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(57) Abstract: A method and apparatus for efficiently providing FEC (forward error correction) encoding, in particular using quasi-
cyclic LDPC codes, for transmissions in a communication network. A flexible encoder is provided for receiving information bits for
transmission and for receiving code generation matrices applicable to one or more downstream users. The flexible encoder is initial -
ized using the generator matrix of the associated code and creates parity check bits, which are stored in a parity check bit matrix until
selected for inclusion in an encoded bit stream.
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FLEXIBLE ENCODING FOR FORWARD ERROR CORRECTION
IN A COMMUNICATION NETWORK

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This non-provisional application is related to and claims priority under 35 U.S.C.
§ 119(e) to U.S. Provisional Patent Application Serial No. 62/137,588 entitled Encoding
for Forward Error Correction, filed on 24 March 2015, the entire contents of which are

incorporated herein by reference.

BACKGROUND
Field of the Disclosure

[0002] The present disclosure relates generally to network communication and, more
particularly, to a method and apparatus for encoding transmissions for forward error

correction.

Description of the Related Art

[0003] The following abbreviations are herewith expanded, at least some of which are

referred to within the following description.

[0004] EPON Ethernet Passive Optical Network
[0005] FEC Forward Error Correction
[0006] LDPC Low Density Parity Check
[0007] LLID Logical Link Identifier

[0008] OLT Optical Line Terminal

[0009] ONT Optical Network Terminal
[0010] ONU Optical Network Unit

[0011] PON Passive Optical Network
[0012] QC LDPC Quasi-Cyclic LDPC

[0013] RAM Random Access Memory
[0014] XGEM XGPON Encapsulation Method

[0015] XG PON 10-Gigabit PON
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[0016] Network transmissions in communication networks involve transmitting data
from one network node to another, typically as a digital bit stream made up of the of the
familiar 1s and Os. No transmission channel is perfect, however, and some data bits may
become lost or unrecognizable. One way to reduce the effect of these lost bits is to use
FEC (forward error correction). In FEC, a bit stream is first encoded using a coding
scheme that introduces a certain amount of redundancy into the data. When another
network node receives the encoded data, it uses a reverse of the coding scheme to

reconstruct the original bit stream even when some of the received data bits are unusable.

[0017] A number of commonly-used coding schemes have been developed, which
generally involve processing a bit stream of given length to produce codewords, which
are then transmitted to the receiving node for decoding. Whatever coding scheme is
used, however, the process of producing and decoding codewords consumes energy.
Over the vast amounts of data that are now being communicated, this energy usage
becomes significant. There is always a need, therefore, for more efficient ways to

transmit information while retaining the benefits of FEC.
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SUMMARY OF EMBODIMENTS

[0018] The following presents a summary of the disclosed subject matter in order to
provide a basic understanding of some aspects of the disclosed subject matter. This
summary is not an exhaustive overview of the disclosed subject matter. It is not intended
to identify key or critical elements of the disclosed subject matter or to delineate the
scope of the disclosed subject matter. Its sole purpose is to present some concepts in a

simplified form as a prelude to the more detailed description that is discussed later.

[0019] In one aspect, an apparatus for transmission includes a processor, a scheduler,
and a flexible encoder configured to employ a plurality of FEC codes. A main memory
device in communication with the encoder and the processor for receiving information
bits and providing them to the flexible encoder as directed by the scheduler. In some
implementations, the flexible encoder includes a generator matrix memory for populating
with generator matrices associated with the plurality of FEC codes, an accumulator
configured for receiving generator matrices from the generator matrix memory and
processing information bits from the main memory to produce parity check bits, and a

parity check bit memory for storing results from the accumulator.

[0020] In some implementations, the flexible encoder may further include a generator
matrix control circuit for controlling operation of the generator matrix memory and a
parity check bit memory control circuit for controlling operation of the parity check bit
memory. It may also include a 2:1 switch configured to receive information bits from the
main memory and parity check bits from the parity check bit memory and to selectively
include them in an encoded bit stream in response to a received control signal and a main
control circuit configured at least to provide the control signal to the 2:1 switch. The
main control circuit may be further configured to generate a control signal to regulate the

reading of information bits from the main memory.

[0021] In a preferred embodiment, the apparatus is an OLT in a PON and further
includes an interleaver for interleaving the encoded bit stream and a scrambler for

scrambling the interleaved bit stream.



WO 2016/154382 PCT/US2016/023904

[0022] In another aspect, the present invention provides a method for data
transmission including receiving information bits for transmission, selecting an FEC code
for encoding the information bits, initializing a flexible encoder, and providing to the
flexible encoder a generator matrix associated with the selected FEC code. In some
implementations, the information bits are processed in an accumulator using the provided
generator matrix to produce parity check bits and the parity check bits in a parity check
bit memory. The parity check bits are then combined with information bits to produce an

encoded bit stream.

[0023] In a preferred embodiment, the process is performed by an OLT in a PON,
and further includes interleaving the encoded bit stream with those of other users and
scrambling the interleaved bit stream before providing it to a transmitter for transmission

to one or more ONUs.

[0024] Additional aspects of the invention will be set forth, in part, in the detailed
description, figures and any claims which follow, and in part will be derived from the
detailed description, or can be learned by practice of the invention. It is to be understood
that both the foregoing general description and the following detailed description are

exemplary and explanatory only and are not restrictive of the invention as disclosed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The present disclosure may be better understood, and its numerous features
and advantages made apparent to those skilled in the art by referencing the accompanying
drawings. The use of the same reference symbols in different drawings indicates similar

or identical items.

[0026] FIG. 1 is a block diagram illustrating selected components of an FEC encoder

system according to one embodiment.

[0027] FIG. 2 is a block diagram illustrating selected components of an FEC encoder

system according to one embodiment.

[0028] FIG. 3 is a block diagram illustrating an encoder according to one

embodiment.

[0029] FIG. 4 is a block diagram illustrating an accumulator, such as the accumulator

shown in FIG. 3, according to one embodiment.

[0030] FIG. 5 is a block diagram illustrating an adder block, such as an adder block

shown in FIG. 3, according to one embodiment.

[0031] FIG. 6a is a block diagram illustrating a gen_cc control circuit, such as the

gen_cc control circuit shown in FIG.3, according to one embodiment.

[0032] FIG. 6b is a block diagram illustrating a par_cc control circuit, such as the

par_cc control circuit shown in FIG.3, according to one embodiment.

[0033] FIG. 7 is a block diagram illustrating an m_cc control circuit, such as the

m_cc control circuit shown in FIG. 3, according to one embodiment.

[0034] FIG. 8 is a block diagram illustrating an accumulator according to another

embodiment.

[0035] FIG. 9 is a block diagram illustrating an adder block, such as an adder block,

shown in FIG. 8, according to one embodiment.
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[0036] FIG. 10 is a block diagram illustrating an accumulator according to another

embodiment.

[0037] FIG. 11 is a block diagram illustrating an adder block, such as an adder block,

shown in FIG. 10, according to one embodiment.

[0038] FIG. 12 is a block diagram illustrating a gen_cc control circuit, such as the

gen_cc control circuit shown in FIG.8, according to one embodiment.

[0039] FIG. 13 is a block diagram illustrating selected components of an exemplary
PON (passive optical network) in which embodiments of the present invention may be

advantageously implemented.

[0040] FIG. 14 is a block diagram illustrating selected components of a PON such as
the PON illustrated in FIG. 13.

[0041] FIG. 15 is a flow diagram illustrating a method according to one embodiment.
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DETAILED DESCRIPTION

[0042] This disclosure describes a method and apparatus for efficiently providing
FEC (forward error correction) encoding for transmissions in a communication network.
Although favorable results have been achieved in a test environment, however, no
specific level of performance or efficiency is required unless explicitly recited in a

particular embodiment.

[0043] One type of communication network in referred to as a PON (passive optical
network). FIG. 13 is a simplified block diagram illustrating selected components of an
exemplary PON (passive optical network} 830 in which embodiments of the present
invention may be advantageously implemented. Note that PON 800 may, and in many
implementations will, include additional components, and the configuration shown in

FIG 1 is intended to be exemplary rather than limiting.

[0044] In the example of FIG. 13, the network 800 includes an OLT (optical line
terminal) 810, typically located at a CO (central office) 820. The OLT 810 communicates
with ONUs (optical network units) 830a, 830b . . . 830n using an optical source via an
optical path such as a fiber optical cable 840. Downstream data from the OLT 810 are
addressed to one or more of the ONUs 830, each of which is configured to recognize data
addressed to it. The optical cable 840 connects to a splitter/combiner 850 (or for

convenience, simply “splitter”).

[0045] The splitter 850 divides the downstream optical signal from the

OLT 810 between a number of downstream ports, for example ports 855a, 855b . . . 855n.
From the splitter ports, the divided signal is carried to ONUs 830a, 830b . . . 830n via
access fibers 860a, 860b . . . 860n. Each ONU 830 may also transmit upstream data to
the OLT 810 via the access fibers 860a, 860b . . . 860n, typically during an assigned time
slot. Optical signals from each ONU 830 are combined by the splitter 850 and propagate
from there to the OLT 810 via optical cable 840. Note that as used herein, “ONU” is
intended to be broadly construed to include ONTSs (optical network terminals) and other

CPE (customer premises equipment).
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[0046] As should be apparent, in a point-to-multipoint-system such as a PON (in the
downstream direction) each receiving node (such as an ONU) receives the same
downstream transmission. While the receiving node is configured to extract data
addressed to it, it must of necessity process the entire bit stream until this can occur.
Naturally, it is most efficient for extraction to occur early in the process so the remainder
of the receive train may process the information at a lower rate. This concept is

illustrated in FIG. 14.

[0047] FIG 14 is a simplified block diagram illustrating selected components of a
PON such as PON 800 illustrated in FIG. 13. In FIG. 14 only OLT 810 and a
representative ONU 830 are shown. In this example, OLT 810 includes an FEC encoder
812, and interleaver 814, and a scrambler 816. Multiple user bit streams enter encoder
812 where they are encoded and the encoded bit streams are provided to interleaver 814.
Interleaver 814 interleaves the multiple encoded bit streams into a single bit stream (at a

higher rate), which is then scrambled by scrambler 816 for downstream transmission.

[0048] When the bit stream reached ONU 830, it is first decimated by decimator 832,
that is, only those bits intended for ONU 830 are extracted from the bit stream (the
remainder are typically discarded). The decimated bit stream is then provided to
descrambler 834 (at a lower rate) for descrambling and then to FEC decoder 836 for

decoding.

[0049] Note that the configurations of FIGS. 13 and 14 are illustrative and intended
only to depict an environment where the solutions of the present disclosure may be
useful. They are not intended to limit the scope of any claims unless and to the extent

that they are specifically recited.

[0050] Although not apparent from the illustration of FIG. 14, it would be an
advantage for an FEC encoder to be capable of accommodating numerous coding
schemes; each downstream user has their own requirements. It may also be advantageous
in some implementations to be able to allocate downstream transmission time slots that
are less than a codeword in length to facilitate bit-interleaving of the downstream

transmission.
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[0051] FIG. 1 is a block diagram illustrating selected components of an FEC encoder
system 100 according to one embodiment. In the embodiment of FIG. 1, FEC encoder
system 100 includes a number of separate encoders referred to as encoder 1 through
encoder N,, accommodating N, users and allowing each to be associated with a separate
coding scheme. In this embodiment, transmission of less than a full codeword is enabled
by providing a memory device associated with each encoder (not separately shown).
Intermediate encoding results are accumulated in a respective memory until an associated
time slot opens. Information bits from memory are selectively provided to each encoder
by 1:Ny switch 120. Parity bits from each encoder (or encoder memory) are selectively
fed into the bit stream via 1:Ny switch 125 and 2:1 switch 130. The 2:1 switch 130 selects

between the encoded parity bit from 1:N, switch 125 and the actual information bits.

[0052] In this embodiment, a processor 105 is present to control operation of the
various components of encoding system 100. Scheduler 115, shown separately,
determines the schedule, that is, the time slots, for downstream transmission to each user
device (for example, an ONU in a PON). The schedule may be a function of, for
example, of the amount of traffic available for sending to each user or the applicable
quality of service associated with the use or the type of data being transmitted. Based on
this schedule processor 105 or scheduler 115 sends a user_select signal to 1:N, switches
120 and 125 and controls 2:1 switch 130 to accommodate the correct proportion of

information and parity bits to produce the encoded data stream.

[0053] Memory device 110 is at least in part a physical memory apparatus such as a
RAM (random access memory) and is used to store, among other things, data and
program instructions for execution by processor 105. In this embodiment, memory device
110 may store, for example, information bits for downstream transmission generator
matrices for codeword generation. Memory device 110 is non-transitory in the sense of
not being merely a propagating signal unless explicitly recited in a particular

embodiment.

[0054] FIG. 2 is a block diagram illustrating selected components of an FEC encoder

system 200 according to some embodiments. In the embodiment of FIG. 2, the processor
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205, memory 210, and scheduler 215 function analogously to the processor 105, memory
110, and scheduler 115 of FIG. 1. In the embodiment of FIG 2, however, a single,
flexible encoder 240 is used, eliminating the need for the 1:N, switches, The user_select
function is, in effect, performed by the processor in selecting information bits from
memory in accordance with the downstream transmission schedule determined by
scheduler 215. A code_select signal is sent to the flexible encoder 240 to direct use of
the FEC coding indicated for the user whose information is currently selected.
Intermediate coding results are stored in a memory device (not separately shown)
associated with the flexible encoder 240 to enable transmissions in time slots that are less
than a codeword in length. Information bits are, in this embodiment, inserted into the
data stream by the encoder 240, which inserts the parity bits as well. A flexible encoder
that can be implemented in the embodiment of FIG 2 will now be described in greater

detail.

[0055] FIG. 3 is a block diagram illustrating an encoder 300 according to one
embodiment. In this embodiment, a main memory 290 stores at least information bits for
transmission in a communication network. In a preferred embodiment, the main memory
290 is a RAM (random access memory). The scheduler 295 in the embodiment of FIG. 3
provides at least two signals to encoder 300, initialize and user_id. Because the flexible
encoder 300 performs encoding for a number of users who may each have their coding
requirements, the user_id signal indicates which user is being served at this time.
(alternatively, a code_select signal may be employed instead of or in addition to user_id.
See, for example, F1IG. 2.) In the embodiment of FIG. 3, the initialize signal resets the
encoder 300 as necessary. Encoder 300 receives information bits from main memory 290
and produces an encoded bit stream for further processing and eventual transmission to

another network node (see, for example, FIG. 14).

[0056] In the embodiment of FIG. 3, encoder 300 includes at least three control
circuits, referred to here as gen_cc 320, par_cc 325 , and m_cc 330. An accumulator
block 305 is used to generate FEC parity check bits according to the code in use for the
current user. These components will be further described below. A generator matrix

RAM 310 for storing generator matrices and a parity check bit RAM 315 for storing

-10 -
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generated parity check bits are also present. Note that other types of memory devices
may be used, but are not presently preferred. Note also that reading and writing from the
RAM may and in a preferred embodiment does occur at different clock edges (for
example the rising edge as opposed to the falling edge.) In the illustrated embodiment a
2:1 switch 335 is used to select between information bits from main memory 290 and

parity check bits from parity check bit for insertion into the encoded data stream.

[0057] In operation, information bits are received and stored in main memory 290.
The user_id signal from scheduler 295 identifies the user for which encoder 300 is
presently operating. The signal is provided not only to main memory 290 but to the
control circuitry and the parity bit RAM 313 as well. The initialize signal is provided to
the control circuitry and to the generator matrix RAM 310. In this embodiment, when the
initialize signal is high at the beginning of an encoding cycle, the appropriate generator

matrix is loaded into memory, and initialize remains low thereafter.

[0058] The control circuitry m_cc 330 is a main control circuit and transmits a signal
trans_par that indicates when the 2:1 switch 335 should transmit information bits from
main memory 290 and when parity bit from RAM 315 should be transmitted, for example
when trans_par is high or low, respectively. Control circuitry gen_cc 320 controls
access to the generator matrix RAM 310 and the control circuitry par_cc 325 controls

access to parity check bit RAM 315.

[0059] In the embodiment of FIG. 3, the width of the bus interface with the main
memory is given by b. In a preferred embodiment, the bus width b is chosen such that
the number of information bits is an integer multiple « of the bus width. Consider U the
set of users at a given time; user u € U, k, is the number of information bits, and p,, the
number of parity bits for the user. The number of information bits for user u may then be

described as k,, =o¢;,, b.

[0060] Preferably, the generator matrix RAM size is set to allow reprogramming with
codes of different code length as desired. In the embodiment of FIG. 3, the size of the
generator matrix RAM is given as Np &4 105 X5 1o b? and the size of the parity check

bit RAM is and the size of the parity check bit RAM is N, X ppqx, Where N, is the

-11 -
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number of codes for error correction and N, 18 the maximum number of users that could
be accessing a transmitted frame. The remaining terms of these expressions will be

discussed in more detail below.

[0061] If the code rate for a user is c¢,.,,then number of parity check bits may be given
by pu = ky(1 — ¢ )/ Cry. Sincek, =, b, it can be stated that p,, = ,,, b where
Ky =Ky (1 — €ry)/Cr . In this embodiment, it should noted that the code parameters

should be chosen such that o, , is an integer.

[0062] Further define o, 4, = k";“x, where k,,,,is the maximum number of
information bits in a code block that the encoder will encounter and p,;,,,the maximum
number of parity check bits. If o, ;. is considered a constant of proportionality, then
Pmax =Xpmax b. The generator matrix RAM size may therefore be expressed as

2
Nc ock,maxxocp,max b .

[0063] It should be noted that this expression is valid for the scenario where the
chosen code set requires all columns of the generator matrix to be explicitly specified.
Since the generator matrix RAM size has been determined taking reprogrammability into
consideration, only o, .(equal to o , for some given user u) generator matrix RAM rows
per code will have useful data at any given time and only o, . b? (Xpu b? for a given

user u) bits in any row will have useful data.

[0064] Similarly, only N, parity check RAM rows will have useful data at any given
time, where N, is the number of active users at that time. In other words, user # will have

pu (out of p,.) useful bits.

[0065] Finally, note that in some instances the generator matrix RAM size may be
reduced by exploiting certain properties of the generator matrix (for example if the
generator matrix consists of cyclic sub-matrices). The RAM size expression is given as

N¢ %4 max X%y max b% to account for this.

- 12 -
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[0066] FIG. 4 is a block diagram illustrating an accumulator, such as accumulator
305 shown in FIG. 3, according to one embodiment. In this embodiment, accumulator
305 receives rows of parity bit generator code from generator matrix RAM 312 as
indicated by the signals code_id, which identifies code in the generator matrix RAM 312
associated with a particular user u, and gen_ct, which identifies a particular row of the
stored generator code. (Note that in this embodiment, RAM 312 has not been reduced in

size, as alluded to above, and for this reason is depicted as having the size of N, Xy yqxX

pmaxb ')

[0067] For illustration generator matrix row 340 is shown in FIG. 4. The generator
matrix code in row 340 is provided to adder blocks 345, which are individually referred
to as adder block 1, adder block 2 ... adder block pyax (Where ppax 1s the maximum
number of parity bits that may be accommodated). Intermediate adder blocks, if any, are
represented by broken lines. In adder blocks 345, the generator matrix code is processed
with information bits from the main memory (not shown in FIG. 4) to produce parity bits
350, individually referred to as py, ps ... pm- Parity bits 350 are stored in parity bit RAM
315. In this embodiment, a p,,,. :b switch 355 is also provided to select b out of p,,,, bits

during parity bit transmission based on a par_ct signal.

[0068] FIG. 5 is a block diagram illustrating an adder block, such as adder block 1
shown in FIG. 3, according to one embodiment. In this embodiment, adder block 1
receives generator matrix code (see, for example, generator matrix row 340 shown in
FIG. 4) at AND gates 360, which also take as input information bits ¢ from main
memory. The results of these AND operations are provided to a b bit XOR gate 365, and
the results of that operation are provided to XOR gate 370.

[0069] In this embodiment, the output of 2:1 switch 375 is also provided to XOR gate
370 and the results of the XOR operation are provided to a one-bit register 380. The
contents of one-bit register 380 are provided to a parity check RAM (see, for example,
RAM 315 shown in FIG 4). As noted in FIG. 5, the register 380 is associated with a
parity bit p;of the RAM. The inputs of the 2:1 switch 375 are a zero value and the value

of one-bit register 385, which in turn comes from the parity check RAM. The 2:1 switch

-13 -
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375 is controlled by a signal ctrad from compare function 390. In this embodiment, the
output of the compare function 395 is 1 when the signal gen_ct is 0. When ctrad equals
1, the 2:1 switch output is set to 0. By setting the ctrad signal, XOR operation 370 is

performed with O (instead of the contents of the parity check RAM) when the first set of

b bits from a new data block is received.

[0070] FIG. 6a is a block diagram illustrating a gen_cc control circuit, such as gen_cc
320 shown in FIG.3, according to one embodiment. As mentioned above, gen_cc is the
generator RAM control circuitry. The generator matrix RAM control circuitry 320
consists of Ny counters that keep track of the number of blocks of b information bits
downloaded from the main memory and transmitted per user. The counters store the

gen_ct signal for this purpose.

[0071] In the embodiment of FIG. 6a, the gen_cc control circuitry 320 (and
specifically RAM 402) receives user_id to identify the user whose data is being read
from the main memory. The initialize signal allows the setting of the gen_ct signal for
the user to O during the first cycle of operation. The values of &, ,, and code_id are also

stored in memory during this cycle.

[0072] In this embodiment, RAM 402 also receives the output of 2:1 switch 406
(from g-bit register 404), which is either the incremented gen_ct count from increment
function 408 or 0, as selected by signal ctr2. The cmp_gen and ctr2 signals are used to
reset gen_ct for the user to 0 after all the information bits in a code block have been
transmitted. The ctr2 signal is output from compare function 410, which compares the
cmp_gen signal from compare function 412 with the inverse of the received trans_par
signal. (Note that the Il symbol, for example in compare function 410, represents an OR
operation.) Compare function 412 compares the values gen_ct and a,,, — 1, which it
receives from RAM 402 via register 414. The compare function 412 outputs 1 unless the
gen_ct signal is equal to @, ,, — 1, where @ ,, is the number of rows of the generator

matrix for user u.

_14 -
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[0073] Note that in this embodiment, the gen_ct signal can have a value between 0
and @y ,q, — 1; hence it requires g = ceil(logz(allmax)) bits for storage. In this
embodiment, the counters store a; ,, — 1 (using g bits), so that the comparison can be
performed every clock cycle. Note also that the “inv” function of compare function 410
calculates the compliment of the trans_par signal as transmitted by the m_cc control
circuitry. This sets ctr to 1 when parity check bits are being transmitted, holding the
gen_ct signal at 0. The gen_cc control circuitry also stores the code_id signal associated
with a user and this requires g = ceil(log2 (NC)) bits. Finally, note that in the general

scenario where no reduction of the generator matrix RAM is performed, @, = @y, and

al,max = ak,max-

[0074] FIG. 6b is a block diagram illustrating a par_cc control circuit, such as par_cc
325 shown in FIG.3, according to one embodiment. The par_cc control circuit 325
controls the transmission of p, parity bits, b bits at a time. In this control circuit, counters
keep track of the number of transmitted parity bits and store a par_ct signal. The parity
check RAM address line is generated using the par_ct signal (see, for example, parity

check RAM 315 shown in FIG. 3).

[0075] In the embodiment of FIG. 6b, the par_cc control circuitry 322 (and
specifically RAM 422) receives user_id to identify the user whose data is being read
from the main memory. The initialize signal allows the setting of the par_ct signal for

the user to 0 during the first cycle of operation.

[0076] In this embodiment, RAM 422 also receives the output of 2:1 switch 426
(from g,-bit register 424), which is either the incremented par_ct count from increment
function 428 or 0, as selected by signal ctr4. The cmp_par and ctr4 signals are used to
reset par_ct for the user to 0 after all the parity check bits in a code block have been
transmitted. The ctr4 signal is output from compare function 430, which compares the
par_gen signal from compare function 422 with the received trans_par signal. Compare

function 432 compares the values par_ct and @, — 1, which it receives from RAM 422

via register 434.
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[0077] The compare function 432 outputs 1 when par_ct is equal to a,,, — 1 and 0
otherwise. The value of a,, is dependent on the code associated with the current user,
so the counters also store a,,,, — 1 (which uses g, bits). The cmp_par and ctr4 signals
are used to reset par_ct to 0 after all the parity bits in a code block (for a given user) have
been transmitted. The trans_par signal is used to ensure that par_ct for the user remains 0

when information bits are being transmitted. Not that the par_ct signal has a size of g,
where g, = ceil(logz(ap,max)) The par_ct signal assumes a value between 0 and

Apy — 1, where a,,,, = p”/ b

[0078] Note also that the configuration of the par_cc control circuit of FIG. 6b is

generally the same in either the generalized or QC-LDPC scenario, described below.

[0079] FIG. 7 is a block diagram illustrating an m_cc control circuit, such as m_cc
330 shown in FIG. 3, according to one embodiment. In this embodiment, RAM 450
receives user_id to identify the user whose data is being read from the main memory, and
also receives the output of 2:1 switch 442 (via one-bit register 452). RAM 450 outputs
the trans_par signal (via one-bit register 454), which is used by various components in
the flexible encoder (see, for example, FIG. 3). The trans_par signal 440 is also an input
to 2:1 switch 440.

[0080] In the embodiment of FIG. 7, the output for the 2:1 switch 440 is low when
the cmp_gen signal (see FIG. 6a) is high and the output for the 2:1 switch 442 is high
when the cmpm signal is high. The 2:1 switch 442 receives the cmpm signal from
compare function 444, which receives and compares the values of cmp_par and initialize.
The trans-par signal generated by the m_cc control circuitry 330 is high when
information bits are transmitted and low when parity bits are transmitted. This bit can
therefore be used to stop the transmission of information bits (from main memory) when
parity bits are being transmitted, as shown in FIG. 7. This can be achieved in a preferred
embodiment by ensuring that the main memory pointer increment after information bit
transmission is a function of the trans_par signal. The trans_par signal bit is set to one in

the first cycle of operation using the initialize signal.
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[0081] As alluded to above, in some scenarios a reduction in needed RAM (or other
memory) size may be achievable, for example in an encoder/generator matrix with cyclic
sub-matrices. The parity check matrix of a quasi-cyclic LDPC code consists of cyclic
sub-matrices of size sxs. The described architecture may be used for encoding a family
of such LDPC codes with a constant s value and parity check matrices of full rank. The
generator matrix of such a code for any user u is of size (t,, — ¢;,) X ¢, s and consists of
(ty — cy)cy cyclic sub-matrices of size s X s. For such codes, the number of parity
check bits for user u is p,, = ¢, s and the number of information bits is k,, = (t,, — ¢,)s,

where [, = k,, + p, = t,s is the code length.

[0082] Since the sub-matrices are cyclic, each column of a sub-matrix can be

obtained by a cyclic shift of the previous column. As a result, the generator matrix RAM
need store only one out of s columns. In the encoder design described herein, the number
of rows s of the sub-matrix meets one of the following criteria: (a) s is an integer multiple

of b or (b) s equals b or b is an integer multiple of s.

[0083] FIG. 8 is a block diagram illustrating an accumulator 505 according to one
embodiment. Note that accumulator 505 is similar but not identical to the accumulator
305 depicted in FIG. 4. The accumulator 505 of FIG. 8 is applicable, for example, to the
QC-LDPC scenario where s in an integer multiple of 5. That is, this represents a case

where conservation of RAM resources may be achieved.

[0084] In this embodiment, accumulator 505 receives rows of parity bit generator
code from generator matrix RAM 314 as indicated by the signals code_id X @y max>
which identifies code in the generator matrix RAM 314 associated with a particular user
u, and gen_ct, which identifies a particular row of the stored generator code. (Note that
in this embodiment, RAM 314 has been reduced in size, as alluded to above, and for this

reason is depicted as having the size of Ny K¢y maxX CmaxS-)

[0085] For illustration generator matrix row 540 is shown in FIG. 8. The generator
matrix code in row 540 is provided to adder blocks 545, which are individually referred

to as adder blocks 1, 2 ... s, adder blocks s+1, s+2 ... 2s, ... adder blocks (C,pqy — 1)s =
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1, (Cnax — 1)s + 2 ... CuaxeS. Intermediate adder blocks, if any, are represented by
broken lines. In adder blocks 545, the generator matrix code is processed with
information bits from the main memory (not shown in FIG. 8) to produce parity bits 550,

individually referred to as py1, P12 - Pe,,,,s- Parity bits 550 are stored in parity check bit
RAM 317.

[0086] In this embodiment, the generator matrix RAM has the size N ¢y max X
CmaxS a0d Ppgy = CmaxS. For any user u, only a,,,, rows of the generator matrix will
have useful information. Each row will only have g11 ... g¢,s useful bits. Only p,, out of

Pmax parity check bits will have useful information.

[0087] In this embodiment, @y, = t,, — ¢, and@cy mar = Max (t, — cy,) for the
family of codes under consideration (“max” representing the maximum value); C,q, =

max(c,,).

[0088] FIG. 9 is a block diagram illustrating an adder block, corresponding to an
adder block shown in FIG. 8, according to one embodiment. It is noted that the adder
block of FIG. 9 is similar but not identical to the adder block depicted in FIG. 5. In the
embodiment of FIG. 9, s:b switch 555 selects the appropriate b out of s input bits from
the generator matrix RAM (see, for example, generator matrix row 540 shown in FIG. 4)
The switch control signal ctrl is generated using log,(s/b) bit counter in the gen_cc

control circuitry, described below.

[0089] The AND gates 560 received the generator matrix bits from s:b switch 555,
and also take as input information bits a from main memory. The results of these AND
operations are provided to a b bit XOR gate 565, and the results of that operation are
provided to XOR gate 570.

[0090] In this embodiment, the output of 2:1 switch 575 is also provided to XOR gate
570 and the results of the XOR operation are provided to a one-bit register 580. The
contents of one-bit register 580 are provided to a parity check RAM (see, for example,
RAM 317 shown in FIG 8). As noted in FIG. 9, the register 580 is associated with a
parity bit p;;0f the RAM. The inputs of the 2:1 switch 575 are a 0 value and the value of
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one-bit register 585, which in turn comes from the parity check RAM. The 2:1 switch
575 is controlled by a signal ctrad from compare function 590. In this embodiment, the
output of the compare function 590 is 1 when the signal gen_ct is 0. Both the gen_ct and
ctrl signals from the gen_cc control circuitry are zero at the start of every new
information block, which sets ctrad to one. Again, this ensures that XOR operation with
zero, instead of the contents of the parity check RAM, is performed when the first set of b

bits from a new data block is received.

[0091] FIG 10 is a block diagram illustrating an accumulator 605 according to one
embodiment. Note that accumulator 605 is identical to the accumulator 505 depicted in
FIG. 4. The embodiment of FIG. 10 is applicable, for example, to the QC-LDPC
scenario where b in an integer multiple of s. That is, this represents another case where

conservation of RAM resources may be achieved.

[0092] In this embodiment, accumulator 605 receives rows of parity bit generator
code from generator matrix RAM 316 as indicated by the signals code_id X

Ay max(S/b), which identifies code in the generator matrix RAM 314 associated with a
particular user u, and gen_ct, which identifies a particular row of the stored generator
code. (Note that in this embodiment, RAM 316 has been reduced in size, as alluded to

above, and for this reason is depicted as having the size of Ny Xy max (S/b) X Cpaxb.)

[0093] For illustration generator matrix row 640 is shown in FIG. 10. The generator
matrix code in row 640 is provided to adder blocks 645, which are individually referred
to as adder blocks 1, 2 ... s, adder blocks s+1, s+2 ... 2s, ... adder blocks (C,pqr — 1)s =
1, (cax — 1)s + 2 ... CuaxS. Intermediate adder blocks, if any, are represented by
broken lines. In adder blocks 645, the generator matrix code is processed with
information bits from the main memory (not shown in FIG. 10) to produce parity bits

650, individually referred to as py1, P12 - Pe,,,,s- Parity bits 650 are stored in parity bit
RAM 318.

[0094] FIG. 11 illustrating an adder block, such as an adder shown in FIG. 10,

according to one embodiment. It is noted that the adder of FIG. 11 is similar but not
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identical to an adder block depicted in FIG. 9. In the embodiment of FIG. 11, the s:b
switch 555 of FIG. 9 is not required. The AND gates 561 receive the generator matrix
and also take as input information bits a from main memory. The results of these AND
operations are provided to a b = us bit XOR gate 566, and the results of that operation
are provided to XOR gate 571; u is equal to b/s and is therefore equal to one when s is

equal to b.

[0095] In this embodiment, the output of 2:1 switch 576 is also provided to XOR gate
571 and the results of the XOR operation are provided to a one-bit register 581. The
contents of one-bit register 581 are provided to a parity check RAM (see, for example,
RAM 318 shown in FIG 10). As noted in FIG. 9, the register 580 is associated with a
parity bit p,0f the RAM. The inputs of the 2:1 switch 576 are a 0 value and the value of
one-bit register 585, which in turn comes from the parity check RAM. The 2:1 switch
576 is controlled by a signal ctrad from compare function 591. The gen_ct signal is zero
at the start of every information block. This sets the ctrad signal to one when the first set

of b bits when a new data block is received.

[0096] FIG. 12 is a block diagram illustrating a gen_cc control circuit, such as gen_cc
320 shown in FIG.3, according to another embodiment. In this embodiment, the gen_cc
control circuit is applicable to quasi-cyclic scenario a (where s is an integer multiple of
D). In the embodiment of FIG. 12, «,,,,= t,, — ¢;,. The gen_ct counters used for the
generator matrix RAM address line assume a value O and t,, — ¢, — 1 and are of size

g = ceil(log,(X¢y max))- Note that the counters of FIG. 12 are similar to those of FIG.
6a except that they will be incremented only once every s/b times (using the ctri3a
signal). This is attained by using another set of counters that also generate the value ctrl
(as used in FIG. 9). In the embodiment of FIG. 12, g is the size of the ctrl signal in bits
and is ceil(log, (s/b)). In the case of quasi-cyclic scenario b (where s is eaual to b or b
is an integer multiple of s), the configuration of FIG. 6a may be used with & ,,, in this

case given by t,, — ¢,) s/b and &4 4= max ((t, — ¢,) s/b).

[0097]  Note that the control circuitry for transmitting the parity bits b bits at a time is

represented by par_cc (shown in FIG. 3). The configuration in the general scenario (as
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shown in FIG 6b and 7) is applicable to both quasi-cyclic scenarios (a and b). The
control circuitry represented by m_cc (see FIG. 3) allows alternating between

transmitting information bits and parity check bits for any given user.

[0098] Note that FIGS. 1-14 illustrate selected components according to their
respective embodiments and some variations are described above. Other variations are
possible without departing from the claims of the invention as there recited. In some of
these embodiments, for example, illustrated components may be integrated with each
other or divided into subcomponents. There will often be additional components in the
network node and in some cases fewer. The illustrations components may also perform
other functions in addition to those described above, and some of the functions may

alternately be performed elsewhere than described in these examples.

[0099] FIG. 15 is a flow diagram illustrating a method 700 according to one
embodiment. At START it is presumed that the components necessary to performing the
method are present and operation at least according to this embodiment. The process
then begins when information bits for transmission are received (step 705). A
determination is made (step 710) of the intended destination for the information bits, and

an FEC code is selected (step 715) accordingly.

[00100] In this embodiment, a flexible encoder is then initialized (step 720) and a
generator matrix is provided to a flexible encoder (step 725). Received information bits
are then provided to the encoder (step 730). The flexible encoder then processes the
information bits with the provided generator matrix and produces parity check bits (step
735). The parity check bits are stored in a parity check bit memory (step 740). The
parity check bits are then combined with information bits to form an encoded bit stream

(step 745).

[00101] In the preferred embodiment of FIG. 135, the data is being transmitted from
an OLT in a PON. The encoded bit stream is then interleaved (step 750) with bit streams
for other destinations. The interleaved bit stream is then scrambled (step 755) and
provided to a transmitter for transmitting (step 760) toward the intended destination or

destinations.
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[00102]  Note that the sequence of message flow illustrated in FIG. 15 represents an
exemplary embodiment; some variation is possible within the spirit of the invention. For
example, additional messaging may be added to that shown in FIG. 15, and in some
implementations one or more of the illustrated messages may be omitted. In addition, the
messages of the method may be transmitted and received in any logically-consistent order

unless a definite sequence is recited in a particular embodiment.

[00103] In some embodiments, certain aspects of the techniques described above may
be implemented by one or more processors of a processing system executing software.
The software comprises one or more sets of executable instructions stored or otherwise
tangibly embodied on a non-transitory computer readable storage medium. The software
can include the instructions and certain data that, when executed by the one or more
processors, manipulate the one or more processors to perform one or more aspects of the
techniques described above. The non-transitory computer readable storage medium can
include, for example, a magnetic or optical disk storage device, solid state storage devices
such as Flash memory, a cache, random access memory (RAM) or other non-volatile
memory device or devices, and the like. The executable instructions stored on the non-
transitory computer readable storage medium may be in source code, assembly language
code, object code, or other instruction format that is interpreted or otherwise executable

by one or more processors.

[00104] A computer readable storage medium may include any storage medium, or
combination of storage media, accessible by a computer system during use to provide
instructions and/or data to the computer system. Such storage media can include, but is
not limited to, optical media (e.g., compact disc (CD), digital versatile disc (DVD), Blu-
Ray disc), magnetic media (e.g., floppy disc , magnetic tape, or magnetic hard drive),
volatile memory (e.g., random access memory (RAM) or cache), non-volatile memory
(e.g., read-only memory (ROM) or Flash memory), or microelectromechanical systems
(MEMS)-based storage media. The computer readable storage medium may be embedded
in the computing system (e.g., system RAM or ROM), fixedly attached to the computing
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system (e.g., a magnetic hard drive), removably attached to the computing system (e.g.,
an optical disc or Universal Serial Bus (USB)-based Flash memory), or coupled to the
computer system via a wired or wireless network (e.g., network accessible storage
(NAS)). A computer readable storage medium may also be a propagating signal if

recited explicitly in a particular embodiment.

[00105] Benefits, other advantages, and solutions to problems have been described
above with regard to specific embodiments. However, the benefits, advantages, solutions
to problems, and any feature(s) that may cause any benefit, advantage, or solution to
occur or become more pronounced are not to be construed as a critical, required, or
essential feature of any or all the claims. Moreover, the particular embodiments disclosed
above are illustrative only, as the disclosed subject matter may be modified and practiced
in different but equivalent manners apparent to those skilled in the art having the benefit
of the teachings herein. No limitations are intended to the details of construction or
design herein shown, other than as described in the claims below. It is therefore evident
that the particular embodiments disclosed above may be altered or modified and all such
variations are considered within the scope of the disclosed subject matter. Accordingly,

the protection sought herein is as set forth in the claims below.

[00106]  Although multiple embodiments of the present invention have been illustrated
in the accompanying Drawings and described in the foregoing Detailed Description, it
should be understood that the present invention is not limited to the disclosed
embodiments, but is capable of numerous rearrangements, modifications and
substitutions without departing from the invention as set forth and defined by the

following claims.
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WHAT IS CLAIMED 1S:

1. Apparatus for data transmission, comprising:

a processor comprising a scheduler;

a flexible encoder configured to employ a plurality of FEC codes; and

a main memory device in communication with the encoder and the processor for
receiving information bits and providing them to the flexible encoder as directed by the

scheduler.

2. The apparatus of claim 1, wherein the flexible encoder comprises:

a generator matrix memory for populating with generator matrices associated
with the plurality of FEC codes;

an accumulator configured for receiving generator matrices from the generator
matrix memory and processing information bits from the main memory to produce parity
check bits; and

a parity check bit memory for storing results from the accumulator.

3. The apparatus of claim 2, wherein the flexible encoder further comprises:

a generator matrix control circuit for controlling operation of the generator matrix
memory; and

a parity check bit memory control circuit for controlling operation of the parity

check bit memory.

4. The apparatus of claim 3, wherein the flexible encoder further comprises a
2:1 switch configured to receive information bits from the main memory and parity check
bits from the parity check bit memory and to selectively include them in an encoded bit

stream in response to a received control signal.

3. The apparatus of claim 4, wherein the flexible encoder further comprises a

main control circuit configured at least to provide the control signal to the 2:1 switch.
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6. The apparatus of claim 5, wherein the main control circuit is further
configured to generate a control signal to regulate the reading of information bits from

the main memory.

7. The apparatus of claim 1, further comprising an interleaver for
interleaving the encoded bit stream and a scrambler for scrambling the interleaved bit

stream.

8. The apparatus of claim 1, wherein the apparatus is an OLT (optical line

terminal) in a PON (passive optical network).

9. A method for data transmission, comprising:

receiving information bits for transmission;

selecting an FEC code for encoding the information bits;

initializing a flexible encoder;

providing to the flexible encoder a generator matrix associated with the selected
FEC code; and

providing the information bits to the flexible encoder for encoding.

10. The method of claim 9, further comprising:

processing the information bits in an accumulator using the provided generator
matrix to produce parity check bits;

storing the parity check bits in a parity check bit memory; and

combining parity check bits from the parity check bit memory with information

bits to produce an encoded bit stream.
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