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FORWARD ERROR CORRECTION AND
FRAMING PROTOCOL

FIELD OF THE INVENTION

The present invention relates to telecommunications in
general, and, more particularly, to an apparatus for convert-
ing one or more parallel words into one or more serialized
streams of bits and back again into parallel words.

BACKGROUND OF THE INVENTION

There are situations where parallel words of data need to
be transmitted via a serial communications channel. In these
situations, a first apparatus converts the words into a seri-
alized stream of bits for transmission on the serial commu-
nications channel. Typically the first apparatus is known as
a serializer.

At the receiving end of the serial communications
channel, a second apparatus captures the serialized stream of
bits and restores it back into parallel words. Typically, the
second apparatus is known as a deserializer. Regardless of
what the first apparatus and the second apparatus are called,
the second apparatus performs the inverse operation of the
first apparatus.

FIG. 1 depicts a block diagram of serial communications
system 100 in the prior art, which comprises: serializer 101,
deserializer 102, timing source 103, timing source 104, and
serial communications channel 111, interconnected as
shown.

Serializer 101 receives a parallel word of bits and a timing
signal (e.g., a clock signal, etc.) from timing source 103 and
converts the parallel word into a serialized stream of bits for
transmission via serial communications channel 111. For
example, serializer 101 can comprise a parallel-load-in/
serial-shift-out register that loads words in at a slower rate
than it shifts bits out.

Serial communications channel 111 is a logical channel
that can be carried alone on a physical channel or can be
multiplexed with other logical channels on a physical chan-
nel (e.g., a metal wireline, an optical fiber, or a wireless
channel, etc.).

Deserializer 102 receives the serialized stream of bits
from serial communications channel 111 and a clock signal
from timing source 104, captures the serialized stream of
bits, and converts it back into a parallel word. For example,
deserializer 102 can comprise a serial-shift-in/parallel-
unload-out shift register.

The design and operation of serializer 101 and deserial-
izer 102 can be problematic. For example, if a bit error
occurs during the transmission of the serialized stream of
bits, the error might not be detected or corrected by the
deserializer. Furthermore, if the word is broken up and its
pieces are sent via different serial communications channels,
the deserializer can fail to properly reassemble the fragments
back into a word.

Therefore, the need exists for a serializer and a deserial-
izer that are capable of detecting and/or correcting one or
more bit errors that occur during the transmission of the
serialized stream of bits. Furthermore, the need exists for a
serializer and a deserializer that are capable of breaking up
a word into pieces for transmission via different serial
communications channels and of properly reassembling the
fragments back into a word.

SUMMARY OF THE INVENTION

Some embodiments of the present invention enable the
serialization of words without some of the costs and disad-
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2

vantages for doing so in the prior art. For example, the
illustrative embodiment provides an efficient scheme for
forward error correction (i.e., the correction of bit errors by
the receiver without the retransmission of the data by the
transmitter). In particular, the illustrative embodiment pro-
vides an efficient method for generating row and column
parity bits for an S by K-bit matrix that can, in some cases,
require fewer than S+K parity bits.

Furthermore, the illustrative embodiment provides both
symbol alignment and frame alignment by the deserializer in
an efficient manner. This is particularly useful for when a
single word is broken up and its pieces are sent via different
serial communications channels and the deserializer needs to
be capable of properly reassembling the fragments into the
word.

The illustrative embodiment comprises: receiving a
matrix C of bits, wherein the matrix C has dimensions of S
by K and wherein both S and K are positive integers;
generating a plurality of row parity bits that are indicative of
the parity of a row of bits in a matrix D that has dimensions
of S/y by yK, wherein S/y and yK are positive integers,
wherein y is a positive integer other than one, and wherein
matrix D is based on a shuffling function of matrix C; and
transmitting the matrix C of bits and the plurality of row
parity bits.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a block diagram of serial communications
system 100 in the prior art.

FIG. 2 depicts a block diagram of the first variation of the
illustrative embodiment of the present invention.

FIG. 3 depicts a block diagram of the second variation of
the illustrative embodiment of the present invention.

FIG. 4 depicts a block diagram of the salient components
of multichannel serializer 201, as depicted in FIGS. 2 and 3.

FIG. 5 depicts a block diagram of the salient components
of encoder/framer 402-i, as depicted in FIG. 4.

FIG. 6 depicts a block diagram of the salient components
of multichannel deserializer 202.

FIG. 7 depicts a block diagram of the salient components
of decoder/deframer 603-i.

FIG. 8 depicts a block diagram of the salient components
of forward error corrector 705.

DETAILED DESCRIPTION

FIG. 2 depicts a block diagram of the first variation of the
illustrative embodiment of the present invention, which
comprises: multichannel serializer 201, multichannel dese-
rializer 202, N serial communications channels 211-1
through 211-N, wherein N is a positive integer greater than
zero, timing source 203, and timing source 204, all of which
are interconnected as shown. In accordance with the first
variation of the illustrative embodiment of the present
invention, multichannel serializer 201 and multichannel
deserializer 202 are each provided with clock signals that are
independent of, and asynchronous to, each other.

FIG. 3 depicts a block diagram of the second variation of
the illustrative embodiment of the present invention, which
comprises: multichannel serializer 201, multichannel dese-
rializer 202, N serial communications channels 211-1
through 211-N, wherein N is a positive integer greater than
zero, and timing source 303, all of which are interconnected
as shown. In accordance with the second variation of the
illustrative embodiment of the present invention, multichan-
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nel serializer 201 and multichannel deserializer 202 are each
provided with a clock signal from the same timing source.

In yet a third variation of the illustrative embodiment,
which is not depicted in the Figures, multichannel deserial-
izer 202 derives the timing signal at which to deserialize the
bit stream from one or more of the serialized bit streams
themselves. In this variation, the illustrative embodiment
can use one or more synchronized oscillators (e.g., phase-
locked loops, etc.) to derive the timing signal at which to
deserialize the bit stream. In all other respects that are
germane to the present invention, the three variations of the
illustrative embodiment are identical, and, therefore, will be
described as one.

With reference to both FIGS. 2 and 3, there are 64 serial
communications channels between multichannel serializer
201 and multichannel deserializer 202 (i.e., N=64). In accor-
dance with the illustrative embodiment, each of serial com-
munications channels 211-1 through 211-N is a distinct
physical channel and is carried by a distinct optical fiber. In
some alternative embodiments of the present invention, each
of serial communications channels 211-1 through 211-N is a
logical channel, and, therefore, some of them are multi-
plexed and transmitted to multichannel deserializer 202 via
a single physical channel (e.g., metal wireline, an optical
fiber, or a wireless channel, etc.). After reading this speci-
fication and the accompanying figures, it will be clear to
those skilled in the art how to make and use embodiments of
the present invention in which N equals a value of other than
64.

Multichannel serializer 201 receives T parallel words,
word, through word,, wherein T is a positive integer greater
than zero, on buses 221-1 through 221-T, respectively, and
a clock signal from a timing source (e.g., timing source 203,
timing source 303, etc.). Multichannel serializer 201 outputs
a serialized version of word, through word, to serial com-
munications channels 211-1 through 211-N, respectively. In
accordance with the illustrative embodiment, T=16. After
reading this specification and the accompanying figures, it
will be clear to those skilled in the art how to make and use
embodiments of the present invention in which T equals a
value of other than 16.

In accordance with the illustrative embodiment of the
present invention, each of words word, through word,
comprises W bits, wherein W is a positive integer greater
than zero. In accordance with the illustrative embodiment,
W=32. After reading this specification and the accompany-
ing figures, it will be clear to those skilled in the art how to
make and use embodiments of the present invention in
which W equals a value of other than 32. Furthermore, after
reading this specification and the accompanying figures, it
will be clear to those skilled in the art how to make and use
embodiments of the present invention in which some of
word, through word, comprise a different number of bits
than others of word, through word, comprise.

When multichannel serializer 201 multiplexes two or
more bits from a single word over one serial communica-
tions channel, all of the bits from the word that are multi-
plexed over the same serial communications channel are
called a “symbol.” In accordance with the illustrative
embodiment of the present invention, each word of word,
through word, comprises M symbols, wherein M is equal to
N/T. In accordance with the illustrative embodiment, M=N/
T=64/16=4. After reading this specification and the accom-
panying figures, it will be clear to those skilled in the art how
to make and use embodiments of the present invention in
which M equals a value of other than 4. Furthermore, after
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4

reading this specification and the accompanying figures, it
will be clear to those skilled in the art how to make and use
embodiments of the present invention in which some of
words word, through word, comprise a different number of
symbols than others of words word, through word.

In accordance with the illustrative embodiment, there are
K=W/M bits in each “unencoded” symbol before it is
encoded with parity or framing bits or both parity and
framing bits. In accordance with the illustrative
embodiment, the number of bits in each unencoded symbol
equals K=W/M=32/4=8.

In accordance with the illustrative embodiment, each
unencoded symbol is scrambled with a deterministically
invertable function, W( ), to increase the likelihood that any
given bits is a “1” to 50%, which increases the transition
density on the serial communications channel and increases
the likelihood that symbol and frame alignment will be
performed correctly by the deserializer. The process of
scrambling neither adds nor removes bits nor adds nor
removes redundancy from the unencoded symbol. The pro-
cess for scrambling is described in detail below.

Furthermore, each scrambled and unencoded symbol is
encoded with parity bits for the purpose of forward error
correction. The forward error correction technique
employed by the illustrative embodiment is described in
detail below.

And still furthermore, and to facilitate symbol and word
synchronization by deserializer 202, each scrambled and
unencoded symbol is also encoded with framing bits. The
framing technique employed by the illustrative embodiment
is described in detail below.

In all cases, the number of bits transmitted with respect to
each symbol is B=K+Z, wherein Z equals the number of bits
added to the symbol as parity and framing bits.

In accordance with the illustrative embodiment, the bits in
each symbol are encoded with 2 additional bits, and,
therefore, Z=2 and B=K+Z=32/44+2=10. How these two
additional bits are generated and transmitted is described in
detail below. After reading this specification and the accom-
panying figures, it will be clear to those skilled in the art how
to make and use embodiments of the present invention in
which the bits in each symbol are encoded with a different
number of additional bits.

In accordance with the illustrative embodiment, multi-
channel serializer 201 uses a binary modulation scheme
(e.g., binary shift-keying, etc.) and transmits each bit inde-
pendently over a serial communications channel. In some
alternative embodiments of the present invention however,
multichannel serializer combines the bits from two or more
serial communications channels using a non-binary modu-
lation scheme (e.g., quadriphase-shift keying, etc.) and
transmits multiple bits simultaneously over a serial commu-
nications channel.

Multichannel serializer 201 outputs N sets of B bits onto
each of serial communications channels 211-1 through
211-N for each set of T words received by multichannel
serializer 201. The details of multichannel serializer 201 are
described below and with respect to FIGS. 4 through 8.
Multichannel serializer 201 operates in pipeline-processor
fashion, meaning that it continually receives one set of T
parallel words after another and transmits N sets of B bits
onto each of serial communications channels 211-1 through
211-N for each set of T words received by it.

In accordance with the illustrative embodiment, the
propagation delay through each of serial communications
channels 211-1 through 211-N need not be the same nor need
it remain constant throughout time.
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Multichannel deserializer 202 receives a serialized stream
of bits from each of serial communications channels 211-1
through 211-N, and a clock signal (e.g., from timing source
204, from timing source 303, etc.), and from them recon-
structs and outputs T parallel words, word, through word,
on buses 222-1 through 222-T. Furthermore, multichannel
deserializer 202 operates in pipeline-processor fashion,
meaning that it continually outputs one set of T parallel
words after another for each of the N sets of B bits it receives
from serial communications channels 211-1 through 211-N.

Timing source 204/303 generates a plurality of
differently-phased timing signals for multichannel serializer
201. To this end, timing source 204/303 generates B timing
signals, @, through @, each with the same frequency but
360°/B out of phase with respect to each other. The fre-
quency of each of the timing signals equals the frequency
with which words are loaded into multichannel serializer
201.

For example, in accordance with the illustrative
embodiment, B=10 and, therefore, timing source 204/303
generates ten (10) clock signals depicted in Table 1.

TABLE 1
Clock signals From Timing Source 204/303 (for B = 10)
Clock Signal No. Phase
@, 0°
o, 36°
@, 72°
@, 108°
@, 144°
@ 180°
@, 216°
@, 252°
@, 288°
o, 324°

It will be clear to those skilled in the art how to make and
use timing source 204/303.

FIG. 4 depicts a block diagram of the salient components
of multichannel serializer 201, which comprises: T word
modules 401-1 though 401-T, N encoder/framers 402-1
through 402-N, N single channel serializers 403-1 through
403-N, and N modulators 404-1 through 404-N, intercon-
nected as shown.

In accordance with the illustrative embodiment, multi-
channel serializer 201 is fabricated on an integrated circuit.
For the purposes of this specification, the term “integrated
circuit” is defined as a slice or chip of material on which is
etched or imprinted a complex of electronic components and
their interconnections.

Word module 401-f, for f=1 to T, receives a W-bit word
from bus 221-f divides the W-bit word into M K-bit unen-
coded symbols, and distributes each of the K-bit unencoded
symbols to one of the encoder/framers associated with word
module 401-f. In the illustrative embodiment, each word
module receives 32 bits, divides the 32 bits into four
unencoded symbols of 8 bits each, and distributes each
unencoded symbol to one of the four encoder/framers asso-
ciated with the word module.

Encoder/framer 402-i, for i=1 to N, receives S consecu-
tive groups of K bits, b, through b, ;, in parallel and timing
signal @, from timing source 204/303 and outputs an S by
K+2 array of S(K+2) bits that are represented by a two-
dimensional matrix G, as described below, to single channel
serializer 403-i. Encoder/framer 402-i is described in detail
below and with respect to FIG. 5.
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Single channel serializer 403-i receives the two-
dimensional matrix G from encoder/framer 402-i and timing
signal ®, from timing source 204/303 and serializes the
matrix G onto serial communications channel 211-i. U.S.
patent application Ser. No. 10/011,938, filed on Dec. 5,
2001, and entitled “Serializer” is incorporated by reference
and teaches one technique for making and using single
channel serializer 403-i.

Modulator 404-i receives the serialized bit stream from
single channel serializer 403-i and modulates it, in well-
known fashion, onto serial communications channel 221-i.

FIG. 5 depicts a block diagram of the salient components
of encoder/framer 402-i, which comprises: frame pulse
generator 501, scrambler 502, row parity generator 503,
column parity generator 504, first-in-first-out memory
(“FIFO”) 505, multiplexor 506, and inverter 507, intercon-
nected as shown.

In accordance with the illustrative embodiment, encoder/
framer 402-i operates on each set of S consecutive K-bit
unencoded symbols as a unit or “frame,” wherein S is a
positive integer greater than zero. In particular, every S sets
of K-bit symbols are treated as an S by K array of SK bits
that are represented by the two-dimensional matrix A.
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Encoder/framer 402-1 operates on S symbols as a unit
because of efficiencies and opportunities that arise when
multiple symbols are operated on together that are not
possible or are less feasible or are less efficient when only
individual symbols are considered.

In accordance with the illustrative embodiment, S=64.
After reading this specification it will be clear to those
skilled in the art how to make and use embodiments of the
present invention in which S equals a value of other than 64.

To ensure that all of the components of encoder/decoder
402-; treat the same S symbols as one frame, frame pulse
generator 501 generates a “framing pulse” that delineates the
end of one frame and the beginning of the next. The framing
pulse is generated once every S cycles of timing signal @,
and is distributed to row parity generator 503, column parity
generator 504, and multiplexor 506.

In accordance with the illustrative embodiment, scrambler
501 performs a deterministically invertable function, W(),
on A (i.e., ¥( ) is deterministically invertible if and only if
C=Y(A) and A=¥'(C)), in well-known fashion. The output
of scrambler 501 can be conceptualized as an S by K array
of SK bits that are represented by the two-dimensional
matrix C, wherein:

c=w(4) (Eq. 2)
and:
o0 Co,5-1 (Eq. 3)
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Matrix C is transmitted to row parity generator 503, column
parity generator 504, and FIFO 505 K-bits at a time via a
K-bit wide bus.

In accordance with the illustrative embodiment, yK “row”
parity bits and S/y “column” parity bits are generated based






