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(57) Abstract: Disclosed are systems, methods, and software for generating spatially-coupled low-density parity-check (SC-LDPC)
codes. A method for generating SC-LDPC codes includes generating one or more quasi-cyclic low-density parity-check (QC-LDPC)
codes, and also includes assigning at least one of the generated one or more QC-LDPC codes as one or more template codes. The
method further includes copying at least a portion of the one or more template codes to introduce irregularity. The method also includes
shifting one or more template codes on a sub-block basis to generate at least one SC-LDPC code. As compared to known LDPC code
generation modalities, the disclosed invention provides a simplified technique for implementation in streamlined hardware which has
more general applicability across both present, and anticipated, communication systems, including those adapted for use with optical
communications, wireless communications, and 5G as well as future 6G.
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FPGA-BASED RATE-ADAPTIVE SPATIALLY-COUPLED LDPC CODES FOR OPTICAL
COMMUNICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from United States Provisional Patent Application
No. 62/868,642, filed June 28, 2019, which is incorporated by reference herein to the extent
that there is no inconsistency with the present disclosure.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
[0002] This invention was made with government support under Grant No. NO0014-13-1-
0627, awarded by Navy/ONR. The U.S. government has certain rights in this invention.

BACKGROUND OF INVENTION

[0003] Spatially-coupled (SC) LDPC code was first introduced as LDPC convolutional
code (LDPC-CC) in 1999 (Felstrom et al., IEEE Transactions on Information Theory 45(6),
2181-2191). A simple approach to construct a LDPC-CC from a standard LDPC block code
(LDPC-BC) was given. After the first reveal, many interesting research papers have been
published on this promising type of code. More recently, more thorough analysis has been
presented to show the underlying theory of such new code. In Lentmaier et al. (IEEE
Transactions on Information Theory 56(10), 5274-5289 (2010)), an iterative decoding
threshold analysis for terminated regular LDPC convolutional codes was given for both binary
erasure channel and AWGN channel. It was shown that the decoding thresholds for the
LDPCC codes are not only better than the belief propagation decoding thresholds of
corresponding regular LDPC block codes, but also even very close to the maximum likelihood
(ML) decoding thresholds. A more comprehensive and general proof was given in Kudekar et
al. (IEEE Transactions on Information Theory 57(2), 803-834 (2011)) to show that the spatial
coupling of individual codes increases the belief-propagation (BP) threshold of the new
ensemble to come closer to its maximum a posteriori (MAP) threshold of the underlying
ensemble. The phenomenon was termed as “threshold saturation via spatial coupling.”
lyengar et al. (IEEE Transactions on Information Theory 58(4), 2303-2320 (2012)) presented
a windowed decoding scheme for LDPC convolutional codes to provide the flexibility to set
and change the decoding latency on the fly. The multiple construction methods with hardware
implementation architecture were proposed for this specific type of code (Sham et al., IEEE
Transactions on Circuits and Systems |. Regular Papers 60(7), 1857-1869 (2013); Sun et al.,
Opt. Express 26(22), 29319-29329 (2018); and Liu et al., IEEE Journal on Selected Areas in
Communications 34(2), 329-344 (2016)).
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[0004]  With everincreasing expansion of, and improvements in, communications systems
(e.g., optical communications systems, wireless communications systems, including those
being developed and/or adapted for 5G and 6G), there is a need in for simplified systems,
methods, and software for generating LDPC codes having universal application in

communications systems.

SUMMARY OF THE INVENTION
[0005] The present disclosure provides systems, methods, and software for generating
spatially-coupled low-density parity-check (SC-LDPC) codes. As compared to known LDPC
code generation modalities, the embodiments of the disclosure provide simplified techniques
for implementation in streamlined hardware which have more general applicability across both
present, and anticipated, communication systems, including those adapted for use with optical
communications, wireless communications, and 5G as well as future 6G.

[0006] A first aspect of the disclosure provides a method for generating spatially-coupled
low-density parity-check (SC-LDPC) codes. An embodiment of the method comprises:
generating one or more quasi-cyclic low-density parity-check (QC-LDPC) codes; assigning at
least one of the generated one or more QC-LDPC codes as one or more template codes;
copying at least a portion of the one or more template codes to introduce irregularity therein;
and shifting the one or more template codes on a sub-block basis to generate at least one SC-
LDPC code.

[0007] In an embodiment of the method of the first aspect of the disclosure, a bit error rate
(BER) of a codeword of the at least one SC-LDPC code is inversely proportional to a column
weight of the parity-check matrix of at least a part of the generated SC-LDPC code.

[0008] In any of the above embodiments of the method of the first aspect, the generated

one or more QC-LDPC codes comprises a large-girth QC-LDPC code.

[0009] In any of the above embodiments of the method of the first aspect, the large-girth
QC-LDPC code has: (a) a column-weight J, and (b) a row-weight K.

[0010] In any of the above embodiments of the method of the first aspect, the large-girth
QC-LDPC code is represented by a parity-check matrix H.

[0011] In any of the above embodiments of the method of the first aspect, H is defined as:
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where / represents a bxb circulation matrix and p;«represents the offset or cyclic shift of each
permutation matrix.

[0012] In any of the above embodiments of the method of the first aspect, a code rate R
of the large-girth QC-LDPC code has a lower-bound of R21-J/K.

[0013] In any of the above embodiments of the method of the first aspect, the large-girth
QC-LDPC code has a codeword length Kb, with Kb-r information bits, where r defines a rank
of H.

[0014] In any of the above embodiments of the method of the first aspect, the at least one
SC-LDPC code is represented by a matrix Hsc.

[0015] In any of the above embodiments of the method of the first aspect, as anillustrative
example, for the at least one SC-LDPC code having a coupling length m=5, and for 3 QC-
LDPC codes assigned as the one or more template codes, each of the 3 QC-LDPC code
having J=5, K=15, and b=1129, Hsc is defined as:
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[0016] In any of the above embodiments of the method of the first aspect, a codeword

length of the at least one SC-LDPC code defined by Hscis [cxK-mx(c-1)]xb, where ¢ is a
number of coupled or template, codes.
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[0017] In any of the above embodiments of the method of the first aspect, the copying
step of the method comprises copying the same template code c times.

[0018] In any of the above embodiments of the method of the first aspect, a structure of
the generated at least one SC-LDPC code is the same as a structure of the one or more

template codes.

[0019] In any of the above embodiments of the method of the first aspect, a BER of the
generated at least one SC-LDPC code is inversely proportional to m.

[0020] In any of the above embodiments of the method of the first aspect, the generated
at least one SC-LDPC code is applied for forward error correction (FEC) schemes in

communication systems.

[0021] In any of the above embodiments of the method of the first aspect, one or more

steps of the method is/are implemented in an optical communication system.

[0022] In any of the above embodiments of the method of the first aspect, one or more
steps of the method is/are implemented using a decoder.

[0023] In any of the above embodiments of the method of the first aspect, the one or more

QC-LDPC codes and the at least one SC-LDPC code are generated using a single decoder.

[0024] In any of the above embodiments of the method of the first aspect, one or more
steps of the method is/are implemented using a field programmable gate array (FPGA).

[0025] In any of the above embodiments of the method of the first aspect, one or more
steps of the method is/are implemented using a single FPGA for generating both the one or
more QC-LDPC codes and the at least one SC-LDPC code.

[0026] Alternatively, in any of the above embodiments of the method of the first aspect,
instead of FPGA, an application-specific integrated circuit (ASIC) can be used. In this
embodiment, one or more steps of the method may be implemented using a single ASIC for

generating both the one or more QC-LDPC codes and the at least one SC-LDPC code.

[0027] A second aspect of the disclosure provides a system for generating SC-LDPC
codes. An embodiment of the system of the system of the second aspect of the disclosure
comprises: at least one transceiver for receiving and transmitting data for use in generating
the SC-LDPC codes; one or more memory devices; and at least one processor in
communication with the at least one transceiver and the one or more memory devices. In the
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embodiment, the at least one processor is configured and/or programmed to: generate one or
more quasi-cyclic low-density parity-check (QC-LDPC) codes; assign at least one of the
generated one or more QC-LDPC codes as one or more template codes; copy at least a
portion of the one or more template codes to introduce irregularity therein; and shift the one
or more template codes on a sub-block basis to generate at least one SC-LDPC code.

[0028] In an embodiment of the system of the second aspect, the system may be used to
implement, facilitate, and/or otherwise perform any or all of the embodiments of the method of
the first aspect of the disclosure, as described herein.

[0029] A third aspect of the disclosure provides a non-transitory computer-readable
medium having stored therein program instructions for generating SC-LDPC codes. In an
embodiment of the non-transitory computer-readable medium of the disclosure, when
executed by at least one processor (e.g., of the system ofthe second aspect of the disclosure),
the program instructions cause the at least one processor to: generate one or more QC-LDPC
codes; assign at least one of the generated one or more QC-LDPC codes as one or more
template codes; copy at least a portion of the one or more template codes to introduce
irregularity therein; and shift the one or more template codes on a sub-block basis to generate
at least one SC-LDPC code.

[0030] In an embodiment of the non-transitory computer-readable medium of the third
aspect, the program instructions cause the at least on processor to implement, facilitate,
and/or otherwise perform any or all of the embodiments of the method of the first aspect of the
disclosure, as described herein.

[0031] In any of the above embodiments of the non-transitory computer-readable medium
of the third aspect, the program instructions stored in the non-transitory computer-readable
medium are stored therein as software.

[0032] A fourth aspect of the disclosure provides a method for generating spatially-
coupled low-density parity-check (SC-LDPC) codes. An embodiment of the method of the
fourth aspect comprises: assigning at least one irregular LDPC code as one or more template
codes; copying at least a portion of the one or more template codes; and shifting the one or

more template codes on a sub-block basis to generate at least one SC-LDPC code.

[0033] In an embodiment of the method of the fourth aspect of the disclosure, the at least
one irregular LDPC code is derived from at least one QC-LDPC code.
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[0034]  Afifth aspect of the disclosure provides a low-density parity-check (LDPC) decoder
comprising: a) a first memory able to store log-likelihood ratio (LLR) values, wherein the first
memory is able to transmit LLR information derived from the LLR values to a variable node
processor (VNP); b) a check node processor (CNP) in communication with the VNP, wherein
the VNP is able to transmit sum operation information to the CNP; c) a second memory able
to store passing extrinsic messages in a plurality of layers, wherein the CNP is in
communication with the second memory and is able to update information in the stored
passing extrinsic messages, wherein the VNP is able to receive and use updated information
from a previous layer for processing and transmitting information to the CNP for the next layer;
d) a controller in communication with the first memory and second memory, wherein the
controller is able to generate valid signals and organize read and write addresses in the first
memory and second memory; and e) a third memory storing parity-check matrix H information,

wherein the third memory is in communication with the controller.

[0035] In an embodiment of the LDPC decoder of the fifth aspect, the LDPC decoder
further comprises a layer index in communication with the controller, CNP and VNP, wherein

the controller informs the CNP and VNP which layer current information is coming from.

[0036] In any of the above embodiments of the LDPC decoder of the fifth aspect, the third
memory comprises one or more block memory resources (BRAMSs), and the parity-check
matrix H information is stored in a BRAM associated with the controller. In an embodiment,

the first memory comprises a BRAM for receiving and storing LLR values for a codeword bit.

[0037] In any of the above embodiments of the LDPC decoder of the fifth aspect, the
LDPC decoder further comprises a set of VNPs in communication with a set of CNPs, wherein

the set of CNPs is in communication with one or more BRAMS in the second memory.

[0038] In any of the above embodiments of the LDPC decoder of the fifth aspect, the
LDPC decoder further comprises one processor in communication with the controller, wherein
the at least one processor is configured to: generate one or more QC-LDPC codes; assign at
least one of the generated one or more QC-LDPC codes as one or more template codes; copy
at least a portion of the one or more template codes to introduce irregularity therein; and shift
the one or more template codes on a sub-block basis to generate at least one SC-LDPC code.
The decoder is able to generate quasi-cyclic low-density parity-check (QC-LDPC) codes,

spatially-coupled low-density parity-check (SC-LDPC) codes, or combinations thereof.
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[0039] In any of the embodiments of any of the aspects disclosed herein, any irregular
LDPC that is derived from a QC-LDPC may be employed for generating the SC-LDPC codes
according to the disclosed systems, methods, and software.

[0040] Representative claims are provided herein, and are specifically incorporated by

reference.

[0041] Without wishing to be bound by any particular theory, there may be discussion
herein of beliefs or understandings of underlying principles relating to the devices and methods
disclosed herein. It is recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the invention can nonetheless be

operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] The attached figures referenced and discussed throughout the application are

specifically incorporated by reference herein.

[0043] Figure 1 shows a schematic diagram of an emulation platform for FPGA

implementation of SC-LDPC codes according to an embodiment of the disclosure.

[0044] Figure 2A shows an FPGA architecture diagram of decoders for QC-LDPC codes
according to an embodiment of the disclosure.

[0045] Figure 2B shows an FPGA architecture diagram of decoders for SC-LDPC codes

according to an embodiment of the disclosure.

[0046] Figure 3 shows a schematic diagram of APP memory organization according to an

embodiment of the disclosure.

[0047] Figure 4 shows a plot of FPGA emulation BER performance of several SC-LDPC

codes according to an embodiment of the disclosure.

[0048] Figure 5 shows a schematic diagram of an emulation platform for FPGA
implementation of SC-LDPC codes according to another embodiment of the disclosure.

[0049] Figure 6 shows an FPGA architecture diagram of a unified QC/SC-LDPC decoder

according to an embodiment of the disclosure.

[0050] Figure 7 shows an Hs representation of SC code having three (3, 15, 1129) QC
codes with coupling length m = 5 according to an embodiment of the disclosure.
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[0051] Figure 8 shows a schematic diagram of an IcvBRAM organization for SC-LDPC
code according to an embodiment of the disclosure.

[0052] Figure 9 shows a flow chart of a method for generating SC-LDPC codes according
to an embodiment of the disclosure.

[00563] Figure 10 shows a flow chart of a method for generating SC-LDPC codes according
to another embodiment of the disclosure.

[0054] Figure 11 shows a block diagram of a processing system for implementing the
disclosed systems, methods, and software according to an embodiment of the disclosure.

DETAILED DESCRIPTION OF THE INVENTION
[0055] In general, the terms and phrases used herein have their art-recognized meaning,
which can be found by reference to standard texts, journal references and contexts known to
those skilled in the art. Any definitions used herein are provided to clarify their specific use in

the context of the invention.

Overview

[0056] The forward error correction (FEC) represents the key enabling technology for
contemporary and future communication systems. In particular, LDPC coding thanks to their
sparse parity-check matrices and low-complexity decoding algorithms is becoming the main
soft-decision decoding scheme to find applications ranging from data centers and access
optical networks, through metro optical networks, to long-haul optical networks. It is also in
use in satellite and wireless communication systems. To deal with time-varying channel
conditions, the shortening and puncturing approaches are typically used. However, those
approaches when applied to LDPC coding might result in an early error floor problem. To
adapt to the time-varying both optical channel conditions and wireless channel conditions, the
disclosure provides a particular low-cost, low-complexity, high-performance SC-LDPC coding
scheme, that can adapt error correction strength on-the-fly.

Example 1. LDPC codes derived from quasi-cyclic code design suitable for optical

communications
1. Introduction

[0057] Example 1 provides a rate-adaptive forward error correction (FEC) scheme based
on spatially-coupled (SC) LDPC codes derived from quasi-cyclic (QC) LDPC codes, which
may be implemented in a field-programmable gate array (FPGA) architecture. By FPGA
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emulation, it is shown that, with comparable computational complexity, the disclosed LDPC
codes provide larger coding gain and smaller error floor compared to the QC-LDPC base, or
template, code. As a result, due to its hardware friendly structure, the disclosed SC-LDPC
codes are generated by a simple method to construct a set of SC-LDPC codes with different
code rates. Moreover, they are promising candidates for the next-generation intelligent optical
communication systems such as long-haul optical transmission system, including those may
be incorporate 5G practices as well as future 6G.

[0058] For additional general information, see X. Sun and |.B. Djordjevic, “LDPC Codes
Derived from Quasi-cyclic Code Design Suitable for Optical Communications,” IEEE ICTON
(2018).

2. The Construction of Rate Adaptive QC-LDPC Based SC-LDPC Codes

[0059] The method presented in this section demonstrates a straightforward construction
of SC-LDPC codes from large girth QC-LDPC block codes. It begins with generating large-
gith QC-LDPC codes. The performance of the large-girth QC-LDPC codes has been
evaluated before and it has been shown to have good performance. Provided next is a simple
construction method of designing SC-LDPC codes with the large-girth QC-LDPC codes as the
base, or template, code block.

2.1 Construction of Large-Girth QC-LDPC Codes

[0060] There exist various algebraic and combinatorial methods to construct structured
LDPC codes. The large-girth QC-LDPC code design based on permutation matrices is of
particular interest due to several practical advantages. The structure based on permutation
matrices leads to an efficient implementation. It also provides large minimum distance, which
gives well waterfall performance, since the minimum distance is exponentially proportional to
the girth. A large girth QC-LDPC code with column-weight J and row-weight K can be
represented by a parity-check matrix H:

i [(‘po,o ) ](p{u) e [(pO,K—I) |

B [(pm) [(pu) e (i)
HJvaKb - : ; S N
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where /represents bxb circulant permutation matrix and p;« represents the offset or cyclic shift
of each permutation matrix. Given values of J, K, and block size b, for a desired girth g, the
cyclic shifts p;« can be obtained such that Theorem 2.1 in Fossorier et al. (IEEE Transactions
on Information Theory 50(8), 1788-1793 (2004)) is satisfied, which provides necessary and
sufficient conditions for a graph representation of the parity-check matrix of quasi-cyclic LDPC

code to have a girth of at least g.

[0061] Theorem 2.1 from Fossorier et al., described as a sufficient condition for the Tanner
graph representation of the matrix H to have a girth at least 2(i +1), is:

rin 1

Z Ay - {Ie) £ 0 modyp

forallm 2<sm<s<ijalljy,0sjksJd—1aljx+1,0<jx+1<sJ-1,andall0</k<L -1, with

Jo=Jm jk#jx+ 1, and g # I+ 1.

[0062] In optical communication applications, a column weight 3 code is the most popular.
QC-LDPC codes (J =3, K= 15, b = 1129) with g = 8 were constructed. The resulted code rate
R of this code is lower-bounded by R= 1 - J/ K. The codeword length is given by Kb, with Kb
— rinformation bits, where r denotes the rank of parity check matrix H.

2.2 Construction of SC-LDPC Codes

[0063] The construction method of the SC-LDPC code of this Example 1 is a simple copy-
and-shift operation. To facilitate the implementation as much as possible, the same template
QC-LDPC block code was used, which comes with the copy step. The main idea of spatially
coupling codes is to introduce the irregularity into regular codes. Those higher column weight
parts in a SC-LDPC code benefit the performance of the whole codeword. In this method, the
coupling process is sub-block based. For example, if the coupling length is set to 5, with three
(3, 15, 1129) QC codes, the SC-LDPC code can be represented as:

10
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[0064] The resulting codeword length of the SC-LDPC code is [(cxK)—-mx(c— 1)]xb, where

¢ represents the number of coupled template codes and m represents the coupling length.
3. FPGA Implementation of SC-LDPC Codes

[0065] Given that the SC-LDPC codes have the same structure of its template QC-LDPC
codes, the SC-LDPC codes may be implemented with comparable complexity as the QC-
LDPC codes with minor modifications. In this section, the architecture of QC-LDPC code and
SC-LDPC code are compared under the same emulation platform. In Figure 1, the block
diagram of high level schematic of our emulation platform 100 is given. It includes an additive
white Gaussian noise (AWGN) generator 102, a QC/SC LDPC decoder 104, an error counter
106, and a virtual input/output (VIO) module 108. In the decoder, QC or SC options may be

chosen and specific parameters for SC codes may be set.
3.1. FPGA Architecture of QC-LDPC Codes

[0066] The structure of the QC-LDPC decoder 200 is shown in Figure 2A. It comprises a
check node processor (CNP) 202 and a variable node processor (VNP) 204 to calculate the
passing extrinsic messages. There are two groups of memories, log-likelihood ratio (LLR)
memory 206 for storing the LLR values from an LLR calculator 207, and a posteriori probability
(APP) memory 208 for updating the passing extrinsic messages. The controller 210 generates
the proper valid signals and organizes the read and write addresses to each memory modules.
A layered scaled min-sum algorithm was adapted for the decoding algorithm with a scale factor
of 0.75. Alternatively, other scale factors can be used as well.

[0067] In this scheme, the VNP 204 performs the sum operation while the CNP 202
performs a minimum number search operation using a tree structure. In each layer 212, the
CNP 202 updates the APP memory 208 with the most up-to-date information, so that, in the
next layered iteration, the VNP 204 uses the updated information from the previous layer 212.

11
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In the APP memory 208, there are JK’s block memory resources (BRAMs) with size of b x
resolution of quantized value in the emulation. The parity-check matrix H information is stored
in a BRAM associated with the controller 210. Due to the permutation structure of the QC-
LDPC code, only the offset or cyclic shits need to be stored for each permutation matrix. The
address generator easily calculates the address for each cycle by addition.

3.2. FPGA Architecture of SC-LDPC Codes

[0068] For the SC-LDPC decoder 214, there are several differences as shown in Figure
2B. First, the size of APP memory 208 is larger than the corresponding template QC-LDPC
codes by a factor of ¢ because there are JKxc non-empty sub-matrices in the Hsc matrix. The
H matrix memory in the controller 210 remains the same as before since the same template
code is copied c times. In this scheme, the controller 210 needs to let VNP 204 and CNP 202
know which layer 212 the current information is coming from. Then the CNP 202 needs to

update the corresponding position in APP memory 208.

[0069] Asillustrated in Figure 3, by adding layer index to CNP 202 and VNP 204, memory
space does not need to be reserved for those empty sub-matrices. Therefore, the memory is
independent of the coupling length m, which provides a unified architecture to implement
multiple SC-LDPC codes.

4. Emulation Results and Discussion

[0070] The QC-LDPC code and SC-LDPC code of this Example 1 were implemented in a
Kintex UltraScale kcu105 FPGA device from Xilinx. The emulation employed a uniform
quantization scheme for all values in decoding processing. The 8 bits resolution was chosen
to ensure that the degradation of code performance is negligible, and the error floor
phenomenon is not caused by finite precision representation. The emulation is conducted over
binary AWGN channel assuming binary phase shift keying (BPSK) modulation. The maximum
layered iteration number is set to be /. = 36 for the QC code and /,ax = 108 for the SC codes.
For both cases, each layer was updated 12 times before a final decision was made. The BER
vs. signal to noise ratio (SNR) [dB] performances of the proposed LDPC codes are
summarized in Figure 4. All the SC LDPC codes were derived from the same (3, 15, 1129)
QC-LDPC template code.

[0071] As shown in Figure 4, spatially coupling of the template QC-LDPC code provides
higher coding gain. The performance is getting better as the coupling length increases.
Notably, there is a code rate loss associated with spatially coupling of LDPC codes. With ¢ =
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3, the effective code rates forthe m=3, m=5,and m =7 codes are 0.76, 0.733, and 0.706,
respectively. The curves provided in Figure 4 already account for the code rate loss. In the
emulation of this Example 1, an early error floor down to 10-'* was not observed. The results
showed a SC gain ranging from 0.3 dB to 0.6 dB compared to the template QC-LDPC code.
Regarding the coupling length, these Example 1 results demonstrated that, by doing the
coupling, the girth of the new code can be reduced due to the extended structure—higher

coupling length means that additional cycles may be introduced.

5. Conclusions

[0072] Example 1 describes a simple copy-and-shift method for construction of SC-LDPC
codes derived from large-girth QC-LDPC codes. The complexity of the decoder of such code
remains relatively low. The BER performance was verified through FPGA based emulation.
The results show that the proposed SC-LDPC codes exhibit a superior performance over the
template QC-LDPC code. From the implementation perspective, the structure of proposed
SC-LDPC code is suitable for optical and wireless communication applications thanks to its

low complexity. It also provides a potential solution for rate adaptation FEC scheme.

Example 2. FPGA implementation of rate-adaptive spatially coupled LDPC codes

suitable for optical communications

[0073] Example 2 provides a unified field-programmable gate array (FPGA) structure for
a rate-adaptive forward error correction (FEC) scheme based on spatially coupled (SC) LDPC
codes derived from quasi-cyclic (QC) LDPC codes. A unified decoder structure able to achieve
the rate adaptation by a controller on-the-fly is described. FPGA based emulation results show
that, with comparable complexity, the SC codes provide larger coding gain. The implemented
unified structure can be employed for any template QC-LDPC code to achieve a spatially-

coupling based code-rate adaptation scheme.

[0074] For additional general information, see X. Sun and |.B. Djordjevic, “FPGA
implementation of rate-adaptive spatially coupled LDPC codes suitable for optical
communications,” Optics Express 27(3), 3422-3428 (2019).

1. Introduction

[0075] As the speed requirement of modern optical communication systems keeps
increasing, forward error correction (FEC) becomes an essential technique to enable high-
speed transmission ranging from long-haul to access networks. FEC with low-density parity-
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check (LDPC) codes has been studied for decades from LDPC block code to the most recent
spatially-coupled (SC) LDPC code. SC-LDPC code as one of the asymptotically capacity-
achieving codes was first introduced as LDPC convolutional code (LDPC-CC) in 1999
(Felstrom et al., IEEE Transactions on Information Theory 45(6), 2181-2191). A simple
approach to construct a LDPC-CC from a standard LDPC block code (LDPC-BC) was given.
After the first introduction, many interesting research papers have been published on this
promising type of LDPC codes. More recently, more thorough analysis has been presented to
show the underlying theory of such new code. In Lentmaier et al. (IEEE Transactions on
Information Theory 56(10), 5274-5289 (2010)), an iterative decoding threshold analysis for
terminated regular LDPC convolutional codes was given for both binary erasure channel and
AWGN channel. It was shown that the decoding thresholds for the LDPCC codes are not only
better than the belief propagation decoding thresholds of corresponding regular LDPC block
codes, but also even very close to the maximum likelihood (ML) decoding thresholds. A more
comprehensive and general proof was given in Kudekar et al. (IEEE Transactions on
Information Theory 57(2), 803-834 (2011)) to show that the spatial coupling of individual codes
increases the belief-propagation (BP) threshold of the new ensemble to come closer to its
maximum a posteriori (MAP) threshold of the underlying ensemble. This phenomenon was
termed as “threshold saturation via spatial coupling.”

[0076] On the other hand, to realize the superior performance of LDPC codes,
researchers have studied the hardware architecture of such code through FPGA-based
emulation and verification. In Chang et al. (*FPGA Verification of a Single QC-LDPC Code for
100 Gb/s Optical Systems without Error Floor down to BER of 10-'%,” in OFC/NFOEC (2011),
paper OTuN2), an FPGA verification of quasi-cyclic (QC) LDPC codes has been done to show
error floor below 107'5. Around the same time, an FPGA-based emulation was presented in
Chang et al. (“LDPC convolutional codes using layered decoding algorithm for high speed
coherent optical transmission,” in OFC/NFOEC (2012), pp. 1-3) for LDPC convolutional codes
in high speed coherent optical transmission systems. More recently, regarding the SC-LDPC
codes, the authors in Iyengar et al. (IEEE Transactions on Information Theory 58(4), 2303-
2320 (2012)) presented a windowed decoding scheme for LDPC convolutional codes to
provide the flexibility to set and change the decoding latency on the fly. The good performance
of SC-LDPC codes at low BER range compared with polar codes, another capacity-achieving
code, have been validated using an FPGA-based simulation (Schmalen et al., Journal of
Lightwave Technology 33(5), 1109-1116 (2015)). More construction methods with hardware
implementation architecture were proposed for this specific type of code in Sham et al. (IEEE
Transactions on Circuits and Systems |. Regular Papers 60(7), 1857-1869 (2013)) and
Chandrasetty et al. (IET Communications 8(17), 3179-3188 (2014)).
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[0077] In this Example 2, an FPGA-based architecture for implementing SC-LDPC codes
from a template QC-LDPC block code is provided, which is suitable for high-speed
implementation in optical communication systems. The unified structure leverages the
hardware-friendly structure of a QC-LDPC code to realize the code rate-adaptation of the
proposed coding scheme. The rate-adaptation capability provides the potential application in
both free-space optical (FSO) and fiber-optics communication systems to deal with time-
varying optical channels conditions. At the same time, the emulation results show that the SC-
LDPC codes provided extra SC coding gain, in addition to the coding gain improvement
coming from code rate reduction. This architecture is also applicable to wireless
communication in multipath fading environment. Moreover, the same architecture is applicable
to any communication systems with time-varying channel conditions.

[0078] Example 2 is organized as follows. In Section 2, the construction method of the
proposed SC-LDPC codes that is derived from the template QC-LDPC code is presented. In
Section 3, the detailed discussion on the implementation of the proposed LDPC coding
scheme is presented, in which the overall structure of the unified structure is described. The
emulation results, discussion and analysis are presented in Section 4. Finally, some relevant
concluding remarks are provided in Section 5.

2. Construction of SC-LDPC codes derived from template QC-LDPC codes

[0079] In this section, a straightforward construction method of SC-LDPC codes, which
extended from large-girth QC-LDPC block codes, is presented. First described herein is the
construction of large-girth QC-LDPC codes. The performance of the large-girth QC codes has
been evaluated in previous work (Sun et al., Opt. Express 26(22), 29319-29329 (2018)).
Meanwhile, the QC-LDPC codes have low complexity structure which leads to an efficient
encoder/decoder design. Then, based on the template QC-LDPC codes, a simple method of
constructing SC-LDPC codes from the template codes is provided. The structure of such
extended SC-LDPC codes also share the low complexity structure as the template QC-LDPC

code.
2.1 Construction of large-girth QC-LDPC codes

[0080] There are various algebraic or combinatorial methods to construct a structured QC-
LDPC code. The design based on permutation matrices for QC-LDPC codes gets particular
interests. The permutation matrices in the code parity-check matrix H leads to a memory
efficient design for the decoding algorithm. The large-girth property gives a good waterfall

region performance, since it provides a large minimum distance which is exponentially
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proportional to the girth. A QC-LDPC code, with column-weight J and row-weight K, can be
represented by a parity-check matrix Hqc as follows:

] I(O&o) I(O{;.,z) o ‘{(()G,K—I) |
1(01,0) I(Ou) e I(OLK—I)
or : : .. :

_I(OJ—I,G) I(QJ—M) I(OJ—LK—I}

where | denotes a bxb circulant permutation matrix, with O;; representing the offset of each
permutation matrix from an identity matrix. Given target values of J and K, block size b, and a
desired girth g, the offsets O;; for each sub-matrix can be obtained which satisfy the Theorem
2.1 given in Fossorier et al. (,” IEEE Transactions on Information Theory 50(8), 1788-1793
(2004)), which provides necessary and sufficient conditions for a graph representation of the

parity-check matrix of quasi-cyclic LDPC code to have a girth of at least g.

[0081] Column weight J=3 LDPC codes are widely adopted in optical communication
applications due to complexity reason. The constructed template QC-LDPC block code had
(V=3, K=15, b=1129) code and girth g=8. The constructed code has a rate of R=1-J/K=0.8.
The codeword length is hence given by Kxb=16935 bits, with Kxb-r=13550 information bits,

where r represents the rank of the parity check matrix H.
2.2. Construction of SC-LDPC codes derived from template QC-LDPC code

[0082] The construction of the SC-LDPC code provided in this Example 2 is
straightforward from the template QC-LPDC code, which serves as a basic building block. By
simply copy-and-shift operation, the block code is extended to a longer SC-LDPC code. To
save the memory consumption for hardware implementation, the template QC-LDPC block
code is copied c¢ times. Then the duplicated QC-LDPC code is shifted by multiple sub-blocks.
Although the shift length can be arbitrary bits, the shift operation is limited to be sub-block
based for a memory-efficient implementation. If a coupling length of m=5 with ¢=3 is chosen
for the constructed (3, 15, 1129) QC-LDPC codes, the result SC-LDPC code will be:
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_1(00,0) 1(00,10) 1(00,14)
1(01,0) 1(01,10) 1(01,14)
1(02,0) o 1(02,10) o 1(02,14)
1(00,0) 1(00,4) 1(00,10) 1(00,14)
Hy = 1(01,0) 1(01,4) ](01,10) ](01,14)
1(02,0) 1(02,4) 1(02,10) 1(02,14)
1(00,0) 1(00,4) 1(00,14)
1(01,0) 1(01,4) 1(01,14)
1(02,0) 1(02,4) 1(02,14)

[0083] The resulting codeword length of the SC-LDPC code is bx(cxK-mx(c-1)), where ¢

is the number of coupled template QC-LDPC codes, and m is the coupling length in blocks.
3. FPGA implementation of SC-LDPC codes

[0084] As described above in section 2 of this Example 2, the constructed SC-LDPC code
has the same structure as the template QC-LDPC code for each sub-code layer, and as such,
it is suitable for high-speed implementation. This property allows for implementation of the SC-
LDPC codes with comparable complexity as the QC-LDPC code with some straightforward
modifications. Hence, a re-configurable decoder can be built with a unified structure, which, in
practice, enables choosing between QC and SC-LDPC codes. The structure of the unified
decoder is described in this section.

[0085] In Figure 5, the high-level schematic diagram of our FPGA-based emulation
platform 500 is given. It consists of an additive white Gaussian noise (AWGN) generator
module 502, the QC/SC-LDPC unified decoder engine 504, an error counter module 506, and
a virtual input/output (VIO) module 508 for BER monitoring purpose.

[0086] The simple copy-and-shift method enables selecting using either QC or SC LDPC
codes for the decoder, and setting specific parameters for SC-LDPC codes without changing
the main structure of decoder. The structure of the unified decoder 600 is shown in Figure 6.
The unified decoder 600 consists of a memory block 612 storing H matrix (HBRAM) of the
template QC-LDPC code, a memory block 602 storing received LLR (IvBRAM) for each
codeword bit, a controller 604 generating addresses for each processor, a set of variable node
processors (VNPs) 606, a set of check node processors (CNPs) 608 calculating the extrinsic
messages, and a memory block 610 storing the updated messages (IcvBRAM).

[0087] For the template QC-LDPC code selected for this Example 2, namely the (3, 15,
1129) QC-LDPC code, the HBRAM 612 is 15x3x/0g2(1129)=495 bits since only the offset of
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each sub-matrix needs to be stored. For the SC-LDPC codes, because of the multiple
instances of the Hqc matrices, only one copy of the offsets is needed to represent Hsc.
Therefore, the same HBRAM size also applies to SC-LDPC codes. In a more general case
where the coupled code layers are not the same, which is known as time-variant SC-LDPC
code, the HBRAM size will be ¢ times larger than the template code.

[0088] In the unified decoder 600, the controller 604 generates the proper valid signals
based on the code configuration information and organizes the read and write addresses for
each memory module. For this Example 2, the layered scaled min-sum algorithm is adapted
for a decoding algorithm with scale factor a=0.75. Other scaling factors are possible too. In
this scheme, the VNP 606 performs the sum operation while the CNP 608 will perform a first
two minimum values search operation. In each layer, the CNP 608 updates the IcvBRAM with
the most up-to-date information, so that, in the next layered iteration, the VNP 606 uses the
updated information from the previous layer. For the QC code, all the VNPs 606 have the
same weights (e.g., each VNP 606 sums three values for a CNP 608). However, for the SC-
LDPC code, depending on the coupling length m, a portion of the VNPs 606 have higher
weights.

[0089] For example, as shown in Figure 7, a SC-LDPC code is composed of three (3, 15,
1129) QC-LDPC codes with coupling length m=5. In this case, 10 out of 35 VNPs 606 have
weight 6 while the rest are of weight 3. Therefore, two types of VNPs 606 are needed to
perform additions. The controller 604 will generate addresses for each VNP 606 of connected
check nodes and received LLR position from the channel. The process starts from a new
codeword being stored in [vBRAM 602. The size of VBRAM 602 is given by (codeword length
x LLR resolution) bits. In the emulation of this Example 2, 8 bits resolution was chosen to
ensure that the degradation of code performance is negligible. For the IcvBRAM 610, the
passing extrinsic messages are stored for the layered decoding algorithm. The size of
IcvBRAM 610 is then given by JxKxb bytes for the QC-LDPC code. The IcvBRAM 610 size for
the SC-LDPC code is ¢ times larger than the corresponding template QC-LDPC code.
Because there are JxKxc non-empty sub-matrices in the Hsc matrix, in this scheme, the
controller 604 needs to let VNP 606 and CNP 608 know the layer index or label of the current
incoming values. Then the CNP 608 needs to update the corresponding position in IcvBRAM
610. As illustrated in Figure 8, by giving layer index to CNP 610 and VNP 608, memory space
does not need to be reserved for the empty sub-matrices. Therefore, the memory is
independent of the coupling length m, which enables a unified architecture to implement
multiple SC-LDPC codes.
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[0090] For a FPGA-based implementation, there are generally two types of energy
dissipation contributors to the overall energy consumption: switching power from signal
toggling/moving and leakage power from transistors. The leakage power is proportional to the
area of the implemented circuit. Apart from the optimized memory organization described
above, the processor units in the decoder were also optimized in terms of the resource
utilization. The VNP is realized by a simple adder tree. The number of pipeline stages in the
adder tree is dependent on the clock frequency. In our emulation, only one pipeline stage is
used for a maximum nine 8-bits number addition to get highest throughput. Therefore, the
clock frequency is set to 200 MHz to take the data from the front side to the end side while
meeting the timing requirements of the design. The CNP is also implemented by a tree
structure. In the CNP, the first minimum value and its index were found by a bottom to top
search. Then the second minimum value was found by comparing values in the tree with the
first minimum value. For a detail implementation structure, see Wey et al. (IEEE Transactions
on Circuits and Systems |. Regular Papers 55(11): 3430-3437 (2008)). To reduce the signal
toggling, when the QC-LDPC code was chosen, all SC processors and corresponding area in
IcvBRAM for the SC layers were disabled to prevent unnecessary data moving and storage.

4. Emulation results and discussion

[0091] For Example 2, the Kintex UltraScale kcu105 evaluation kit from Xilinx was used
for the emulation platform. Modules shown in Figure 5 are implemented in the programmable
logic. In the emulation, a uniform quantization scheme was employed for all values in decoding
algorithm. The emulation was conducted over binary AWGN channel assuming the BPSK
modulation, which is a reasonable assumption for amplified spontaneous emission (ASE)
dominated channels. To compare the performance, the maximum layered iteration number
was set to be /nax,oc=36 for the template QC-LDPC code and /max sc=108 for the extended SC-
LDPC codes. Therefore, each block layer in the code was updated 12 times before a final
decision was made for all codes. The bit-error rate (BER) vs. signal-to-noise ratio (SNR),
expressed in dB scale, performances of the proposed LDPC codes are shown as above in
Figure 4. Once more, all the SC-LDPC codes are extended from ¢=3 template (3, 15, 1129)
QC-LDPC codes.

[0092] As shown in Figure 4, spatially coupled codes extended from the template QC-
LDPC code provide higher coding gain. The gain is higher as the coupling length increases. It
was noted that spatially coupling would induce code rate loss, which means the SC-LDPC
codes will have lower rates. The effective code rates for m=3, m=5, and m=7 SC-LDPC codes
are 0.76, 0.733, and 0.7, respectively. To illustrate the coupling coding gain, the curves shown

in Figure 4 have already accounted for the code rate loss. In the emulation results, an error
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floor down to 10™'* was not observed. There is a coupling gain that ranges from 0.3 dB to 0.6
dB compared to the template QC-LDPC code. This unified decoder provides a feasible
solution for a wide range of spatially coupled LDPC codes. Any terminated spatially coupled
LDPC codes can be represented by an Hsc matrix as provided above in section 2.2 or Figure
7 with different coupled code layers. The unified structure gives an efficient infrastructure to
utilize the spatial-coupling structure of such code for a rate adaptive scheme. This unified
structure approach is also applicable to any irregular LDPC code derived from the QC-LDPC
template code.

5. Concluding remarks

[0093] Example 2 describes a simple copy-and-shift method for construction of SC-LDPC
codes derived from the large-girth template QC-LDPC codes. The complexity of the decoder
of such code remains relatively low. The BER performance was verified through FPGA-based
emulation. The results show that the proposed SC-LDPC codes exhibit a superior
performance over the template QC-LDPC code. From the implementation perspective, the
structure of proposed SC-LDPC code is suitable for high-speed implementation and optical
communication applications thanks to its low complexity and rate-adaptation capability. It is
also applicable to any communication system exhibiting the time-varying channel conditions,

such as various wireless communication channels.

[0094] Figure 9 is a flow chart of a method 1000 for generating spatially-coupled low-
density parity-check (SC-LDPC) codes. The method 1000 comprises generating 1002 one or
more QC-LDPC codes. The method 1000 also includes assigning 1004 at least one of the
generated 1002 one or more QC-LDPC codes as one or more template codes. The method
1000 further includes copying 1006 at least a portion of the one or more template codes to
introduce irregularity therein. The method also includes shifting 1008 the one or more
template codes on a sub-block basis to generate at least one SC-LDPC code.

[0095] Figure 10 is a flow chart of another method 1100 for generating spatially-coupled
low-density parity-check (SC-LDPC) codes. The method 1100 assigning 1102 at least one
irregular LDPC code as one or more template codes. The irregular LDPC code(s) is/are
derived from at least one QC-LDPC code. The method 1100 also includes copying 1104 at
least a portion of the one or more template codes. The method further includes shifting 1106
the one or more template codes on a sub-block basis to generate at least one SC-LDPC code.

[0096] Figure 11 is a block diagram of a processing system 1200 for implementing the
disclosed systems, methods, and software according to one embodiment. The processing
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system comprises at least one processor 1204, such as a central processing unit (CPU), which
executes computer-executable instructions including embodiments of the system for
performing the functions and methods described above. In some embodiments, the computer-
executable instructions are locally stored and accessed from a non-transitory computer
readable medium, such as storage 1210, which may be a hard drive or flash drive. Read Only
Memory (ROM) 1206 includes computer executable instructions for initializing the processor
1204, while the random-access memory (RAM) 1208 is the main memory for loading and
processing instructions executed by the processor 1204. The network interface 1212 (e.q.,
receiver(s) (Rx), transmitter(s) (Tx), and/or transceiver(s) having integrated Rx and Tx
functionality) may connect to a wired network or cellular network and to a local area network
or wide area network, such as the Internet. Processor(s) 1204, ROM 1206, RAM 1208,
storage 1210, and network interface 1212 may communicate with one another and/or with the
network via a bus 1214. The disclosed systems, methods, and software may also be

implemented by employing graphics processing unit (GPU) computers.

STATEMENTS REGARDING INCORPORATION BY REFERENCE
AND VARIATIONS

[0097] Allreferences throughout this application, for example patent documents including
issued or granted patents or equivalents; patent application publications; and non-patent
literature documents or other source material; are hereby incorporated by reference herein in
their entireties, as though individually incorporated by reference, to the extent each reference
is at least partially not inconsistent with the disclosure in this application (for example, a
reference that is partially inconsistent is incorporated by reference except for the partially

inconsistent portion of the reference).

[0098] The terms and expressions which have been employed herein are used as terms
of description and not of limitation, and there is no intention in the use of such terms and
expressions of excluding any equivalents of the features shown and described or portions
thereof, but it is recognized that various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that although the present invention has been
specifically disclosed by preferred embodiments, exemplary embodiments and optional
features, modification and variation of the concepts herein disclosed may be resorted to by
those skilled in the art, and that such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims. The specific embodiments
provided herein are examples of useful embodiments of the present invention and it will be
apparent to one skilled in the art that the present invention may be carried out using a large
number of variations of the devices, device components, methods steps set forth in the present

description. As will be obvious to one of skill in the art, methods and devices useful for the
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present methods can include a large number of optional composition and processing elements

and steps.

[0099] When a group of substituents is disclosed herein, it is understood that all individual
members of that group and all subgroups, are disclosed separately. When a Markush group
or other grouping is used herein, all individual members of the group and all combinations and
subcombinations possible of the group are intended to be individually included in the

disclosure.

[0100] Every formulation or combination of components described or exemplified herein

can be used to practice the invention, unless otherwise stated.

[0101] Whenever arange is given in the specification, for example, a size range, a number
range, a pore size range, a porosity range, a thickness range, LOD range, a temperature
range, a time range, a flow-rate range, or a composition, all intermediate ranges and
subranges, as well as all individual values included in the ranges given are intended to be
included in the disclosure. It will be understood that any subranges or individual values in a
range or subrange that are included in the description herein can be excluded from the claims
herein.

[0102] All patents and publications mentioned in the specification are indicative of the
levels of skill of those skilled in the art to which the invention pertains. References cited herein
are incorporated by reference herein in their entirety to indicate the state of the art as of their
publication or filing date and it is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior art. For example, when
composition of matter are claimed, it should be understood that compounds known and
available in the art prior to Applicant's invention, including compounds for which an enabling
disclosure is provided in the references cited herein, are not intended to be included in the

composition of matter claims herein.

[0103] As used herein, “comprising” is synonymous with "including," "containing," or
"characterized by," and is inclusive or open-ended and does not exclude additional, unrecited
elements or method steps. As used herein, "consisting of' excludes any element, step, or
ingredient not specified in the claim element. As used herein, "consisting essentially of* does
not exclude materials or steps that do not materially affect the basic and novel characteristics
of the claim. In each instance herein any of the terms "comprising", "consisting essentially
of' and "consisting of' may be replaced with either of the other two terms. The invention
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illustratively described herein suitably may be practiced in the absence of any element or

elements, limitation or limitations which is not specifically disclosed herein.

[0104] One of ordinary skill in the art will appreciate that starting materials, biological
materials, reagents, synthetic methods, purification methods, analytical methods, assay
methods, and biological methods other than those specifically exemplified can be employed
in the practice of the invention without resort to undue experimentation.  All art-known
functional equivalents, of any such materials and methods are intended to be included in this
invention. The terms and expressions which have been employed are used as terms of
description and not of limitation, and there is no intention that in the use of such terms and
expressions of excluding any equivalents of the features shown and described or portions
thereof, but it is recognized that various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that although the present invention has been
specifically disclosed by preferred embodiments and optional features, modification and
variation of the concepts herein disclosed may be resorted to by those skilled in the art, and
that such modifications and variations are considered to be within the scope of this invention

as defined by the appended claims.
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CLAIMS

What is claimed is:

1. A method for generating spatially-coupled low-density parity-check (SC-LDPC) codes,
comprising:

generating one or more quasi-cyclic low-density parity-check (QC-LDPC) codes;

assigning at least one of the generated one or more QC-LDPC codes as one or more
template codes;

copying at least a portion of the one or more template codes to introduce irregularity
therein; and

shifting the one or more template codes on a sub-block basis to generate at least one
SC-LDPC code.

2. The method according to claim 1, wherein a bit error rate (BER) of a codeword of the
at least one SC-LDPC code is inversely proportional to a column weight of at least a part of
the generated SC-LDPC code.

3. The method according to any of claims 1 and 2, wherein the generated one or more
QC-LDPC codes comprises a large-girth QC-LDPC code.

4, The method according to claim 3, wherein the large-girth QC-LDPC code has: (a) a
column-weight J, and (b) a row-weight K, and is represented by a parity-check matrix H,
wherein H is defined as:

CI(pey) 1Py o H(pyg) ]

I(Pz,o) [(pu JNEER I(pLK—l)
Hyoo = . . . :

p,y) 1Pyl o H(Pokn)]

wherein [ represents a bxb circulation matrix and p;« represents the offset or cyclic shift of

, and

each permutation matrix.

5. The method according to claim 4, wherein a code rate R of the large-girth QC-LDPC
code has a lower-bound of Rz21-J/K.
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6. The method according to any of claims 4 and 5, wherein the large-girth QC-LDPC code
has a codeword length Kb, with Kb-r information bits, and wherein r defines a rank of H.

7. The method according to any of claims 1-6, wherein the at least one SC-LDPC code
is represented by a matrix Hsc.

8. The method according to claim 7, wherein, for the at least one SC-LDPC code having
a coupling length m=>5, and for 3 QC-LDPC codes assigned as the one or more template
codes, each of the 3 QC-LDPC code having J=5, K=15, and b=1129, Hsc is defined as:

pea) o Ipe) o I(pg) ]
Hp)y - Hpo) — Hip)
Hpyoy 0 Hpy) - Hpa)
Hpy)y - Hpgy o I(pgy) 0 o)
Hy = Kpo) o Hpy o Hpg) o 1(p)
Kp,) — Hpeyd o Hpay) o ey
Hpee) 0 HPy) o HPg)
Ipoy o Iy o ey
] Ip) o I(pu) o Ipy)]
9. The method according to claim 8, wherein a codeword length of the at least one SC-

LDPC code defined by Hsc is [(cxK)-mx(c-1)]xb, and wherein ¢ is a number of coupled

template codes.

10. The method according to claim 9, wherein the copying step comprises copying the
same template code c times.

11. The method according to any of claims 1-10, wherein a structure of the generated at
least one SC-LDPC code is the same as a structure of the one or more template codes.

12. The method according to any of claims 1-11, wherein a BER of the generated at least
one SC-LDPC code is inversely proportional to m.

13. The method according to any of claims 1-12, wherein the generated at least one SC-
LDPC code is applied for forward error correction (FEC) schemes in communication systems.
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14, The method according to any of claims 1-13, implemented in an optical communication

system.

15. The method according to any of claims 1-14, implemented using a decoder.

16. The method according to claim 15, wherein the one or more QC-LDPC codes and the

at least one SC-LDPC code are generated using a single decoder.

17. The method according to any of claims 1-16, implemented using a field programmable
gate array (FPGA).

18. The method according to claim 17, implemented using a single FPGA for generating
both the one or more QC-LDPC codes and the at least one SC-LDPC code.

19. A system for generating spatially-coupled low-density parity-check (SC-LDPC) codes,
comprising:
at least one transceiver for receiving and transmitting data for use in generating the SC-
LDPC codes;
one or more memory devices; and
at least one processor in communication with the at least one transceiver and the one
or more memory devices, wherein the at least one processor is configured to:
generate one or more quasi-cyclic low-density parity-check (QC-LDPC) codes;
assign at least one of the generated one or more QC-LDPC codes as one or
more template codes;
copy at least a portion of the one or more template codes to introduce irregularity
therein; and
shift the one or more template codes on a sub-block basis to generate at least
one SC-LDPC code.

20. A non-transitory computer-readable medium having stored therein program
instructions for generating spatially-coupled low-density parity-check (SC-LDPC) codes which,
when executed by at least one processor, cause the at least one processor to:

generate one or more quasi-cyclic low-density parity-check (QC-LDPC) codes;

assign at least one of the generated one or more QC-LDPC codes as one or more
template codes;

copy at least a portion of the one or more template codes to introduce irregularity therein;

and

26



WO 2020/264401 PCT/US2020/039960

shift the one or more template codes on a sub-block basis to generate at least one SC-
LDPC code.

21. A method for generating spatially-coupled low-density parity-check (SC-LDPC) codes,
comprising:

assigning at least one irregular LDPC code as one or more template codes, wherein the
at least one irregular LDPC code is derived from at least one quasi-cyclic LDPC code;

copying at least a portion of the one or more template codes; and

shifting the one or more template codes on a sub-block basis to generate at least one
SC-LDPC code.

22. A low-density parity-check (LDPC) decoder comprising:

a first memory able to store log-likelihood ratio (LLR) values, wherein the first
memory is able to transmit extrinsic LLR information derived from the LLR values to a

variable node processor (VNP);

a check node processor (CNP) in communication with the VNP, wherein the VNP is
able to transmit sum operation information to the CNP;

a second memory able to store passing extrinsic messages in a plurality of layers,
wherein the CNP is in communication with the second memory and is able to update
information in the stored passing extrinsic messages, wherein the VNP is able to
receive and use updated information from a previous layer for processing and
transmitting information to the CNP for the next layer;

a controller in communication with the first memory and second memory, wherein the
controller is able to generate valid signals and organize read and write addresses in
the first memory and second memory; and

a third memory storing parity-check matrix H information, wherein the third memory is
in communication with the controller.

23. The LDPC decoder of claim 22 further comprising a layer index in communication
with the controller, CNP and VNP, wherein the controller informs the CNP and VNP which
layer current information is coming from.

24, The LDPC decoder of claims 22-23 wherein the third memory comprises one or more

block memory resources (BRAMS), and the parity-check matrix H information is stored in a
BRAM associated with the controller.
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25. The LDPC decoder of claims 22-24 further comprising an LLR calculator wherein the
second memory stores LLR values from the LLR calculator.

26. The LDPC decoder of claims 22-25 comprising a set of VNPs in communication with
a set of CNPs, wherein the set of CNPs is in communication with one or more BRAMS in the
second memory.

27. The LDPC decoder of claims 22-26 wherein the first memory comprises a BRAM for
receiving and storing LLR values for a codeword bit.

28. The LDPC decoder of claims 22-27 wherein the decoder is able to generate quasi-
cyclic low-density parity-check (QC-LDPC) codes, spatially-coupled low-density parity-check
(SC-LDPC) codes, or combinations thereof.

29. The LDPC decoder of claims 22-28 further comprising at least one processor in

communication with the controller, wherein the at least one processor is configured to:
generate one or more QC-LDPC codes;

assign at least one of the generated one or more QC-LDPC codes as one or more

template codes;

copy at least a portion of the one or more template codes to introduce irregularity
therein; and

shift the one or more template codes on a sub-block basis to generate at least one
SC-LDPC code.
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