented by
Yang, Ryan, and Li in [5] and Richardson and Urbanke in
(7]

[0062] Following [5], FIG. 3 shows how the “mother”
LDPC matrix 104, known as H, is comprised of the two
sub-matrices H; 300 and H, 302, such that:

H,=[H,/H)] (1.5)
[0063] A general form for a systematic generator matrix
for a H, matrix decomposed as in (1.5) is:

Go=l1 H,"H, ] (1.6)

wherein [ is an identity matrix, T indicates the matrix
transpose operation and - T indicates the operation of invert-
ing the transpose of the matrix.
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In [5], the entire H, 302 is a square matrix that has a
bi-diagonal structure, which is described in more detail
below. In this case the systematic generator matrix G, leads
to a low complexity encoder 106, wherein the input data 102
vector is multiplied by H T and then processed by an
accumulator, as described in [5].

[0064] Each of the “effective” LDPC matrices also has an
H, 302 portion, and it is difficult or impossible to maintain
a bi-diagonal structure for the H, 302 portion of the
“mother” LDPC matrix 104 and all of the “effective” LDPC
matrices in the context of row combining. Therefore, the
restriction that the H, 302 portion be bi-diagonal for the
“mother” LDPC matrix 104 and all “effective” matrices is
relaxed.

[0065] If there were no consideration given to facilitate
parallel processing in the decoder 118, then the new restric-
tion would be that the H, 302 portion be lower-triangular for
the “mother” LDPC matrix 104 and all “effective” matrices.
This would allow a low-complexity encoder 106, wherein
the input data 102 vector is multiplied by H,™ and then
processed by back-substitution, as described in [7]. Back-
substitution is more complex than an accumulator, but it is
still preferable to a full multiplication by G, (or G, in the
case of an “effective” LDPC matrix).

[0066] For embodiments where there is a block structure
as described below to facilitate parallel processing, then the
new restriction would be that the H, 302 portion be block-
lower-triangular for the “mother” LDPC matrix 104 and all
“effective” matrices. Furthermore, the lower right block 308
of this matrix must be a bi-diagonal matrix, which would
still allow a low complexity encoder 106, wherein the input
data 102 vector is multiplied by H,™ and then processed by
block-wise back-substitution. A strictly lower-triangular H,
302 (as opposed to a block-lower-triangular H, 302) is not
compatible with the block structure described below. The
example H, 104 in FIG. 3 has such a block-lower-triangular
H, 302.

[0067] At this point, it should be emphasized that what-
ever structure is imposed on the LDPC matrices to ensure
low-complexity encoding, that structure must be imposed on
all of the “effective” LDPC matrices as well as the “mother”
LDPC matrix 104. The scope of the invention is not limited
to a particular structure to enable low-complexity encoding.

[0068] A reduction in the latency of the decoder 120 is
often accomplished by the application of parallel processing.
To facilitate parallel processing, the LDPC matrix must be
constrained to have a specified structure (for example, the
block structure described in [8]). Preferred embodiments of
the invention specifically seek to restrict H, 104, so that H,,
104 as well as all matrices H, of interest have a structure that
enables parallel processing in the iterative message-passing
decoder 120.

[0069] For facilitating parallel processing with a reason-
ably simple decoder 120, the preferred embodiment
described in FIG. 3 builds on the ideas presented by Man-
sour and Shanbag in [8]. As in [8], the “mother” LDPC
matrix (H,) 104 has a block structure that is comprised of a
plurality of square sub-matrices. Each square sub-matrix is
either a zero sub-matrix 304 (shown as a transparent block),
or a structured sub-matrix 306 (shown as a shaded block), or
a bi-diagonal sub-matrix 308 (shown as the single shaded
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block in the lower-right corner). This overall block structure
facilitates parallel processing. Specifically, the block struc-
ture enables parallel memory access. This is the key aspect
that makes parallel processing useful to achieve low decod-
ing latency.

[0070] FIG. 4 provides examples (for a 10x10 sub-matrix)
that illustrate the structure of the sub-matrices 306. The
10x10 sub-matrices 400, 402, and 404 labeled as S, S;, S,
are each a cyclic shift of the columns of the 10x10 identity
matrix. Each sub-matrix S, is produced by cyclically shifting
the columns of an identity matrix to the right i places. If [8]
were followed exactly, each structured sub-matrix 306
would be exactly such a cyclically shifted identity matrix
(although its dimension may not be 10 as in the example of
FIG. 4). To follow [8] exactly in this way is a preferred
embodiment. However, it is also acceptable in preferred
embodiments for H, and/or H, 104 to have certain structured
sub-matrices 306 that are a superposition of a plurality of
cyclically-shifted identity matrices.

[0071] Note also that the bi-diagonal sub-matrix 308 used
in the lower-right corner of the H, 302 portion of H, 104 in
FIG. 3 is not a superposition of a plurality of cyclically-
shifted identity matrices. This one sub-matrix 308 is the only
exception to the restrictions described above on the struc-
tured sub-matrices in this embodiment.

[0072] At this point, it should be emphasized that what-
ever structure is imposed on the LDPC matrices to facilitate
parallel processing in the decoder 120, that structure must be
imposed on all of the “effective” LDPC matrices as well as
the “mother” LDPC matrix 104. The scope of the invention
is not limited to a particular structure to facilitate parallel
processing.

[0073] Table 1, which is set forth below after the “Con-
clusion” section, completely describes a preferred rate-1/2
blocklength n=1944 “mother” LDPC matrix 104 having the
form illustrated in FIGS. 3 and 4. The square sub-matrices
are 27x27 in this embodiment. As with FIG. 3, the sub-
matrix 308 is a bi-diagonal matrix having the form illus-
trated by matrix 406 in FIG. 4. The last entry in Table 1 notes
the placement of the bi-diagonal matrix in the lower-most,
right-most position, Row 35, Column 71.

[0074] The remaining sub-matrices are either all-zeros as
304 in FIG. 3 or the superposition of one or more cyclically-
shifted diagonal matrices as 306 in FIG. 3. Table 1 describes
this particular “mother” LDPC matrix 104 by specifying the
placement of all the cyclically-shifted diagonal matrices in
the 36x72 block matrix. Rows of LDPC matrix 104 are
enumerated from top to bottom, columns from left to right.
For example, the first row of the table indicates that the first
row (Row 0) and the fourth column (Column 3) of the block
matrix will contain the diagonal matrix cyclically shifted to
the right nine times. An example where a block matrix
includes the superposition of more than one shifted diagonal
occurs when there are more than one entry with the same
Row and Column value. For example, there are two shifted
diagonals superimposed at the position Row 2, Column 37.

[0075] The rate-1/2 “mother” LDPC matrix 104 described
by Table 1 was designed to support effective LDPCCs with
rates 2/3, 3/4 and 5/6 through row combining as described
earlier. The performance of the codes in an AWGN (Additive
White Gaussian Noise) channel can be seen on FIG. 5,
which is a graph of FER (frame error rate) v. E./N, (signal
to noise ratio).
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[0076] Lowering the Error Floor

[0077] There are two basic types of LDPCCs, regular and
irregular. Regular LDPCCs have the same number r of 1°s
in each row and the same number ¢ of 1’s in each column.
In other words, both the variable node 204 and check node
206, 210 degree distributions are concentrated. Note that r
need not be equal to c. Irregular codes can have a different
number of 1’s in different rows and a different number of 1’s
in different columns. At lower signal-to-noise ratio (SNR)
values, irregular LDPC codes have better performance
(lower bit or frame error rates) than regular LDPC codes.
However, after a sufficiently high SNR value, a regular code
typically has better performance than a corresponding
irregular code because irregular LDPC codes display a
flattening in the slope of the error curve that is often referred
to as an error floor.

[0078] Graph-conditioning techniques (including, for
example, [9], [10], [11], and [12]) can greatly improve the
error floor of a particular irregular LDPCC, increasing the
SNR value at which a corresponding regular LDPCC would
have better performance. The present invention could be
used in conjunction with either regular or irregular LDPCCs.
Preferred embodiments of the present invention used with
irregular LDPC codes build on the prior-art graph-condi-
tioning techniques. In a preferred embodiment of the present
invention, graph conditioning is applied in a new way such
that the “mother” LDPC 104 matrix and all of the “effective”
LDPC matrices are jointly designed to have favorable
graphical properties that help to lower the error floor.

[0079] Examples of such graphical properties include (but
are not limited to) a bi-partite graph that avoids small
stopping sets as described in [9] and [10] and a bi-partite
graph that avoids small cycles as described in [11] and [12].
The preferred embodiment described by Table 2, which is
set forth below after the “Conclusion” section, describes the
constraints applied to the “mother” LDPC matrix of rate 1/2
and the “effective” LDPC matrices for the effective codes
with rates 2/3, 3/4 and 5/6. In addition, the length of the
shortest cycle is constrained to be 6 for the “mother”
LDPCC and all the “effective” LDPCCs.

[0080] As explained by Tao Tian et al. in [9], there are
some structures within the graph called stopping sets that
affect the performance of the codes. Small stopping sets
must be avoided, so the “mother” LDPC matrix 104
described in Table 1 was generated using the ACE algorithm
proposed in [9] with some modifications. The “mother”
LDPC matrix 104 is constructed by generating a single
column randomly until one is found where all the cycles of
length equal or less than 2d , ¢ that contain its correspond-
ing variable node have an ACE metric higher or equal than
Nace- The ACE metric of a cycle is the sum of the number
of neighbors for each of the variable nodes in the cycle
minus two times the number of variable nodes in the cycle.
This process is done with all the columns starting from the
one with the lowest degree.

[0081] The constraints specified by Aditya Ramamoorthy
et al. in [10] also help to avoid small stopping sets in the
graph especially when applied to the high degree columns.
According to this criteria, a randomly generated column is
valid if all the cycles of length equal or less than 2dyg that
contain its corresponding variable node have a {3, metric of
value higher or equal than vy, and if all the paths of length
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equal or less than dqq that contain its corresponding variable
node have a 3, metric of value higher or equal than v,,. The
[ metrics are the number singly-connected check nodes to
the cycle or path respectively.

[0082] Inapreferred embodiment of the present invention,
the Ramamoorthy algorithm is applied in a new way such
that the “mother” LDPC 104 matrix and all of the “effective”
LDPC matrices are jointly designed to satisfy these criteria.
The “mother” LDPC matrix 104 described in Table 1 is
constructed by randomly generating a pxp submatrix
according to required block structure until the ACE and f
constraints are jointly satisfied for the “mother” LDPCC and
all the effective LDPCCs. The § constraints were only
applied to the columns of degree 7. The ACE and
constraints satisfied for the mother LDPCC and the effective
LDPCCs associated with Table 1 are shown in Table 2.

[0083] Logic of an LDPCC Coder

[0084] FIG. 6 is a flowchart that illustrates the logic
performed by an LDPCC coder according to the preferred
embodiment of the present invention. Specifically, an
LDPCC coder (i.e., the LDPCC encoder 106, the LDPCC
decoder 120, or both) codes a plurality of codes having
various rates (i.e., the LDPCC encoder 106 encodes a
plurality of codes having various rates, while the LDPCC
decoder 120 decodes a plurality of codes having various
rates), wherein the plurality of codes have an identical code
blocklength and different code rates, and at least one row of
a higher-rate LDPC matrix is obtained by combining a
plurality of rows of a lower-rate LDPC matrix with the
identical code blocklength as the higher-rate LDPC matrix.
The specific logic of these functions and steps is described
below.

[0085] Block 600 represents the step of the LDPCC
encoder 106 or decoder 112 accepting either the input data
102 or reliability information output from the demodulator
118, respectively. The LDPCC encoder 106 is used for
encoding a plurality of codes having various rates, while the
LDPCC decoder 120 is used for decoding a plurality of
codes having various rates.

[0086] Block 602 represents the step of the LDPCC
encoder 106 or decoder 120 retrieving the “mother” LDPC
matrix 104.

[0087] Block 604 represents the step of the LDPCC
encoder 106 or decoder 120 generating an effective LDPC
matrix according to a desired rate. As noted above, the
LDPCC encoder 106 and decoder 120 support a plurality of
codes have an identical code blocklength and different code
rates. Consequently, if a higher rate than the “mother” LDPC
matrix 104 is desired, then the higher-rate effective LDPC
matrix is generated from the lower-rate “mother” LDPC
matrix 104, wherein at least one row of the higher-rate
LDPCC matrix is obtained by combining a plurality of rows
of the lower-rate LDPC matrix with the identical code
blocklength as the higher-rate LDPC matrix. On the other
hand, if the lower rate of the “mother” LDPC matrix 104 is
desired, then the “mother” LDPC matrix 104 is used as the
LDPC matrix.

[0088] Block 606 represents the step of the LDPCC
encoder 106 or decoder 120 encoding or decoding, respec-
tively, the codeword using the input data 104 or the reli-
ability information and the appropriate LDPC matrix.
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[0089] Block 608 represents the step of the LDPCC
encoder 106 or decoder 120 transmitting the results of the
encoding or decoding operation in Block 606 as the output
data 108 (a length n vector) or the decoded data 122 (a length
k. or length k, vector), respectively.
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CONCLUSION

[0103] This concludes the description of preferred
embodiments of the present invention. The foregoing
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7
description of one or more embodiments of the invention has
been presented for the purposes of illustration and descrip- TABLE 1-continued
tion. It is not intended to be exhaustive or to limit the
invention to the precise form disclosed. Many modifications Table 1 has a code size 1944, and describes a prototype of
L. . .. . a rate-%% “mother” LDPC matrix
and variations are possible in light of the above teaching. It
is intended that the scope of the invention be limited not by Row Column Shift
this detailed description, but rather by the claims appended . - "
hereto. g a 18
9 4 13
TABLE 1 9 9 5
9 18 6
Table 1 has a code size 1944, and describes a prototype of 9 20 3
a rate-15 “mother” 1.DPC matrix 9 39 8
9 44 14
Row Column Shift 9 45 15
10 0 3
0 3 9 10 7 11
0 7 15 10 11 10
0 16 5 10 23 21
0 22 23 10 33 17
0 32 6 10 45 13
0 35 12 10 46 12
0 36 23 11 1 11
1 2 12 11 9 9
1 6 16 11 11 15
1 10 19 11 29 6
1 26 12 11 38 11
1 31 23 11 46 9
1 36 5 11 47 5
1 37 24 12 5 16
2 2 9 12 5 22
2 9 15 12 10 9
2 16 2 12 24 0
2 29 15 12 45 5
2 37 8 12 47 7
2 37 9 12 48 10
2 38 2 13 3 13
3 1 11 13 10 0
3 5 15 13 13 20
3 14 17 13 20 23
3 22 7 13 42 7
3 36 12 13 48 21
3 38 19 13 49 14
3 39 25 14 3 8
4 4 15 14 7 1
4 8 3 14 11 3
4 10 15 14 25 24
4 26 16 14 46 3
4 34 6 14 49 3
4 39 6 14 50 7
4 40 10 15 0 8
5 4 20 15 9 0
5 10 24 15 11 5
5 11 17 15 19 26
5 23 4 15 31 8
5 33 25 15 50 5
5 40 24 15 51 2
5 41 15 16 4 4
6 1 14 16 8 6
6 5 17 16 15 4
6 13 0 16 19 11
6 28 14 16 43 20
6 35 16 16 51 5
6 41 24 16 52 16
6 42 5 17 1 10
7 1 7 17 5 24
7 9 7 17 10 13
7 11 3 17 27 3
7 21 12 17 32 26
7 30 18 17 52 7
7 42 15 17 53 24
7 43 21 18 4 10
8 2 9 18 8 8
8 7 25 18 12 10
8 10 4 18 30 21
8 18 15 18 48 7
8 34 15 18 53 16
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8
TABLE 1-continued TABLE 1-continued
Table 1 has a code size 1944, and describes a prototype of Table 1 has a code size 1944, and describes a prototype of
a rate-%5 “mother” LDPC matrix. a rate-%5 “mother” LDPC matrix.

Row Column Shift Row Column Shift
18 54 17 29 2 16
19 4 23 29 5 6
19 6 15 29 19 10
19 14 14 29 25 17
19 28 4 29 54 20
19 50 5 29 64 16
19 54 13 29 65 8
19 55 11 30 3 16
20 3 9 30 7 15
20 6 18 30 16 1
20 15 16 30 31 0
20 25 5 30 41 13
20 40 0 30 65 15
20 55 12 30 66 17
20 56 8 31 0 20
21 0 4 31 6 8
21 6 20 31 15 4
21 11 6 31 34 1
21 24 9 31 51 22
21 55 20 31 66 4
21 56 24 31 67 8
21 57 12 32 2 11
22 2 10 32 7 17
22 8 12 32 13 3
22 12 12 32 33 12
22 27 4 32 57 20
22 33 3 32 67 7
22 37 0 32 68 3
22 58 19
23 0 5 33 0 19
23 9 17 33 6 22
23 17 17 33 14 8
23 21 9 33 30 14
23 58 22 33 68 16
23 59 23 33 69 0
24 1 16 34 3 6
24 7 5 34 6 0
24 17 7 34 17 16
24 29 12 34 24 19
24 56 19 34 47 12
24 59 23 34 69 1
24 60 4 34 70 21
23 0 8 35 2 22
2 8 13 35 8 »
25 18 1
55 o8 25 35 12 26
5 44 1 35 23 1
25 60 26 33 70 5
25 61 13 35 71 Sd
26 4 1
26 9 1
26 21 10
26 26 12 [0104]

26 52 3

26 61 6

S o 18 TABLE 2

27 3 21 Table 2 includes ACE and i lied
P p g able mgl u ez ¢ a1l1b ([15 constrbalms applie

57 2 3 to the code described on Table 1.

27 27 17 Rate

27 59 21

27 62 21

27 63 12 v i i %
28 1 13 dace 10 3 3 2
28 8 26 NacE 3 3 3 4
28 20 18 d,, 4 4 4 4
28 32 u T 3 3 3 3
28 58 21 Vo 3 3 3 3
28 63 23

28 64 3
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What is claimed is:
1. A data transmission apparatus, comprising:

a low density parity check (LDPC) code (LDPCC) coder
for coding a plurality of codes having various rates,
wherein the plurality of codes have an identical code
blocklength and different code rates, and at least one
row of a higher-rate LDPC matrix is obtained by
combining a plurality of rows of a lower-rate LDPC
matrix with the identical code blocklength as the
higher-rate LDPC matrix.

2. The apparatus of claim 1, wherein the coder is an

encoder for encoding the plurality of codes.

3. The apparatus of claim 1, wherein the coder is a
decoder for decoding the plurality of codes.

4. The apparatus of claim 1, wherein the lower-rate LDPC
matrix comprises a mother LDPC matrix.

5. The apparatus of claim 4, wherein the mother LDPC
matrix has a block structure that is comprised of a plurality
of square sub-matrices, wherein each square sub-matrix is
either a zero sub-matrix, a structured sub-matrix, or a
bi-diagonal sub-matrix.

6. The apparatus of claim 5, wherein at least one struc-
tured sub-matrix is produced by cyclically shifting the
columns of an identity matrix.

7. The apparatus of claim 5, wherein at least one struc-
tured sub-matrix is a superposition of a plurality of cycli-
cally-shifted identity matrices.

8. The apparatus of claim 5, wherein the mother LDPC
matrix includes a sub-matrix with a block-lower-triangular
structure.

9. The apparatus of claim 4, wherein the mother LDPC
matrix includes a sub-matrix with a lower-triangular struc-
ture.

10. The apparatus of claim 1, wherein the lower-rate
LDPC matrix is a square matrix.

11. The apparatus of claim 1, wherein, for at least two of
the codes having the identical code blocklength and different
rates, associated LDPCC matrices are jointly designed to
have favorable graphical properties that help lower an error
floor.

12. The apparatus of claim 1, wherein for at least two of
the codes having the identical code blocklength and different
rates, associated LDPCC matrices are jointly designed to
have favorable graphical properties that help lower an error
floor and are designed to prevent small stopping sets.

13. The apparatus of claim 1, wherein for at least two of
the codes having the identical code blocklength and different
rates, associated LDPCC matrices are jointly designed to
have favorable graphical properties that help lower an error
floor and are designed to prevent short cycles.

14. The apparatus of claim 1, wherein an LDPCC matrix
for a second code is obtained from an LDPCC matrix of a
first code by combining groups of rows of the LDPCC
matrix of the first code and deleting at least one column of
the LDPCC matrix of the first code.

15. The apparatus of claim 1, wherein groups of at least
three rows of the lower-rate LDPC matrix are combined to
produce a single row in the higher-rate LDPC matrix.

16. The apparatus of claim 1, wherein the lower-rate
LDPC matrix is chosen so that other desired rates are
obtained by combining equal-size groups of rows of the
matrix.
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17. The apparatus of claim 1, wherein the lower-rate
LDPC matrix corresponds to a rate that is not used by the
system.

18. The apparatus of claim 1, wherein, to produce the
higher-rate LDPC matrix, at least one edge is deleted or
added to a bi-partite graph produced by the matrix resulting
from the combining of the rows.

19. A method of data transmission, comprising:

coding a plurality of codes having various rates using a
low density parity check (LDPC) code (LDPCC) coder,
wherein the plurality of codes have an identical code
blocklength and different code rates, and at least one
row of a higher-rate LDPC matrix is obtained by
combining a plurality of rows of a lower-rate LDPC
matrix with the identical code blocklength as the
higher-rate LDPC matrix.

20. The method of claim 19, wherein the coder is an

encoder for encoding the plurality of codes.

21. The method of claim 19, wherein the coder is a

decoder for decoding the plurality of codes.

22. The method of claim 19, wherein the lower-rate LDPC

matrix comprises a mother LDPC matrix.

23. The method of claim 22, wherein the mother LDPC
matrix is a block structure that is comprised of a plurality of
square sub-matrices, wherein each square sub-matrix is
either a zero sub-matrix, a structured sub-matrix, or a
bi-diagonal sub-matrix.

24. The method of claim 23, wherein at least one struc-
tured sub-matrix is produced by cyclically shifting the
columns of an identity matrix.

25. The method of claim 23, wherein at least one struc-
tured sub-matrix is a superposition of a plurality of cycli-
cally-shifted identity matrices.

26. The method of claim 23, wherein the mother LDPC
matrix includes a sub-matrix with a block-lower-triangular
structure.

27. The method of claim 22, wherein the mother LDPC
matrix includes a sub-matrix with a lower-triangular struc-
ture.

28. The method of claim 19, wherein the lower-rate LDPC
matrix is a square matrix.

29. The method of claim 19, wherein, for at least two of
the codes having the identical code blocklength and different
rates, associated LDPCC matrices are jointly designed to
have favorable graphical properties that help lower an error
floor.

30. The method of claim 19, wherein for at least two of
the codes having the identical code blocklength and different
rates, associated LDPCC matrices are jointly designed to
have favorable graphical properties that help lower an error
floor and are designed to prevent small stopping sets.

31. The method of claim 19, wherein for at least two of
the codes having the identical code blocklength and different
rates, associated LDPCC matrices are jointly designed to
have favorable graphical properties that help lower an error
floor and are designed to prevent short cycles.

32. The method of claim 19, wherein an LDPCC matrix
for a second code is obtained from an LDPCC matrix of a
first code by combining groups of rows of the LDPCC
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matrix of the first code and deleting at least one column of
the LDPCC matrix of the first code.

33. The method of claim 19, wherein groups of at least
three rows of the lower-rate LDPC matrix are combined to
produce a single row in the higher-rate LDPC matrix.

34. The method of claim 19, wherein the lower-rate LDPC
matrix is chosen so that other desired rates are obtained by
combining equal-size groups of rows of the matrix.
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35. The method of claim 19, wherein the lower-rate LDPC
matrix corresponds to a rate that is not used by the system.

36. The method of claim 19, wherein, to produce the
higher-rate LDPC matrix, at least one edge is deleted or
added to a bi-partite graph produced by the matrix resulting
from the combining of the rows.

#* #* #* #* #*
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