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I. FIELD OF THE INVENTION

Thxs invention relates to using VLSI archxtecture for
high handwxdth low latency execution of the Reed-Solomon
encode, decode, and error correction functions, capable of cor-
recting a large number of symbol errors in binary digital data.
II. DESCRIPTION OF THE RELATED ART

Electronic communications and data processing systems
transmit, receive and store electromagnetic signals representa-
tive of binary "zeros" and "ones." During data transfer along
data channels, or during the process of storing data on and
retrieving data from various magnetic, optical or other storage
media, erroneous data values may occur. These errors may be the
result of electromagnetic noise on the data channel or defects
in the storage media. Isolated single bit random errors and
contiguous multibit "bursts" of errors must be recognized and
corrected using a system that is highly reliable, that is, one
that does not pfoduce many errors in the corrected data. At a
minimum, the erroneous data must be recognized and flagged as

- erroneous rather than being acted upon.
Unlike data communications systems that have the luxu-

Py

ry of retransmitting data until anerror free transmission oc-
curs, erroneous data stored on magnetic, optical or other stor-
age media are permanently lost unless they can be corrected. By
encoding data prior to storage or transmission, and decoding
following reception or retrieval, errors may be detected and
corrected prior to the data being released for subsequent use.
Reed-Solomon codes are effective for the types of independent
and bursty errors experienced on magnetic storage media. Infor
mation on encoding, decoding, and Reed-Solomon codes in particu
lar may be found in "Error Correcting Codes" by Peterson and
Weldon, The MIT Press, second edition (1972) and several other
texts.

_ For binary data storage and retrieval systems, error
correction begins prior to stérzng data on the appl1cable medi-
um, here considered to be a magnetic d;sk Fxrst the data are
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bols, consisting of K data symbols and N-K Error Correction Code
(ECC) symbols. The ECC symbols are redundant and provide the
information necessary to recognize erroneous data symbols and to
reconstruct a maximum of T = (N-K)/2 data symbols.

A symbol is a series of m bits, for example, 6 or 10.
The data stream of binary digits destined for storage on a disk
sector usually consists of a series of 8, 16 or 32 bit words and
must be cé%erted to a series of data symbols. The N symbols of
the code word are representative of the coefficients of a poly-
nomial in x of degree N-1 represented by a(x) where deg(a)=N-1.
ECC symbols are generated such that each code word is evenly
divisible by a genefatof polynomial, g(x), having N-K consecu-
tive roots in the Galois Field, GF (2™), and where each ECC sym-
bol is an element al of GF(2™). The generator polynomial, g{x)
is chosen based on the extent and complexity of the error cor-
rection schéme, that is, how m%& symbols of detection and cor-
rection are desired. 1In an (N,K) code, deg(g)=N-K. If d(x) is
a polynomial in x of degree K-1 with K data symbols d; as "
coefficients, then the code word a(x) is:

afx) = d(x) * x(N"K) 4 o(x)
vhere

e(x) = Remainder of [d(x) * x!N"K) / g{x)] |
The coefficients of e(x) are the ECC symbols e;. This process

of dividing the data symbol polynomial d{x) by the generator
polynomial g{(x) ensures that each stored code word a{x) is
evenly divisible by g(x). If a retrieved code word y(x) is
error free, y(x) is equal to a{(x) and is evenly divisible by
g{x). 1If y(x) is not evenly divisible by g(x) then that code
word is assumed to contain an error vector p{x) that must be lo-
cated and corrected, where y(x) = a(x) + p(x).

The factors of an error locator polynomial, NU(x), an
error evaluator polynomial, W(x), locate the erroneous data sym-
bols within the code word and indicate the values which, when
added modulo 2 to the received symbols, provide the correct sym-
bols. The terms of NU{(x) are calculated using the Berlekamp
Massey algorithm from the error syndromes, Si, which are
obtained by dividing y(x) by the.factors of g{(x}. If a syndrome
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Codes" 2Ri¥namiasly NHx) and then the correct data symbol may be deter-
mined by f1nd1ng the value of W(x) using the syndromes and
NU{x). Root finding in a digital environment typically uses
Chien's search algorithm. A Reed-Solomon'encoding-decoding sys-
tem that uses the technique of a generator polynomial, syndrome -
computation, and evaluation of error locator and error evaluator

polynomials is described in U.S. Patent No. 4,413,339 to Riggle
et al.

data untit an err8 ion oc- curs, erroneous data storedCHh
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Because of the many computations being performed in
software or iteratively in hardware, and the need to calcuate
the NU(x) and W(x) polynomials and all the roots of NU(x), and
to evaluate W(x) prior to correcting erroneous data symbols,
prior art decoders suffer from one or more of the drawbacks of
high latency, low bandwidth and high cost, especially when many
data errors are encountered. Soft error rates for disks are

- therefore limited to about 1 x 10-6 because of the low pro-
cessing speed or cost of the decoders. Faster Reed-Solomon sys-
tems which are also inexpensive have the drawback of being lim-
ited to correcting a maximum of only about 4 symbols per sector,
which limits the tolerable soft error rates for data storage
devices. Cross-interleaved Reed-~Solomon decoders have a moder-
ate bandwidth and can correct large numbers of symbol errors,
but they introduce excessive storage overhead for disk systems
with short disk blocks, thereby reducing the net data density
permitted on the disk drive. This defeats one of the primary
purposes for implementing the ECC system, which is to allow high
density data storage on disk drives along with the inherently
high data error rates resulting from increased density data
storage. ' _

An object of this invention is to correct higher soft
bit error rates on sectorized data storage devices whlle provid
ing acceptably low hard bit error rates.

Another object of this invention is to provide a high
bandwidth, low latency implementation of the Reed-Solomon error
correction function where a large number of symbol errors are
corrected with a minimum of'data storage overhead within a
standard disk block.
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A further objeét of this invention is to implement
pipelining and flow control processes for executing the
Berlekamp-Massey, Weng and modified Chien algorithims, and to
provide novel algorithms for computing the degqree of the error
location polynomial and its control over the Berlekamp-Massey
algorithm, so that the Reed-Solomon error correction function
can be implemented in hardware in real time. i

Additional objects and advantages of the invention
will be set forth in the description which follows, and in part
will be obvious from the description, or may be learned by prac-
tice of the invention. The objects and advantages of the inven-
tion may be realized and obtained by means of the instrumen-
talities and combinations particularly pointed out in the
appended claims. |

Related Applications

U.S. Patent Application No. 050,725 titled "Real-Time
BCH Error Correction Code Decoding Mechanism™ by Lih-Jyh Weng
filed on May 15, 1987, and assigned to the same assignee as the
present invention, is hereby expressly incorporated by reference
as though set out in full herein.

U.S. Patent Application No. 067,712 titled "Apparatus
for Computing Multiplicative Inverses in Data Encoding and
Decoding Devices" by Lih-Jyh Weng filed on June 26, 1987, and
assigned-to the same assignee as the present invention, is

hereby expressly incorporated by reference as though set out in
full herein.

SUMMARY QOF THE INVENTION
To achieve the foreqoing objects and in accordance
with the purposes of the invention as embodied and broadly

described herein, a circuit is provided for detecting and cor-
recting errors in binary data symbols d; that have passed
through an error inducing medium, comprising encoder means for
encoding the data symbols into a plurality of Reed-Solomon first
code words a{x) and sending the first code words to the error
inducing medium; buffer means for receiving from the error
inducing medium a plurality of retrieved code words y(x) equal
to the first code words in which errors have been induced and
for holding each of the retrieved code words for no longer than
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N K conté@nls for computing from the retrreved code words a plu ity o
arror locatlons and correction vectors in real time as each sym-
0l of the retrieved code word exists from the buffer means; and
sorrecting means responsive to the error locations and correc-

tion vectors for correcting erroneous data symbols as they ex1t
the buffer means. _ _

The accompanying drawings, which are incorporated in
and constitute a part bf'the specification, illustrate a pre-
ferred embodiment of the invention and, together with the gen-
2ral description given above and the detailed description of the
Ereferred embodiment given below, serve to explain the princi-
‘ples of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic block diagram showing the over-
all structure of an integfated_circuit which constitutes a pre-~
ferred embodiment of the present invention;

Fig. 2 is an electrital schematic diagram showing the
major steps performed by the ECC Generator of the circuit of
Fig. 1;

Fig. 3 is a flow chart of the decoding process per-
formed by the syndrome computer, the error locator NU(X) and
error evaluator W(x) computef, and the factor NU(x), evaluate
W(x), and correction vector YI computer circuits of Fig. 1;

Fig. 4 is an electrical schematic diagram of the
Syndrome Compute circuit, part of the Snydrome Computer block 16
of the circuit of Pig. 1 and part of step 102 of the flowchart
of Fig. 3; | |

Fig._S is an electrical schematic diagram of part of
the Amend Syndrome"C¢mpute circuit, another part of the Syndrome
Compute block 16 of the circuit of Fig. 1 and apart of step 102
of the flowchart of Fig. 3;

Fig. 6 is a flowchart of the computation of the error
locator polynomial NU(x), step 104 of Fig. 3 and part of the
Compute Error Locator NU(x), Error Evaluator W{(x) circuit 18 of
Fig. 1;
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Fig. 7 is an electrical schematic diagram of the exe-
cution of Berlekamp's algorithm as shown in the flowchart of
Fig. 6; '

Fig. 8 is an electrical schematic diagram of the re-
maining part of the execution of Berlekamp's algorithm as shown
in the flowchart of Fig. 6; -~

Fig. 9 is an electrical schematic diagram of a Galois
Field combinational inverse calculator, which is circuit 364 of
Fig. 7; ' '

Fig.'lo is an electrical schematic diagram of the cir-
cuit that computes the error evaluator polynomial W(x), namely
step 106 of Fig. 3;

Fig. 11 is an electrical schematic diagram of the cir-
cuit that computes the value of the error locator polynomial
NU{(x) in real time for each symbol of the code word, namely
steps 108, 110, and 112 of Fig. 3;

Fig. 12 is an electrical schematic diagram of the cir-
cuit that computes the value of the error evaluator polynomial
W(x) in real time for each symbol of the code word, namely step
11¢ of Fig. 3; ' '

Fig. 13 is an electrical schematic diagram of the cir-

- cuit that computes the error locations and correction vectors of
code word symbols in real time, comprising the circuits of
Figs. 11 and 12, and also including steps 116, 118, and 120 of
Fig. 3. |

Fig. 14 is an electrical schematic diagram of the
Galois Field divide calculator, which is circuit 524 of Fig. 13;

Fig. 15 is a timing diagram showing the time alloca-
tions for calculations and data transfers in the circuit of the
present invention;

Fig. 16 is an electrical schematic diagram of an .XOR.
network that functions as a GF a~33 multiplier;

Fig. 17 is an electrical schematic diagram of an .XOR.
network that functions as a GF a~ 32 multiplier.

Fig. 18 is an electrical schematic diagram of an .XOR.
network known as a Shift-1 circuit that performs the function of
a GF ol multiplier;
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sym Fig. 19 is an electrical schematic diagram of an .XCR.
network known as a Shift-2 circuit that performs the function of
a GF a2 multiplier;

Fig. 20A is an electrical schematic diagram of a cir-
cuit to compute [SYMBOL A} x a~33 and [SYMBOL A} x o~32 using
the o33 multiplier of Fig. 16 and the al multiplier of Fig. 18;

Fig. 20B is an electrical schematic diagram of a cir-
cuit to compute [SYMBOL B] X a30 anp {svmBOL B] x a32 using an
a30 multiplier and the Shift-2 circuit of Fig. 19;

FPig. 21 is an electrical schematic diagram of a pre-
ferred embodiment of the Syndrome Compute circuit of Fig. 4
using the Shift-1 circuit of Fig. 18 to eliminate approximately
half of the multiplier circuitry;

Fig. 22A is a second preferred embodiment of the
NUgyen circuit Fig. 13 using the Shift-2 circuit of Fig. 19;

Fig. 22B is an electrical schematic diagram of a sec-
ond preferred embodiment of the NUggq circuit of Fig. 13 using
the Shift-2 circuit of Fig. 19;

Fig. 23 is an electrical schematic diagram of a second
preferred embodiment of the error evaluator polynomial W(x) com-
puter of Fig. 12 using the Shift-1 circuit of Fig. 18;

DESCRIPTION OF THE PREFERRED EMBODIMENT

Reference will now be made in detail to the present

preferred embodiment of the invention as illustrated in the

accompanying drawings.

The present preferred qmbodiment of the Reed-Solomon
error detecting and correcting circuit is shown in block diagram
form in Figqure 1 and is represented generally by the numeral 10.
As embodied herein, circuit 10 accepts binary data from data bus
28 of a data processing system (not shown) and converts those
data bits into K m-bit data symbols, dj, where i = 1 to K. Data
symbols di are simultaneously sent to an Error Correction Code
(ECC) generator 14 and a data storage disk 26 through a multi-
plexer 15.

In accordance with the invention, there is provided
encoder means for encoding the data symbols into a plurality of
Reed-Solomon first code words a(x) and sending the first code
words to the error inducing medium. As embodied herein, ECC
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by the factors of g(x). |If a SEndrone -3- is non-zero, then part of t he

code word is in e’ﬂﬁsCSheetEksEBearR cflgcated i s found by computing the roots of

the error |ocator (x) and then the correct data synbol may

be deter- m ned by\mwnm“ | ue of V\(x) usi ng the syndrones and
generator l4 generates N-K ECC symbols ej, where i =0 to N-K-1,
using a generator polynomial g(x) hav1ng roots al, -34 < i < 34,
where a is a primitive element of the Galois F:eld GF(2™), N
represents the length of the code word and is an integer < 2™,
The N-K ECC symbols ej are appended by multiplexer 15 te the K
data symbols d; to create an N symbol Reed-Solomon (N,K) code
word a{x), consisting of N symbols aj, which is stored on data
storage disk 26. A header field is also provided for each code
word which provides separation between code words, and other
storage functions, and is not described in detail. Storage
device 26 is an example which contains an error inducing medium

where errors can be created as data as being stored and re-
trieved.

Errors may occur to the symbols of code word a(x) when
stored on and retrieved from storage device 26. When read from
the disk, code word a(x) is designated y(x) because it may con-
tain erroneous symbols. Where there are no errors present, y(x)
equals al{x), or equivalently p(x) = 0.

In accordance with the invention, there is provided
buffer means for receiving from the error inducing medium a plu-
rality of retrieved code words y(x) equal to the first code

- words in which errors have been induced and for holding each of
the retrieved code words long enough to compute error locations
and values, preferably for no longer'than the time needed to
compute error locations and values. As embodied herein, data
symbols read from data storage disk 26 are held in a data buffer
22. The invention further includes decoder means for computing
from the retrieved code words a plurality of error locations and
correction vectors in real time as each symbol of the retrieved
code word exits from the buffer means. As herein embodied, the
decoding means, . including a Syndrome Compuﬁer 16, an Error Loca-
tor and an Error BEvaluator Computer 18, and an Error Correction
Vector Computer 20, calculates the error location and correction
vector for data symbols being held in buffer 22.

As herein embodied, Syndrome Computer 16 begins calcu-
lating syndromes as the code word symbols are read for data
storage device 26. Error locator and error evaluator computer
18 computes the error locator polfnomial NU{x) by solving the
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being performed in software or iteratively in hardware, Rlaged
cal cuate the NU(x) and Wx) polynom als and all the root ” s to

eval uate Wx) prior to correcting erroneous data synbol s,
decoders suffer fromone or nore of the drawbacks of

Berlekamp-Massey algorithm using syndromes computed in Syndrome
Computer 16. The terms of error evaluator polynomial W(x) are
also calculated in computer 18 using the values of NU(x) and
syndromes from Syndrome Computer 16.

' In accordance with the invention, there is provided
correcting means responsive to the error locations and correc-
tion vectors for correcting erroneous data symbols as they exit
the buffer means. As herein embodied, as each data symbol 4d'j
is released from buffer 22, computer 20 calculates error locator
polynomial NU(x) using a modified Chien search alogorithm, and
evaluates error evaluator polynomial W(x) to compute a correc-
tion vector YI that is exclusive or'd by .XOR. circuit 24 with
the data symbol being released from buffer 22. Data symbols of
the decoded code word are converted into 16 bit data words by
converter 27 and are returned to the data processing device 16
bit data bus 28.

The "pipe-lining” or high speed computation of error
values and locations in real time as data are released from
buffer 22 is a major factor in achieving the low latency, or low
holdup time, which permits the circuit of the present invention
to achieve a high bandwidth.

Using VLSI logic to execute a Reed-Solomon error cor-
recting function, the circuit of the preferred embodiment
achieves an acceptably low error rate for decoded data for sec-
torized data storage devices such as magnetic disks, magnetic
tapes, and optical disks having high inherent error rates. The
circuit provides a high bandwidth of approximately 70 megabits
per second and a low latency of about 144 microseconds at peak
bandwidth using a standard disk sector size of 480 symbols where
up to 32 the bit symbols may need to be corrected, requiring an
overhead of 670 density higher than certain earlier data storing
systems. .

Preferably, and as shown in Fig. 1, binary data bits
destined for storage on magnetic disk 26 are received from a
data processing system (not shown) via a 16 bit data bus 28.

The binary data, which consist of both information words and
Error Detecting Code (EDC) words are converted in converter 12
to a series of K symbols, where each symbol is m-bits long. In
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the preferred embodiment, each symbol is 10 bits long, and K is

‘selectable from 48 to 941 data symbols. The 10 bit symbols are
assembled from data words and EDC words, each word being 16 bits
long. The 16 bit words are converted to symbols until all data
words and EDC words have been converted to ten bit data symbols,
represented by dij. BEnough fill bits are added to provide com-
plete symbols. Data symbols di are sent both to storage disk 26
and ECC generator 14.

) As here embodied, the encoder means includes ECC gen-
erator 14. ECC symbols ei which will be used to detect and cor-
rect errors in the data symbols dji are computed by ECC generator
14 ﬁsing a generator polynomial g(x). The error correction code
chosen is a symmetric Reed-Solomon code over the Galois Field GF
(210 generated by the primitive polynomial x10 + x3 + 1. For
the Reed-Solomon code of the preferred embodiment, the generator
polynomial, g(x) is defined as:

Equation I _

S +33
g(x) = = (x+ al),

B i =-33

where al are elements of GF(210). GF(210) contains 1023 ele-

ments, therefore a code word of N = 1023 symbols can be gener-

ated. Code words in the preferred embodiment are limited to N =

115 to 1008 symbols by the design of integrated circuit 10 of

Fig. 1. The genérator polynomial g{(x) is chosen to generate 67

ECC symbols, therefore N-K is 67 which suffices to correct up to

32 symbols in error per sector or code word, provide a 100%

probability of detecting all errors up to 35 errors per sector,

‘and provide a strong likelihood of detecting all errors greater

than 35 per sector. The polynomialg(x) is so defined that when

expanded into its individual terms, it has symmetric coeffi-

cients so that the Galois Field multiplier circuits, defined

mathematicallY‘below, can be reduced by a factor of 2, that is,
 each ol term appears twice in g(x) as a coefficient of a differ-

ent power of x. Equations 2 and 3 are expansions of Equation 1.

Equation 3 shows the individual terms of g(x).
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Anot her object of this invention is to provide a high
Equation 2

g{x) = (x + a=32) (x + a3?) ... (x + a33)

Equation 3
g(x) = x67 + 35466 . 146465 , 572,64 , 447,63

636,20 , ,496,19 + al004,18 , 898,17 . 261,16 .
255,15 , 349,14 , 974,13 , 444,12 , 530,11 ,
259,10 , ,177,9 , ,812,8 , ,820,7 , ,950,6 ,
505,5 . o87x% 4+ 057243 4 o18642 . o354 4 1

505,62 , 4950,61 , ,820,60 , ,812,59 , ,177,58
2259557 4 530,56 , 848,55 , 974,54 , o349,53 , }
«255452 , 4261,51 , 898,50 , ,1004,49

(296548 , (636,47 , 715,46 , 4475.45

0287488 , 957,43 , (63,42 , 37,41 , 673,40 ,
«691,39 , 598,38 , 788,37 , ,188,36 ,

o31235 4 552,34 , 552,33 , 41,32 , 188,31
788,30 , 598,29 , 691,28 . 673,27 , ,37,26 ,
063525 4 957,24 , 247,23 , 475,22 , 715,21 ,
a

a

a

a

Fig. 2 shows the circuit used by ECC generator 14 to
generate the 67 ECC symbols ej by dividing a(x) by g{(x). Mathe-
matically, the code word a(x) is a polynomial with coefficients
ai and consists of the 67 ECC symbdls e; appended to the data
symbols, dj. Note that in the examples which follow, exactly
413 data symbols are chosen. Syndrome modifiers referenced
later are based on this choice of 413 data symbols. If a(x) is
considered to be a K-1 order polynomial in x with the symbols aj
as coefficients, then | '

Equation 4

alx) * VK = a1 14 agoox2 L.+ apxN-K+1,
agxM-K
The coefficients of the first K terms are dj, and the coeffi-
cients of the last N-K or 67 terms of the polynomial are zero
and will be replaced by ej. The ECC symbols are generated by
dividing a(x) * xN"X py g(x), as shown by the circuit of Fig. 2,
which amounts to dividing the incoming data stream d; by g(x},
as shown by the circuit of Fig. 2, which amounts to dividing the
incoming data stream dj by g{x). Circuit 14 includes 67 shift
registers, labeled E(0), E(1l) ... E(66), each of which is pref-
erably a 10 bit parallel shift register, with the number in
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parentheses being the power of x represented by that register.
The data stream of 413 data symbols is read into ECC generator
14 as the data symbols are being sent to disk 26 for storage.
The mode of generator 14 is then switched by blecking both the
data gate 42 and the feedback gate 44 to transfer ECC symbols
out of circuit 14 to be appended to the data symbols. Blocking
the feedback gate also clears the ECC generator for the next
sector's data. The & symbols, one of which is labeled 46 in
Fig. 2, indicate a parallel .XOR. or modulo-2 add function. The
X ai symbols, one of which is labe;ed 48, indicate a Galois
Field multiply by ai; which is equivalent to raising the expo-
nent of an input symbol by i, for example al x al = al*3, where
i+j is computed modulo 1023. All GF multiply operatlons are
modulo the primitive polynomial 210 + x3 + 1,

Multiplication on the Galois Field is defined as fol-
lows. If p and q are any two 10 bit symbols where each bit is

p0, Pl, ... P9 and g0, gl, ... g9, then the GF multiply function
is defined as:

Eguation 5 _
pX q= [(p9xd + poxB ... p0x9) (g9x? + p9x® ... qo9) 1,
. modulo 0+ x3 41
= x7{p9(g0 + q7) + p8(ql + gB8) + p7(g2 + q9) +
p6q3 '
+p5q4 + p4gS + p3q6 + p2q7 + plg8 + p0g9l
+
xs[p9(q6 + q9) + p8{(q0 + gq7) + p7(gl +g8) +
p6(qg2

+ g9) + p5q3 + p4qg4s + p3gS + p2gb6 + plqg?

p0q8l +
[ ...
The coefficients of the remaining terms (x’ to x%) are the nor-
mal products of the polynomials, modulo x10 + x3 + 1. Because
the elements of p and g are binary digits, coefficients of the
form pi{gj+gk) are equivalent to pi .AND. (qj .XOR. gx) and may
be calculated in hardware in the normal manner. Any product is

an .AND. and any addition in parentheses is a modulo-2 addition,
of .XOR.



provi de novel algorithnms for conputing the degree of the errorq®gatdrains BEEN
pol ynonmi al and its controf—over the Berl ekanp- Massey al gorithm sesrhetitt he

Reed- Sol onon error &6k i BLlRGLEQN can be inplenented in hardwar-e—n

real tinme. Additional) ' vantages of the invention will be set
forth in the descripﬁriﬂ Eﬂﬂ ws, and in part wll be obvious from

t he description, or y prac- tice of the invention. The

obj ects and advantages of the inven- tion ngg be realized and obt ai ned by
means of the instrunen- talities and conbinations particularly pointed out
in the appended cl ai ns.

Because the Reed-Solomon code is cyclic, a 67 symbol
"coset leader" is .XOR.'d with the 67 ECC symbols as they are
shifted out of circuit 14. The coset leader prevents the
decoding position of circuit 10 from misinterpreting and
accepting a sector that has improperly been shifted. A shift of
bits that have been .XOR.'d with the coset leader causes circuit
10 to interpret all data in that sector as containing >32
errors. During the data read operation, discussed hereinbelow,
the 67 ECC symbols as read from the disk sector are again
.XOR.'d with the same coset leader symbols, removing them from
the ECC symbols and having no effect on further calculations
unless the symbols were shifted, and then excessive errors will
be generated in accordance with the normal functioning of the
decoding circuit.

The coset leader is .XOR.'d to the ECC symbols in the
normal manner. The 67 coset leader symbols of the present
invention are selected ffom a code word of a Reed-Solomon code
that contains the Reed-Solomon code of the present invention as
a subset. As determined by experimentation, the code word from
which the coset leader is selected must have no more than 67
non-zero symbols. There is no known method for selecting an op-
timum coset leader, but the coset leader of the preferred
embodiment, shown in Table 1, will result in 33 or more errors
if the symbols of the code word are shifted by up to 100 bits.
Starting with the last symbol, the coset leader symbols in octal
are:



Rel ated Applications U.S. Patent Application No. 050, 725, coFﬁé§b6ﬁUFﬁ§BF%“
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TABLE 1
Symbol No. Value =  Symbol Value Symbol Value
0 404 23 324 46 1125
1 1245 24 1722 47 140
2 1026 25 1413 48 402
3 722 26 1002 49 1564
4 1347 - 27 11 50 1604
5 1147 28 1370 51 627
6 245 29 1526 52 776
7 1140 30 471 53 1275
8 457 31 1626 54 135
9 560 32 573 55 501
10 164 33 402 56 42
11 1407 34 1562 57 410
12 1647 35 743 58 1632
13 362 36 421 59 1313
14 326 37 1230 60 1223
15 401 38 55 61 531
16 567 39 1453 62 1745
17 314 40 233 63 1442
B 18 1532 41 257 64 777
19 1142 42 665 65 1632
20 707 43 1525 66 630
21 424 44 1415
22 665 &5 1301

After a varying amount of data storage time determined
by the disk user, code word y(x) is read from disk 26. Because
of possible errors in code word symbols, a(x) is now represented
by y(x). 1f there are no errors in y{(x), then a(x) = y(x). The
flo# chart of Fig. 3 shows the sequence of events performed by
the decoder portion of circuit 10 which includes syndrome
generating means, step 102; the means for calculating error lo-
cator polynomial NU(x), step 104, and error evaluator polymonial
W(x), step 106; and means for simultaneously calculating the
value of the error locator polynomial NU(x), steps 108, 110, and
112, and the value of the error evaluator polynomial W(x), step
114, and means for éorrecting erroneous symbols in code word



4a SUMMBRY OF | NVENTI ON According to the present invention, tABSSFET HAS BEEN
provi ded an apparatus _for_detecting and correcting errors in blnafyidﬁFg

synbols whi ch have been encoded u5|ng a Reed- Sol onon error corréection code
to produce Reed- Sol onorithisGliet tes ; ein each code word includes in it a
sel ected number of data m u apparat us conmprising: A buffer

c

nmeans for receiving at rd having the sel ected nunber of
data synbol s and relea5|ng ea reciéved data synbols after a
presel ected tine period; B. decoder means T or conputing, for each
recei ved code word, error

y(x) to error free symbols aj in real time as each root of NU(x)
and value of W(x) is calculated, steps 116, 118, 120 and 122.

On Fig. 3, N represents the code length in symbols and 1 repre-
sents the symbol number. -

Syndrome computer 16 of Fig. 1 generates syndromes Sji,
step 102 of Pig. 3, which are the coefficients of a polynomial
S(x). Fig. 4 shows the circuit used to compute S(x) simulta-
neously as the symbols of code word y(x) are read from a sector
of disk 26. The calculation being performed by the circuit of
Fig. 4 is:

Eguation 6
N-1
§j = L ¥; xa'l for -34 < j < 3¢
i=0

The calculation is performed by Galois Field multiplier means
consisting of an array of 10 bit wide registers, labeled S33 to
S-33, GF multipliers, adders, and .AND, gates, each of which is
an S computer. As in Fig. 2, x al symbols indicate a GF multi-
ply operation, and 0 symbols indicate a modulo-2 addition, or
.XOR. A mode switch occurs by deasserting feedback gate 150
after 479 symbols have been transferred into all 67 S computers,

. at which point all 67 .AND. gates, one of which is identified as
152, are blocked and the 480th symbol is simultaneously entered
into the 67 S computers. Blocking feedback gate 150 clears all
S computers in preparation for calculating syndromes for the
next sector.

In a second preferred embodiment a substantial reduc-
tion in hardware was achieved by making the Galois Field multi-
plier means of the syndrome computer of Fig. & operate on a half
symbol clock (70 ns.) even though it accepts input symbols at
half that rate. This allows a hardware savings because each
multiplier can be used twice in a full symbol period to generate
two partial syndromes, therefore only 34 of the 67 alpha multi-
pliers need be built. Each adjacent multiplier is related by a
simple function. As an example, a~32 can be derived by taking
a"33 and multiplying it by al (-33 + 1 = -32), Multiplying by

ol is equivalent to shifting once and XORing bit 9 with bit 2.



| ocati ons and error values by (i) determning an error |ocato

finding roots of said error |ocator equation, the roots correpspondicights®

[ THIG GEEETONS ABEEN

| ocations, and (ii) determ ni'ng associ ated error val ues*™and—€:

correcting means, responsive to the conputed error |ocations and error

val ues, for correcting each of the receggwed data synbols having an error
upon rel ease of the synbol fromthe buffer neans, the decoder neans being
further characterized as: including a plurality of Galois Field multiplier

means for repetit@iwdy ad0ipiyi sgmbogngl 8 Fs€0GE af € MY 0 saglis espinbed

S%ﬁ}i@i {e¥ 'y PUoiasBbdoid 8 §5675°d Y YN ! F'1 BS This
is a much simpler and smaller function to build than an a=32
multiplier. All even numbered alpha multipliers in the syndrome
computer are derived from the odd numbered alpha multipliers in
this matter. This same hardware reduction technique is also
used in the YI computer 20 of Fig. 1, and will be discussed™in’
- greater detail hereinbelow.

The 67 syndrome values Sj are next passed to the S'(K)
registers of amend syndrome circuit 200 of Fig. 5. Except for
syndrome value S33, syndrome values are input through multi-
plexers, one of which is identified by the numeral 204. This
releases the S calculator circuit of Fig. 4 to calculate
syndromes for the next code word to be read. Circuit 200 is
also part of syndrome generator 16 of Fig. 1. The amend
syndrome function shortens the code symbols of GF(210) from a
maximum of 1023 symbols to the 480 symbols used in the example
and stores the amend syndromes for the shortened code in the SY
registers, 210 of Fig. 5. Amend syndrome computation starts
with a broadside load of the 67 syndromes, S(K), into S'{(K) reg-
isters, labeled S'(-33) to $'(33). Simultaneously, register 202
is cleared and loaded with the value of q462, which is equal to
0001010101. Multiplexers connected to $'(K) registers to the

next higher S'(XK-1) register. The first multiplication to take
place in GF multiplier 206 is S(-33) x o%®2 which is then
shifted into shift register SY(0). Multiplexer 208 isolates the
at62 signal from registers 202 and aligns the GF x «%44 multi-
plier so that when syndrome S(-32) is shifted into register
§'(-33) it will be'multiplied by the contents of register 202
which is the GF product of 0?2 ang «°%%. Each amend syndrome
in register SY(K) is therefore the GF product of the syndrome
value from the S'(K) register multiplied by (a%62)(o54%)n-1,

The x a°%¢ function is the same GF multiplication defined by
Equation 5, but may be implemented by the following .XOR. opera-
tions, where Oj are the output bits of a 10 bit symbol, and Ij
are the input bits, . ' '

This Sheet
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a multiplexer (710,754 or 775) for passing a first input signal

during a first predetermned time interval and a second i[pur _SLgn
a second predetermined tine interval to obtain a first ouf ?i%i £é§

T

S

. . . . . r .
a first Galois Field nultiplier (722,758 or 779) for mult pIyi_S tﬁé’first
out put signal by a first predeterm ned value to produce a second out put

a first register (704, 750 or 771) coupled to provide the

i nput signal to

-17-
Table 2 S
Og = Ig 8 I1 0 I8 I3 8 Is5 & Ig This Sheet Has Been Replaced
il
07 =10 8 I; 0 I38 Igq @ Ig
Og = Ip & I2 8 I3 @ Ig
O =11 ® I7 & 17
Og =1p @ I7 @ Ig
03 =1Ip @ I & Ig
02 =190 1701286136146 1I581Ig6IgkIg
01 =Ig @ I3 012@1I361Ig49T1I581I78Ig
Op = Ip 0 I3 0 I2 9 I3 6 Ig 6 Ig @ I7

The a%62 ang o944 multipliers of circuit 200 are pro-
grammable in the circuit of the preferred embodiment and must be
changed if the code word length is altered from 480 symbols.

The means for generating the NU(x) error locator poly-
nomial is shown in Fig. 1 as circuit 18. Amend syndromes, SY(K)
are now used to compute NU(x) using the Berlekamp-Massey
algorithm, as modified by Weng, and using a data flow technique
as suggested by Riggle to increase processing speed, step 104 of
Fig. 3, and shown more completely as the flow chart of Fig. 6.

The flow chart of Fig. 6 shows the individual steps
performed during the calculation of NU(x). Fig. 6 is broken
down into sections by clock cycles or states, described in more
detail hereinbelow, to show operations performed simultaneously.
For the sake of clarity, quantities calculated in one section of
the chart are made available to other boxes in the chart, but
connecting lines are not shown.

The initial conditions for Fig. 6 are shown in step
252. The quantity D in step 252 is the integer value of the
code distance, N - K + 1 = 68, The quantity Y, calculated in
step 260, is defined to be 0 when DU=0. A state machine (not
shown) controls the process steps which are repeated 67 times.
Referring also to Fig. 7, during state 1, multiplexers (not
shown) connect 32 symbol wide GF multiplier 350 to 32 SY regis-
ters 210 (SY(1)-SY(32)) and 32 NU registers 352. The GF product
is performed as defined by Equation 5 on the NU and SY regis-
ters. This completes step 254 of Fig. 6. The product, X(1) of
Fig. 6, is shifted to not-shift registers (not shown), and is



the nultiplexer and to store the resulting second out put sigpat—duriTig-The
first predetern1ned time interval; 4. a second Galoi s Fieldﬂﬁﬁﬁfﬁ %ﬁBEml"
(726, 762 or’7837 for multiplying the second out put signal by a

mul tipl exer a esultlng third output signal during the second
predetern1ned wherein sai d decoder means conbi nes at

predeterm ned tine the contents of setk&ted ones of said first and second
regi sters and uses the conbinations in determning the error |ocations and

associ aLod) SLIPE SR14®% tree fashion with S¥(0) by the *T function 354

of Fig. 7 until a single bit symbol, DU, appears to 10 bit bus
356. This completes step 256 of Fig. 6. The +T function is the
concatenated .XOR. sum of all inputs. If there are n inputs Ij,
then the output 0 = Ig & I ... & In. For maximum speed the
.XOR.'s are treed as shown below.

Table 3

predetermn Rglggyce a third output signal; and 5. a second
register (7 m oupl ed to provide the second I nput signal to the

Ip I3 I I3 Ig Is Ig 17 .

During state 1, the single 10 bit symbol is clocked
into DU registers 358 and -is clocked to the output stage of reg-
isters 358 during state 2. Simultaneously, as shown in step
258 of Fig. 6, the counting register 360 of Fig. 7 containing
counter variable LLMR is decremented by 1 and tested for a con-
dition of being less than 0. If less than 0, gate 362 is
enabled. As shown in step 260 of Fig. 6, during state 2 the
value of DU in shift register 358 of Fig. 7, is shifted to the
output and is used to (1) compute a new value of Y and an inver-
sion process 364 of Fig. 7 described hereinbelow, (2) compute a
new value of Q = DU & P, step 262 of Fig. 6 performed by GF mul-
tipler 366 of Fig. 7, and (3) test for DU = 0, logic test 368 of
Fig. 7 and step 264 of Fig. 6. 1If DU = 0 and LLMR < 0 then EN
is set as a flag via gate 362. Inversion operation 364 is per-
formed according to a procedure developed by Lih~Jyh Weng, and
is shown in Fig. 8. |

The GF inverse circuit 364 of Fig. 7 is shown in more
detail in Fig. 9. The circuit of Fig. 9 computes the inverse



4c -13. According to a further aspect of the invention, therg:dsurovigiesin
met hod for detecting and correcting errors in binary data slynbolzgsiadsnch
have been encoded usi ng a Reed- Sol onon error correction cod
Reed- Sol onon code words, wherein each code word includes in it a selected

nunber of data synbols, said nethod conprising the steps of: A recei ving
at | east one code word having the sel ected nunber nunber of data synbols
and hol di ng each of the received data -19-

N of an input symbol a® by raising the input symbol to 32
power and multiplying it by the input symbol lowered to the -33
power. The result of a32M xa~33R is a™®, To accomplish this a
10 bit symbol am is input to an a3 .XOR. network 400, with

bitinputs I and bit outputs Oj as shown below: ~
Table ¢
0g = Ip @ I3 & Iq 8 Ig
Og = I; 81 @ Is & Ig @ I7 @ Ig @& Ig
07 = I3
Og = 12 @& I3 @ Is
Os = I3 & I3 & I4 & Ig & I7 @ Ig
04 = I & I @& I7 @& Ig
03 = I @ Ig @ I7 6 Ig @ 1Ig
02 = I7 & I @& I3 @& Ig4 & Ig @ Ig
01 = I & I4 & 1g 6 I7 & Ig @ Ig
op = Ilp & I @& I3 & Igq4 @& 1I7

BEach & represents an .XOR. The value o320 g multiplied by o
to get a 33“. Because a33“ are elements of a subfield, GF(25),
of GF(ZIO), there are only 31 possible non-zero values for any
a33n,  ysing a selected 5 of the 10 bits available (Ig, I1, I2,
I3, Ig), it is possible to construct a logic network as defined
by Table 5 below which outputs the 31 inverses of a330 (i.e.,
all a~33n) 0o; are the output bits of a a~337 network that are
combusted from the input bits Ij. The input bits are the 10
bits of the symbol a33" and the output bits are the 10 bits of
the symbol o33P and the output bits are the 10 bits of the sym-
bol a~33n,

This Sheet Has Been Reﬂlaced



synbols in a buffer for a preselected tinme period; B.. cdrp siaTiols sERQN
recei ved code word error locations and error values by (i) det epiaDEDg an
error {ocator equation and finding roots of the error | ocator—eguati-oR——ii
roots corresponding to error |locations, and (ii) determ ning associ ated
error val ues; C rel easi ng each of the received data synbols fromthe
buffer after the preselected tine period; and D. correcting, in response
to the conputed error |ocations and associa% d error val ues, each of the
recei ved data synbols having an error when fhe synbol is released fromthe
buffer, wherein said conputing step is further characterized by

repetitivel ypgahgig Field

D

0g = 23+25+26+27+29+2]10+2]11+2]12+213
+216+2)19+220+225+227+228+23¢

0g = 23+25+2g+2g+210+214+215+216+218 ~
+219+220+221+222+225+228+229

07 =0

O = Zg+Zg+Z7+29+21]1+215+216+Z17+219
' +220+221+222+223+226+229+230

05 = Z1+Z3+27+2g+29+2]11+212+213+214
+215+218+221+222+227+228+23¢

04 = 2)+Z3+Z4+Zg+28+212+213+214+216
+217+218+219+220+223+226+227

03 = 22+Z5+2+211+213+214+216+218+222
+223+224+226+227+228+229+230

02 = 21+22+23+24+Z5+2g+2]11+212+217
+219+220+222+224+228+2Z29+23(

01 = Z1+Z2+27+29+210+212+214+218+2Z19
+220+222+223+Z24+225+225+229 lﬂﬂ“

fin

Zo=1911121315 23=I911121315 Zp=1gl1I2I3Ig5 23=IpT1I2I315

0p = 20+21+23+25+Z9+210+211+213+Z14
+225+2)6+217+220+223+224+229

24=T0T1121315 Z5=TqI1T1213T5 2g=TgI112T3I5 27=10I1121315
2g=1011T121315 29=IgoI1I2I315 210=I911127315 2131=10I11121315
212=T011121I315 215=1011121315 214=1911121315 235=10T1121315
216=1011T21315 217=1911721315 238=1011121315 Z39="™IgI1I2T315

220=1071121315 Z23=1011121315 232=19I11T2T315 223="™IgT1121I315

This Sheet Has Been Replaced



mul t.i plyi ng,

perform ng the steps of -- 4d 1. passing in a nultipl ekBHSSEHEET HAS BEEN

i nput si gnal

signal during a second predetermined tinme internval to obtarfia-firTst
out put signal;

out put si gnal
si gnal ;

by [err], signals associated with said recei veg—ecote—~words—hy

during a first predetermined time interval and|a scRREhMCEMpuUt

2. multiplying in a Galois Field nultiplier the first
by a first predeterm ned value to produce a second out put

-21~

Z24=T011T21315 225=T0T11213T5 Z26=IgT1121315 227=TgT11213T5
Z28=IpI112I31sg 229=101112I315 230=IgI1I2T3Is

The f1nal operation to invert a" is to multiply a32R by a §3n to
yield o™ according to equation 5, presented earlier. 1

If EN is set, during state 3 LLMR has its sign bit comple-
mented, step 268 of Fig. 6, NR input contents are replaced by NU
contents, step 270, and the value of P is replaced by the value

~of Y. If EN is not set, then NR is shifted upwards (towards

k HIIIIlHIIIlIlIIl

higher order terms). Also during state 3, NU input contents are
replaced with the NU 6utputs .XOR.'d with NR £ 0Q, step 274 of
Fig. 6, and SY registers are shifted upwards, step 266. When
this has been completed, one of 67 loops has been completed as
counted by R in step 276 of Fig. 6. During the 67th loop, the
SY register shift is omitted to prepare. for the W(x) computa-
tion. A test of LLMR is made durxng each loop to assure that
LLMR is < 0. 1If it is not, then there are more than 32 = T
errors in the code word and the sector is not correctable.

After all 67 steps have been performed, the final NU(I) are
coefficients of the error locator polyncm1al NU({x) for 0 < I <
(T+1), and NU(0)=1.

Circuit 448 of Fig. 10 includes means for calculating error
evaluator polynomial W(x). As embodied herein, the means for
computing the values of error evaluator polynomial W(x) com-
prises w registers 450, amend syndroime 54 registers 210, error
located polynomial NV registers 352, multiplier 350, and treed
adder 354 which executes the procedure shown in Fig. 3,
including, specifically step 106. For simplicity, the calcula-
tion is shown in step 106 ia an inverse form. The coefficients
of W'(x) are the coefficients of W(x) only in reverse order.

To illustrate: T

Equation 7 This Sheet Has Beenllleﬂlaoed

p(x) = po + P1X + pzx2 + ...pkX

then p'(x) = px + Pk-1X + pk-zx2 + ...poxk :
The same is true for S' (x) and NU' (x). The mode of the NU(x)
computer changes to a W(x) computer mode, shown in Fig. 10.
Multiplexers (not shown) are set to connect NU registers 352 and



3.. .storing in a_iLLgL,register -thre second out put signal durli

"predetermned tine |nterval gui tiplying in a Galois Fh@é@HEHﬂHA$BE@w
t he second out put %hi nd. predetermn ned val ue to proREPCACED t hi r
out put signal; 5. Mecond register the third m't pe—stgrat
during the second pr me interval; 6. coupling the stored

second out put signal to- the mul ti pl exer durlng the first predetermned tine
interval; 7. coupling the stored third ?Htput signal to the nultiplexer
during the second predeterm ned tine intefval; and 8. mani pul ati ng at
predeterm ned tines the contents of sel ected ones

SY registers 210 to GF multiple 350 and tree'd .XOR. function
354 throughout computation of W(x). Ten bit bus 356 is con-
nected to register W(3l) of W(I) shift registers 450.

Starting with a new state 1, the products of SY and NU are
multiplied by GF multiplier 350 and are tree .XOR.‘'d by device
354, the operation of which have both been described herein-
above. A single 10 bit symbol is input to register W(31l) from
bus 356. During state 2, the contents of all W(I) registers are
input to all W(I-1l) registers via 32 ten bit symbol busses 452
(downshifting the W values) and all SY(I) values are shifted to
SY(1+1) (upshifting the SY(I) values). States 1 and 2 are re-
peated until 32 cycles have been completed. The contents of
W(I) registers 450 contain the coefficients of error evaluator
polynomial W(x) and the NU(I) registers 352 contain the coeffi-
cients of the error locator polynomial NU(x). NU(I) and W(I)
values are then transferred to the next functions, steps 108,
110, 112, and 114 of Fig. 3. Registers 210, 352, and 450 are
clearly in preparation for computing NU(x) and W(x) for the next
code word. |

The circuits of Fig. 13 provide .the means for simulta-
neously solving the error locator polynomial NU(x), for
obtaining the corresponding error value from NU(x) and W(x), and
for correcting erroneous symbols in code word y(x) to error free
symbols aj as each symbol is shifted out of buffer 22 of Fig. 1,
which includes the steps of (1) solving each term of NU(x), sum-
ming the odd and even power terms into NUgdd(x) and NUgyen(x)
respectively, step 108 of Fig. 3; (2) simultaneously evaluating
W(x), and (3) correcting errors in y(x) as indicated by the
error locations and error values derived from the calculated
values of NUggg(x) and W(x). In order to generate a correction
symbol, or correction vector YI, which is non-zero coefficient
of p(x) for a given code word symbol, the error value computa-
tion circuit 20 of Fig. 1 evaluates the 32 symbol values of
NU(x) plus the lowest order coefficient of NU(x) which is always
1, and the 32 symbol values of W(x) for each code word symbol
within the sector in real time at the same time as the corre-
spondihg symbol is shifted out of buffer 22 of Fig. 1. The
results of these evaluations are then manipulated to generate
the actual correction polynomial pl(x).
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To determine error locations, the usual practice is to use
a Chien search, where all possible legitimate values of x are
tested to find the roots of NU(x). Based on those roots, the
erroneous symbols are identified, W(x) evaluated, and y(x) later
corrected. However, the standard technique requires more"
latency than the present invention. To provide the advantage of
low latency, the Chien search is modified to permit simultaneous
evaluation of W(x), data flow is pipelined, and erroneous sym-
bols are identified and corrected in real time as they exit
buffer 22 of Fig. 1 on their way to data processing bus 28.

This requires a Chien search as modified by the present inven-
tion to compute the value of NU(x) and W(x) as each symbol exits
buffer 22, whereupon a decision is made as to whether the symbol
is incorrect. If incorrect, the non-zero coefficient in p(x),
computed from NU{x) and W(x), amends the erroneous symbol in
.XOR. circuit 24.

Circuit 480 of Fig. 11, consisting of a plurality of Galois
Field multiplier means, each containing a 10 bit shift register
and a Galois Field multiplier network, evaluates NU (el) as each
code symbol is timed to exit buffer 22 of Fig. 1, where i is the
number of the symbol exiting buffer 22 of Fig. 1. During each

- clock cycle, the contents of each NU register NUj; to NU32 is
multiplied by the GF mult1pl1er connected to the register,
thereby testxng for a root al of NU for each clock cycle. The
contents of each NU register of circuit 480 is multiplied by its
corresponding GF multiplier once for each corresponding data
symbol. Values of NU for the even powers of x and values of NU
for the odd powers of x are summed separately and are referred
to as NUayen and NUpdd. This completes steps 110 and 112 of
Fig. 3. NUggg is required for subsequent error value calcula-
tions. At the same time as the NU(x) calculations, W(x) is also
being evaluated by circuit 500 of Fig. 12 once for each symbol
exiting buffer 22, In particular, circuit 500 of Fig. 12 com-
putes W (a¢l) x o34l for each symbol, corresponding to step 116
of Fig. 3.

Looking to Fig. 13, circuit ¢80 is the same circuit as
shown in Fig. 11, and circuit 500 is the same circuit as shown
in Fig. 12. Summer 520 computes NU(x) as the sum of NUggq and
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showi ng the over- all structure of an integrated circuit mhlé%“% BE
a pre-.ferred enbodi nent of the present invention; Fig. 2 is ectr|cal
schemati c di agram showi ng the maj or steps perforned by the GEnerator of

the circuit of Fig. 1; Fig. 3 is a flow chart of the decodi ng process per-

formed by the syndrone conputer, the error | ocator NUX) and error
eval uator Wx) conputer, and the factor NUzd, eval uate
NUegven- If NU(x) = 1 then the jth symbol of the code word

exiting buffer 22 is in error, and gate 522 enables one input of

gates 528 and 530, corresponding to step 120 of Fig. 3.

At the

same time, and regardless of whether the jth symbol is correct

or not, divider circuit 524 computes the correct value,~or.- cor-
rection vector of the itP' code word symbol. This is shown as YI
in step 116 of Fig. 3 and will be discussed in more detail
hereinbelow. Also at the same time, logic gate 526 checks for
NUoad = 0. 1If it is zero and NUgyen = 1, then gate 528 sets a
system flag indicating to data processing system 28 of Fig. 1

that the decoded output of circuit 10 is erroneous.

The dispo-

sition of the erroneous data is let up to the data processing
system. Also, if NUggg = 0, correction vector YI will not be
gated to .XOR. circuit 24 because gate 530 of Fig. 13 will be

locked open. This corresponds to step 118 of Fig. 3.

An error

location found while NUogdd = 0 indicates a malfunction of the

decoding process.

Divider circuit 524 of Fig. 13, shown in greater detail in
Fig. 14, operates in a similar manner to the GF inverse circuit
of Fig. 9 except that a second input and third multiplier have
been added. Divider 524 calculates the correction vector YI,

step 116 of Fig. 3, by dividing Z from step 114, which is repre-

sented by symbol o™ of Fig. 14, by NUoggq, which is represented
by symbol am of Fig. 14. The resulting correction vector is

therefore: o '
"Equation 8 ' is Sheet Has Been Replaced
- e @ IIIIlIﬂIIIIlIII!IIIHi

This completes step 116 of Fig. 3.

Circuit 24 of Fig. 1 amends erroneous code word symbols by

.XOR.ing the data stream from buffer 22 with the

correction

vectors, step 122 of Fig. 3. When a symbol is not in error,
gate 530 of Fig. 13 is open and the correction vector is zero,
therefore .XOR. circuit 24 leaves the data symbol unchanged.

The buffer data stream must be synchronized with the computation
of error values so that the correction vectors match the correct
data symbols.
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Buffer circuit 22 of Fig. 1 is a large first-in-first-out
storage unit for data read from disk data port 26 and provides
data to amend circuit 24 approximately 2 sector times following
data entry to the buffer. In the preferred embodiment the input
symbols are latched into a shift register once for each symbol
read time, generating a 30 bit word., Each group of 3 symbols
shifted in is written to a holding register, then later trans-
ferred into the buffer where the group remains until the end of
the two sector delay time, whereupon the group of 3 symbols is
received by a read shift register and sent to the data amend
function 24 of Fig. 1, one symbol at a time.

The final function performed by the decoding circuitry is
conversion of the amended 10 bit symbols into 16 bit data words
and EDC words by converter 27 of Fig. 1. Bits 0-9 of the first
data word are bits 0-9 of the first symbol., Bits 10-15 of the
second data word are bits 0-5 of the second symbol. Conversion
continues for all data words so that bits 0-7 of symbol 413 are
bits 8-15 of the last data word, and bits 8 and 9 of the 413th
symbol are discarded.

In describing the operation of circuit 10 of Fig. 1, refer-
ence is made to Fig. 15 which shows the time allocations for
major data shifts and computations performed by the encoding and
decoding circuits. The data flow between sections of circuit 10
is unidirectional, that is, there is no handshaking. Each sec-
tion is ready to accept new data when the previous section is
ready to supply it. The chip manipulates data in a synchronous
manner, having one single clock source. The cycle time of the
clock in the preferred embodiment is nominally 70 ns which is
half-symbol time. A full symbol time in the preferred embodi-
ment is 140 ns.

Decoding commences with data symbols being read from the
data storage device 26 into buffer 22 and syndrome computer 16
of Fig. 1, time slots 600 and 602 of Fig. 15, respectively. ECC
symbols at time slot 604 are also read into syndrome computer
16. Buffer 22 holds data read during time slot 600 for approxi-
mately two sector times and does not release the data until time
slot 606. As data in time slot 602 are being read into syndrome
computer 16 of Fig. 1, the syndrome computer begins processing
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data during time slot 608. Following syndrome and amend
syndrome computation, error evaluator polynomial W and error lo-
cator polynomial NU are computed during time slots 610 and 612
and are used to calculate correction vectors YI at time slow 614
as data symbols are being released from buffer 22 in time slow
606.

After the syndrome computation during time slot 608 is com-
plete, syndrome computer 16 is now ready to begin computations
on the next code word at time slow 616, with syndromes for these
data being computed during time slow 618, and error evaluator
and error locator polynomials being computed during time slots
620 and 622 respectively. Correction vectors during time slot
624 are calculated for the data of time slot 616 as they are re-
leased from buffer 22 during time slot 626.

This timing diagram clearly shows the pipelining made pos-
sible by the improved algorithms and circuits of the present
invention.

In a secdnd_preferred embodiment, a savings is made in
hardware in the exclusive OR (,.XOR.) networks used to implement
the GF xal multiplications shown in Fig. 4 for the syndrome com-
puter, Fig. 12 or Fig. 13 for the error evaluator polynomial
W(x) computer, and Fig. 11 or Fig. 13 for the NUgdqd and NUeyen
computers. To implement the zal multipliers of the present
invention, it is necessary to build an .XOR. network, such as
the a~33 multiplier shown in Fig. 16, The @ symbols are .XOR.
gates. The input is a 10 bit symbol [SYMBOL A] and the output
is a 10 bit symbol [SYMBOL A] xa~ 33,

The size of this kind of .XOR. network is large, requiring
59 .XOR. gates for the o33 multiplier of Fig. 16, and 60 .XOR.
gates for the a"32 multiplier of Fig. 17. These large .XOR.
networks are complex to implement at the VLSI level, therefore,
it is difficult to build many of them in a small silicon inte-
grated circuit. The second preferred embodiment of the present
invention provides an improved Galois Field multiplier means
which reduces the number and complexity of these GF multiplier
circuits. .

On the Galois Field, al xal = ai+j. For example, 0'32 may
be generated by multiplying a~33 by al., a given a multiplier



.i'n the flowchart of Fig. 6; Fig. 9 is an electrical schematic diagramof a
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7; Fig. 10 is an%&hs&ﬁj,s%‘gnﬁchenatic di agram of the cir- té&%ﬁém
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syribol of the code word, nanely steps 1687-110, and 112 of Fig. 3;

may therefore be constructed from products of simpler multipli-
ers. The circuit of Fig. 18 shows an at multiplier circuit, or
Shift-1 circuit, which uses one .XOR. gate to perform a modulo-2
addition (bit 9 .XOR. bit 2) to generate the output bit 3 and
also uses some cross-connected input and output lines to trans-
pose bits to provide the desired output. The circuit of~Fi§. 19
shows an a2 multiplier circuit, or Shift-2 circuit, consisting
of two .XOR. gates and cross-connected inputs and outputs to
produce the desired output. The circuits of Fig. 20a and 20b
show how the product of a complex a multiplier, a"33 or a3°, and
a simple multiplier, ol or cz, can produce an output that ordi-
narily would require two complex multipliers, thereby con-
siderably reducing circuit complexity. In Fig. 20a, an a~33 ana

an 01

multiplier produce an output consisting of the input sym-
bol [SYMBOL A] times a~33 and also times a~32 for a net savings
of 59 .XOR. gates, or one a=32 multiplier network. Similarly,
as shown in Fig. 20b, the values of [SYMBOL B]Xa3° and [SYMBOL
B] xa32 are generated using a a30 multiplier and a Shift-2 cir-
cuit, thereby eliminating an a3?
The application of this technique to the GF multiplier

means for the present invention eliminates almost half of the
complex .XOR. networks required by the syndrome computer and
error location and error evaluator computers. Fig. 21 shows the
syndrome computer of Fig. 4 configured to according to the sec-
ond preferred embodiment to explcit the technique of reducing
the complexity of the GF multipliers. To simplify the drawings)
only the S(-30) to S(-33) registers and related GF multiplier
and multipliers (MUXes) are shown and described; the rest being
repetitive. The function of the syndrome computers has already
been described hereinabove. Only the application of the GF mul-
tiplier means hardware reduction techniques to the syndrome com-

multiplier.

puter will now be discussed.

Syndrome computer 16 of Fig. 1 processes one symbol through
the syndrome compute circuit of fig. 4 or Fig. 21 approximately
every 140 ns (a full symbol clock) in both preferred embodi-
ments. In the second preferred embodiment of the syndrome com-
puter circuit as shown in Fig, 21, the syndrome compute circuit
consists of a plurality of Galois Field multiplier means each



Fig. 12 is an elecTTTCHT'SChéﬁBtiC di agram of the cir- cui
the .val ue-of the efrQL. ﬁ@g%ﬁf%gugggggﬂ

H&' kgl ynomal Wx) in real ti
synbol of the code tep 114 of Fig. 3; Fig. 13 is_an
el ectrical schenatl he cir- cuit that conputes the error

| ocati ons and corre of cede word synbols in real tine,
conprising the circuits of Flgs. 11 and 12, and al so including steps 116,
118, and 120 of Fig. 3. Fig. 14 is an electrical schematic diagram of the
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2-to-1 multiplexer, a hold register, a complex GF multiplier
.XOR. network, and a simple Shift-l multiplexer.

Before syndrome computer 16 begins doing calculations, all
S registers, 702, 704, 706, and 708 of Fig. 21, are cleared by a
signal on reset line 738. During the first half symbol clock or
approximately 70 ns, the 2-to-1 multiplexers (2-to-1 MUXes) 710
and 712 are enabled to allow the contents in the odd numbered S
registers, S(-33), S(-31), etc. to modulo-2 add their contents
by GF addition in adders 714 and 716 to the 10 bit data symbols
from disk 26 of Fig. 1. The resulting sums are stored in hold
registers 718 and 720. The contents of the hold registers are
next multiplied by the GF multipliers, a3l and ¢33, 722 and
724, and the resulting product is loaded into S(-31) and S(-33)
registers 704 and 708. The contents of S(-31) register 704 are
{{previous S(-31) register contents) + (data symbol from disk
26)] x u*31, and the contents of S(-33) register 708 are:
[{previous §{-33) register contents) + (data symbol from disk
26)1 xa~33, ]

In the next half symbol clock of approximately 70 ns, the
2-to-1 MUXes 710 and 714 are enabled to select the contents in
the even numbered S registers 702 and 706, only two of which are
shown in Fig. 21, and add the contents of the even numbered S
registers to the same ten-bit symbol present on the data-in bus
from disk 26 in adders 714 and 716. The result is stored in
hold registers 718 and 720. The contents in the hold registers
718 and 720 are again multiplied by the GF multipliers, a~3} and
a"33, 722 and 724 respectively of Fig. 21, the output values are
next multiplied by the Shift-1 circuits 726 and 728, and the
results are stored in registers 702 and 706. The contents of
S{(-30) register 702 are [(previous S(-30) register contents +
(data symbol from disk 26)] xa 30 and the contents of S(-32)
register 706 are [(previous S{-32) register contents) + (data
symbol from disk)] xa~32, This add and multiply calculation is
repeated for the next ten-bit data symbol retrieved from the
disk.

In the first preferred embodiment of the syndrome computer,
an output value of S is provided from the output of each adder
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associated with each S register as shown in Fig. 4. In the sec-
ond preferred embodiment, one output line, for example 730 of
Fig., 21, provides the output for two S registers, 706, 708. One
value of S is output every half symbol clock to multiplexer 732
which directs the symbol to its respective S' register~of 'Fig. 5

" via lines 734 and 736.

Figs. 22a and 22b show the error locator polynomial NU(x)
computer circuit 480 of Fig. 11 or Fig. 13 for computing NUodd
and NUeyen configured to according to the second preferred
embodiment to exploit the technique of reducing the complexity
of the GF multipliers. Figs. 22a and 22b show only small por-
tions of the computers to illustrate the implementation of the
technique. The circuits of Figs. 22a and 22b perform the same
functions as the equivalent circuits 480 of Fig. 1l or Fig. 13
in the first preferred embodiment, therefore the function of

- these circuits will not be discussed further. Only the applica-

tion of the GF multiplier hardware reduction techniques to the
error locator computer will not be discussed.

In the second preferred embodiment as shown in Figs. 22a
and 22b, the NUgyen and NUpgq computer consists of a plurality
of Galois Field multiplier means, each comprising two 10-bit
shift registers coupled to a hold register by a 2-to-1 multi-
plexer, a complex GF multiplier .XOR. network, and a simple
Shift-2 multiplier for repetitively multiplying the contents of
the shift registers by a value of_ai. Before the NU calculators
start doing calculations, a set of ten-bit symbol values are
loaded into all NU even numbered registers 750, 752 (only a rep-
resentative two of which are labeled) and all NU odd numbered
registers 771, 773 (only a representative two of which are la-
beled) from bus 456 connection now shown). During the first
half symbol clock of approximately 70ns the 2-to-1 MUXes 754,
775 are enabled to copy the contents of the NU(30) and NU(29)
registers, 750, 771 respectively, into the hold registers 756,
777. The contents of hold registers 756, 777 are then
multiplied by a30 and a?% GF multipliers 758, 779. The outputs
of GF multipliers 758, 779 are loaded back into the correspond-
ing NU(30) and NU(29) registers, 750, 771. The contents of
NU(30) register 750 is now equal to [previous NU(30) register
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contents] a30 and the contents of NU{29) register 771 is {previ-
ous NU(29) register contents]Xa?9.

During the next half symbol clock the 2-to-1 MUXes 754, 775
are enabled to copy the contents in the NU(32) and NU(31l) regis-
ters 752, 773 into their respective hold registers 756, .777.

The contents of the hold registers are next multiplied by the
same GF a3° and a2? multipliers, 758, 779. The output values of
the GF multipliers 758, 779 are loaded back into the correspond-
ing NU(32) and NU(31) registers 752, 773 after being multiplied
by a2 in the respective Shift-2 circuits 762, 783. Now the con-
tents of NU(32) register 752 is equal to [previous NU(32) regis-
ter contents] xa3l. This process is again repeated in the next

- symbol clock.

Fig. 23 shows the error evaluator polynomial W(x) computer
circuit 500 of Fig. 12 or Fig. 13, configured to according to
the second preferred embodiment to exploit the technique of re-
ducing the complexity of the GF multipliers. Fig. 23 shows only
a small portion of the computer to illustrate the implementation
of the technique. The circuit of Fig. 23 performs the same
functions as the equivalent circuit 500 of Fig. 12 or Fig., 13 in
the first preferred embodiment, therefore, the function of this
circuit will not be discussed further. Only the application of
the GF multiplier hardware reduction techniques to the error
evaluator computer will now be discussed.

Error evaluator circuit 800 consists of a plurality of
Galois Field multiplier means, of the same form as the NUpgq and
NUgven circuits of Figs. 22a and 22b, for repetitively multi-
plying the contents of the NU registers by ai, and functions in
a similar manner. Even values of W() are calculated and stored
in the even W registers during one half symbol clock and odd
values are calculated and stored in the odd W registers during
the next half symbol clock. Only even numbered a multipliers
are provided; the odd o multipliers are provided by the Shift-1l
circuit. |

Because only half of the W values are calculated and summed
in treed adder 802 during each half symbol clock, accumulator
804 stores and adds the even and odd outputs of adder 802 to
provide the full value of W() for computation of the correction
vector as shown on Fig. 13.
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By applying the technique of the second preferred embodi-
ment to the syndrome computer, only 34 complex GF multiplier
.XOR. networks are required rather than the 67 required to im-
plement the algorithm in hardware in the first preferred embodi-
ment. Likewise, this technigue reduces the need for .XOR.:net-
works in the NUgyen. NUodd. and W computers from 64 to 32.

Additional advantages and modifications will readily occur
to those skilled in the art. The invention it its broader
aspects is, therefore, not limited to the specific details, rep-
resentative apparatus and illustrative examples shown and
described. Accordingly, departures may be made from such
details without departing from the Spir+ Gf scope of appli-
cants' general inventive concept ' )



preferyed enbodi nent of the error eval uator pol ynom al of
Fi,g. 12 using the Shift-T Circuit of Fig. 18; DESCRI PTI IOFSHEEE" =D
ENBODI MENT Ref @668 il Bden RMcEe Made in detail to the preseRtfFEferre

empodi ment of t ; illustrated in the acconpanying draw ngs.
The present pre MHFE ;!m»ﬂg
correcting circ ;

nt of the Reed-Sol onon error. detecting-and

1 bl ock diagramformin Figure 1 and i '
represented generally by the nuneral 10.-~32s enbodi ed hermmum:u‘m@!“«“
* C *

accepts binary data fromdata bus 28 of a data processin

shown) and converts those
WHAT IS CLAIMED IS:

1. A circuit for detecting and correcting errors in
binary data symbols d; that have passed through an error
inducing medium, comprising:

a. encoder means for encoding said data symbols inte a
plurality of Reed-Solomon first code words a(x) and sending said
first code words to said error inducing medium;

b. buffer means for receiving from said error inducing
medium a plurality of retrieved code words y{(x) equal to said
first code words in which errors have been induced and for hold-
ing each of said retrieved code words for no longer than the
time needed to compute error locations and values;

c. decoder means for computing from said retrieved code
words a plurality of error locations and correction vectors in
real time with each data symbol of said retrieved code words as
each symbol exits from said buffer means; and

d. correcting means responsive to said error locations
and correction vectors for correcting erroneous data symbols in
said retrieved code words as they are released from said buffer
means.

2. The circuit of claim 1 wherein said encoder means
encodes K of said data symbols into a plurality of symmetrical
Reed-Solomon first code words consisting of N symbols over the
Galois Field GF(2™) generated by a primitive polynomial of x and
said first code words are generated by dividing a polynomial in
x with coefficients dj by a generator polynomial g(x) character-
ized by: )

th
g{x) == (x + al)
i==-n
to create N-K error Correction Code symbols ej.

3. The circuit of claim 2 wherein said first code word
a{x) is a polynomial in x with N coefficients aj where the first
aj equal dj and the last N-K a; and K is less than N,

4. The circuit of claim 1 wherein said decoder means in-
cludes:

_ a. means for computing N-K syndromes S; for each of
said retrieved code words as said retrieved code words are
received from said error inducing medium;
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b. means for simultaneously computing the values of
an error locator polynomial NU(x) and an error evaluator poly-
nomial W(x)* x3% in real time for each symbol of said retrieved
code word as said retrieved code word is released from said
buffer means where: ' -

NU(x)S(x) = W(x) modulo x
and S(x) is a polynomial in x with coefficients §; and t is the
error correcting capability of said Reed-Solomon Code;

C. means for calculating a correétion vector YI for
each symbol of said retrieved code word as said retrieved code
wvord is released from said buffer means where:

vi = wial) x o341 .

(NUodd (al)
and where al is an element of GF(2™) and NUodd (a!) is the sum
of the odd power terms of NU{(x) calculated at al,

5. The circuit of claims 3 or 4 whereinm = 10, n = 33,
said primitive polynomial is x10 + 3 + 1, N is less than 2M,
and N-K is 67, thereby providing for the correction of 32
ten-bit symbols of y(x).

6. The circuit of claim 1 wherein the preselected number
of said retrieved code words is two.

7. The circuit of claim 2 wherein said enéoder means fur-
ther includes means to exclusive "or" a coset leader to 67 sym-
bols with said Error Correction Code symbols ej, and said
decoder means further includes means to exclusive "or" said
coset leader with said retrieved code word.

8. A method for detecting said correcting errors in
binary data symbols di that have passed through an error
inducing medium, comprising:

a. encoding said data symbols into a plurality of
Reed-Solomon first code words a{x) and sending said first code
words to said error inducing medium;

_ b. receiving from said error inducing medium a plu-
rality of retrieved code words y(x) equal to said first code
words in which errors have been induced and holding each of said
retrieved code words for no longer than the time needed to com-
pute error locatins and values;

t




-8 -.generator 14 generates N-K ECC synbols e[err], where ipr=0—to K-
fusrng a gener at or-_pol.ynom al_g(x) having roots [err] -34 < (hﬂ3§ﬂtEMhe$§EH“
[err] is a prlnrtlve el enent of the Galois Field G-(2[err]); [erﬁ?‘ACED
represents the le Wﬁﬁaﬁﬁmmw\ord and is an int eger < Z2[®Fr]. The N—K

ECC synbol s ei are | tiplexer 15 to the K data synbols di

create an N synbol N, K} code word a(x), c
synbols a[err], which s store on data stoypge disk 26 lﬁmymlmmg‘ “II s
al so provided for each code word which provides separatien oetwean @o

wor ds, and other storage functions, and is not described in detail. Storage

c. computing from said retrieved code words a plu-
rality of error locations and corrections vectors in real time
with each data symbol of said retrieved code word as it is re-
leased from said step of holding; and

d. correcting said erroneous data symbols in said
retrieved code word by said correction vectors at the computed
locations.

9. The method of claim 8 wherein the step of encoding in-
cludes encoding K of said data symbols into a plurality of sym-
metrical Reed-Solomon first code words consisting of N symbols
over the Galois Field GF (2™) generated by a primitive poly-
nomial of x and said first code words are generated by dividing
a polynomial in x with coefficients of di by a generator poly-
nomial g(x) characterized by:

tn
gi{x) == (x + ai)
i=-n
to create N-K Error Correction Code symbols ej.

10. The method of claim 9 wherein said first code word
a(x) is a polynomial in x with N coefficients aj where the first
aj equal d;j and the last N-K aj equal ej and K is less than N.

11. The method of claim 8 wherein said step of computing
includes:

a. computing N~K syndromes Sj for each of said re-
trieved code words as said retrieved code words are retrieved
from said error inducing medium;

b. simultaneously computing the values of an error
locator polynomial NU(x) and an error evaluator polynomial
W(x)* x3% in real time for each data symbol of said retrieved
code word as said code word is released from said step of hold-
ing where: '

NU(x) S(x) = W(x) modulo xt
and S(x) is a polynomial in X with coefficients S; and t is the
error correcting capability of said Reed-Solomon Code; and

c. calculating a correction vector YI for each data
symbol of said retrieved code word as said retrieved code word
is released from said step of holding where:



devi ce 26 is an exanple_ which contains an error inducing
" errors can be created as data as“berng stored and re- trievads-EET OLS BERY
occur- to the synboIanﬁheaﬂdﬁ; when stored on and ret r&aus8tEd rom

storage devi ce 26. I,ﬂﬂ!, e di sk, code word a(x) i-s-destgratet—

y(X) because it nay neous synbols Vhere there are no errors
present, y(x) equals a x val ently p(x) = 0. In accordance with the
i nvention, there is provided buffer means recei-ving fromthe error

I nduci ng nedlun1a plu- rality of retrieve code wor he
. L
. YI = m‘l ) x 34 i
NUodd (al)
and where a! is an element of GF(2™) and NUodd (a!) is the sum
of the odd power terms of NU(x) calculated at al.

12, The method of claims 10 and 11 wherein m = 10, n- = 33,
said primitive polynomial is x10 + x3 + 1, N is less than 2™ and
N-K is 67, thereby providing for correction of 32 ten-bit sym-
bols of y(x).

13. The method of claim 8 wherein said preselected number
of said retrieved code words is two.

14, The method of claim 9 wherein said step of encoding
further includes the step of exclusive "or-ing" a coset leader
of 67 symbols with said Error Correction Code symbols ej, and
said step of decoding further including the step of exclusive
"or-ing" said coset leader with said retrieved code word.

15. A circuit for detecting and-correcting errors in

binary data comprising:

a. Reed-Solomon encoding means for encoding error
free binary data to produce code words, each having K data sym-
bols and N-K Error Correction Code (ECC) symbols, said ECC sym-
bols being elements in the Galois Field GF (2™) for any integer
m greater than 0, said ECC symbols being generated by encoding
said K data symbols using a predetermined generator polynomial
g(x) having roots al where a is a primitive element in GF(2M);

b. means for transmitting each said code word to an
error inducing medium;

c. means for receiving from said error inducing me-
dium a retrieved code word equai to each said transmitted code
word in which errors have been induced and for holding each of
said retrieved code words for a preselected time period;

d. means for computing data error syndromes from
said retrieved code words;

e. means for computing from said syndrome an error
locator polynomial NU(x) of the form NU(x) = NUggg(x) +
NUgvenf(x) + 1.

f. means for computing from said syndromes and said
error locator polynomial an error evaluator polynomial W(x);
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~words in which errors have been induced and for hol di ng eafFHIBSHEREHAS BEEN
retrieved code words tong enough tq conpute error |ocations andREPAACR,

preferably for no Igﬁ r an the time needed to conpute efror—tocarions
and val ues. As enbodi n Rehead synbol s read from dat a-st or-age- di sk- 26
are held in a data bi M Xl i nvention further in ans
for conmputing fromt de words a plurali tﬂﬂﬂi@ﬂﬁjmjﬂﬁjﬂm ns
and correction vectors in real tinme as ea@g-synbol of t c

word exits fromthe buffer nmeans. As herein enbodi ed, the decodi ng neans,

i ncluding a Syndrone Conputer 16, an Error Loca- tor and an Earor Eval uat or
Computer 18, -and an B« or n@anseddrorevaluating NU(x) and W(x) for a suc-

cession of elements al of GF(2™); and
h. means for correcting each data symbol of said re-

trieved code word using a correction vector YI calculated from
said values of NU{x) and W(x)* x3¢, . -

16. The circuit of claim 15 wherein m = 10, n < 1024, K =
67 and the number of erroneous data symbols that may be cor-
rected in said retrieved code word is 32,

17. The circuit of claim 15 wherein said generator poly-
nomial is |

+33
g(x) = m (x + al)
i=-33
18. The circuit of claim 15 wherein said preselected time
period is the time required to retrieve one code word and calcu-
late said error locator polynomial. |
19. The circuit of claim 15 wherein said means for
computing NU{x) uses the Berlekamp~Massey alogorithm.
20, The circuit of claim 15 wherein said means for
evaluating NU{x) uses a Chien search.
21, The circuit of claim 15 wherein said error correction
vector is '
YI =mi xgEQi
_ NUodd (al)
22. A method for detecting and correcting errors in binary
data comprising:
a. encoding error free binary data to produce Reed-
Solomon code word consisting of K data symbols and N-K Error
Correcting Code (ECC) symbols, said ECC symbols being elements
in the Galois Field GF(2™) for any integer m > 0, said ECC sym-
bols generated“by encoding said K data symbols by a predeter-
mined generator polynomial g(x) having roots al where o is a
primitive element in the GF(2®);
b. sending said code word to an error inducing medi-

um;

C. receiving from said error inducing medium a re-
trieved code word equal to said code word in which errors have
been induced and for holding each of said retrieved code words
for a preselected time period;



Vect or -Conputer 20, calculates the error location and cor &gggaq:w
" dat.a synbol s_being-hetdi n buffer 22. As herein enbodied, -§§%§§Hﬂ¥§ depnput
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16 begi ns cal cu- Iatl Lees as the code word synbols are read for
data storage d&hw Iocator and error evaluator conputer 18
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d. computing data error syndromes from said re-
trieved code words;

e, computing from said syndrome an error locator
polynomial NU(x) of the form NU(x) = NUggg(x) + NUgyen(x) + 1;

f. computing from said syndromes and said esroi lo-
cator polynomial and error evaluator polynomial W(x);

g. . evaluating NU(x) and W(x)* x3% for a succession
of elements aj of GF(2™); and

h. correcting each data symbol of said retrieved
code word using a correction vector YI calculated from said val-
ues of NU(x) and W(x)*x3%,

23. The méthod of claim 22 wherein m = 10, N< 1024; K = 67

and the number of erroneous data symbols that may be corrected
in said retrieved code word is 32 in said step of encoding error

of free binary data. ‘
24. The method of claim 22 wherein said generator poly-
nomial is
+33
g{x) = 7 (x + al
i=-33

25. The method of claim 22 wherein said preselected time
period is the time required to retrieve one code word and calcu-
late said error locator polynomial.

26. The method of claim 22 wherein said step of computing
NU(x) uses the Berlekamp-Massey alogorithm.

27. The method of claim 22 wherein said step of evaluating
NU(x) uses a Chien search. '

28. The method of claim 22 wherein said error correction
vector YI equals:

YI = ﬂigi) x_g341
NUodd (al)

29. The circuit of claim 1 wherein said decoding means in-
cludes Galois Field (GF) multiplier means for repetitively GF
multiplying symbols by al, said GF multiplier comprising:

a. 2-to-1 multiplexer for multiplexing a first input

signal at a first predetermined time and a second input signal
at a second predetermined time to obtain a first output signal;



Eeu
Canputer 16. The ternms of error..eval uator pol ynom al W x)TH# qé?T$fSB
)

"calcul ated in conputer 18 using the values of NU(x) and syndr rom
Syndrone Conput er mﬁ;ShéenHa(Be with the invention, tRere 1s provi ded
correcting neans re error | ocati ons and._cor.ree- ti-on-vectors

for correcting erro ols as they exit the buffer

herei n enbodi ed, as eac ata synbol d'[err] is rel ease m‘au

conmput er 20 cal cul ates error Iocator pol yigw al  NU(x) u
Chi en search alogorithm and eval uates error eval uator polynon1al WX) to

conpute a correc- tion vector Yl that is exclusive or'd by . XOR- circuit 24

W th b. a hold register for storing the first output sig-
nal; '

c. means for coupling the first output signal to the
hold register; S

d. a first Galois Field (GF) multiplier for.-multi-
plying the stored first output signal to produce a second output
signal;

e. a first register with an output coupled to the
first input of the multiplexer for storing the second output
signal at the first predetermined time;

f. a second GF multiplier for multiplying the second
output signal to produce a third output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the third output
signal at a second predetermined time. '

30. The circuit of claim 29 wherein the means for coupling
the first output signal includes a modulo 2 adder.

31. The circuit of claim 4 wherein the means for computing
N-K syndromes comprises:

a. a plurality of S computers for generating the
coefficients S; of a syndrome polynomial S(x); and

b. an amend syndrome calculator for shortening the
code symbols of_the'Galois Field (2™), from value of m=10 to a
value of m less than 10.

32. The circuit of claim 31 wherein each S computer in-
cludes a Galois Field (GF) multiplier means for repetitively GF
multiplying an input signal by ai, said multiplier means com-
prising:

a. a logical .AND., gate responsive to a feedback
signal and the input signal for providing a first output signal;

b. a GF multiplier responsive to the first output
signal for GF multiplying the first output signal at a predeter-
mined time to obtain a second output signal;

C. a storage register for storing the second output
signal; and _

d. a GF modulo-2 for adding the stored second output
signal to a data signal and providing the sum as the input sig-
nal to the logical .AND. gate.
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Reed- Sol onbn error cor- recting function, the circuit of $heé pMeferre
enbodi nment
33. The circuit of claim 31 wherein each S computer in-

cludes a Galois Field (GF) multiplier means for repetitively
multiplying a signal by ai, said multiplier means comprising:

a. 2-to-1 multiplexer for multiplexing a first input
signal at a first predetermined time and a second input.signals
at a second predetermined time to obtain a first output signal;

' b. modulo-2 adder means for adding the first output
signal to a data signal to obtain a second output signal;

C. a hold'fegister for storing the second output
signal; _ _

d. a first Galois Field (GF) multiplier for multi-
plying the stored second output signal to produce a third output
signal;

e. a first register with an output coupled to the
first input of the multiplexer for storing the third output sig-
nal at the first predetermined time;

f. a second GF multiplier for multiplying the third .
output signal to produce a fourth output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the fourth output
signal at a second predetermined time.

34. The circuit of claim 4 wherein the means for computing
the values of the error locator polynomial NU(x) includes Galois
Field (GF) multiplier means for repetitively multiplying a sig-

nal by ai

, said multiplier means comprising:
a. storage means having an input port for receiving
an input signal and an output port; and

b. a GF multiplier to recursively generate the input
signal by GF multipplying the stored input signal from the out-
put port.

35. The circuit of claim 4 wherein the means for computing
the values of an error evaluator polymomial W(x)* x34 includes
Galois Field (GF) multiplier means for repetitively multiplying
a signal by ai, said multiplier means comprising:

a. storage means having an input port for receiving
an input signal and an output port; and

b. a GF multiplier to recursively generate the input
signal by GF multiplying the stored input signal from the output
port-at a predetermined time.



achi eves an accept ab17—+ow ETT”OI‘ rate for decoded data [tor. 66+ QHEER
" dat.a storage devices Su nq}lc di sks, magnetic t %esﬂﬁﬁgxﬁgptlcc
di sks havi ng hi ghT‘ll m ates. The circuit prqvides a high —J

bandwi dt h of appro abits per second and a Iom1|atency of L
about 144 n1crosec ndwi dt h using a standard disk sector size

of 480 synbols where up to 32 ten bit synbols may need to
requiring an overhead of 670 ECC bits. Prafgrably, and as ﬂmmm& ‘““‘
binary data bits destined for storage on magnetic disk 26 afecreceived ffrrom

a data processing system (not shown) via a 16 bit data bus 28.
36. The circuit of claim 4 wherein the means for computing

the values of an error locator polynomial NU(x) includes Galois
Field (GF) multiplier means for repetitively multiplying a sig-
nal by a!, said multiplier means comprising:

a. 2-to-1 multiplexer for multiplexing a first” input
signal at a first p:edetermined time and a second input signal
at a second predetermined time to obtain a first output signal;

b. a hold register for storing the first output sig-
nail; '

' c. means for coupling the first output signal to the
hold register;

d. a first Galois Field (GF) multiplier for multi-
plying the stored first output signal to produce a second sig-
nal; | .

e. a first register with an output coupled to the
first input of the multiplexer for storing the second output
signal at the first predetermined time;

f. a second GF multiplier for multiplying the second
output signal to produce a third output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the third output

- signal at the second predetermined time.

37. The circuit of claim 4 wherein the means for computing
the values of an error evaluator polynomial W(x)* x3% includes
Galois Field (GF) multiplier means for repetitively multiplying
a signal by a i

a. 2-to-1 multiplaxer for multiplexing a first input

, said multiplier means comprising:

signal at a first predetérmined time and a second input signal
at a second predetermined time to obtain a first output signal;

b. a hold register for storing the first output sig-
nal. '

c. means for coupling the first output signal to the
hold register;

d. a first Galois Field (GF) multiplier for multi-
plying the stored first output signal to produce a second output
signal; '

e. a first register with an output coupled to the
first input of the multiplexer for storing the second output
sigual at the first predetermined time;



The.binary data, which consist of both information words pruis BHERTTHAS BEEN ¥
" Det.ecting Code (EDC) words are converted in converter 12 o a REBHAGED of : K}
symbol s, where -each-synbols mbits long. In -10- t he-preferred

enbodi nment , each synbol is 10.bits long, and Kis selectable from48 to 941

data synbol s. Em are assenbl ed from dat a words- and- EDC< .-
wor ds, each vvord eﬂ%ﬁong The 16 bit words zmﬂ ted to
synbol s until all -4]1- l ! !ﬂMﬁﬂ”’il””m

f. a second GF multipler for multiplying the second
output signal to produce a third output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the third output
signal at the second predetermined time. ~

38. The method of claim 8 wherein the step of decoding in-
cludes Galois Field (GF) multiplying comprising:

a. multiplexing a first input signal at a first pre-
determined time and a second input signal at a second predeter-
mined time to obtain a first output signal;

b. coupling the first output signal to a hold regis-

ter;

c. storing the first output signal in the hold reg-
ister; '

d. first Galois Field (GF) multiplying of the stored
first output signal to produce a second output signal;

e. storing the second output signal at the first
predetermined time in a first register;

f. second GF multiplying the second output signal to
produce a third output signal;

g. storing the third output signal at the second
predetermined time in a second register;

h. coupling the stored second output signal to the
first input of the multiplexer; and

i. coupling the stored third output signal to the
second input of the multiplexer.

39. The method of claim 38 wherein the step of coupling
includes the step of modulo-2 adding a data signal to the first
stored output signal.

40, The method of claim 11 wherein the step of computing
N-K syndromes comprises:

a. generating the coefficients of S; of a syndrome
polynomial S{x) in a plurality of S computers; and

b. shortening the code symbols of the Galois Field
(2™) in an amend syndrome calculator, fromm = 10 to a value of
m less than 10,

41. The method of claim 40 wherein the step of generating
each coefficient of the syndrome polynomial S(x) comprises:



mords and EDC words have been converted to ten bit data synbols.

represented by -di.-Enough fill_bits are added to provid
Data synbols di are sent both to storage disk 28 &4 eegener at or
14. - As here enbo ect eed neans i ncl udes ECC ger- erarnr 14.-Ecd
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synbol s di are co
g(x). The error correction co

synbol s ei which "u H Jo detect and cor- rect errors in the- data“

generator 14 using a generator
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over the Galois Field GF (2[err]) generat®¥ by the pH

x[err] + x[err] + 1. For the Reed-Sol onon code of the preferred enbodi nent,

t he generator

a. providing a first output signal from a logical

AND gate responsive to a feedback signal and an input signal;

b. GF mu1t1p1y1ng the first output signal at a pre-
determined time by a GF multiplier to obtain a second output
signal; . ~ 7

C. storing the second output signal in a storage
register; and _

d. adding the stored second output signal to a data
signal in a modulo-2 adder and providing the sum as the input
signal to the logical .AND. gate.

42, The method of claim 40 wherein the step of generating
each coefficient S of the syndrome polynomial S(x) comprises:

a. multiplexing a first input signal at a first pre-
determined time and a second input signal at a second predeter-
mined time in a 2-to-1 multiplexer to obtain a first output sig-
nal;

b. adding the first output signal to a data signal
in a modulo-2 adder to obtain a second output signal;

c. storing the second output signal in a hold regis-
ter;

d. multiplying the stored second output signal in a
GF multiplier to produce a third output signal;

e. storing the third output signal at the first pre-
determined time in a first register having an output coupled to
the first input of the multiplexer;

' f. multiplying the third output signal by a second
GF multiplier to produce a fourth output signal; and

g. storing the fourth output signal at a second pre-
determined time in a second register having an output coupled to
the second input of the multiplexer.

43. The method of claim 11 wherein the step of computing
the value of the error locator polynomial NU{(x) includes Galois
Field (GF) multiplying comprising:

a. storing an input signal in a storage means having
an input port and an output port; and

b. recursively GF multiplying the stored input sig-
nal from the output port by a GF multiplier to generate the
input signal. -



pol ynom al ,

y g(x) is defined as: Equation | [er] where [e Elus ReeHasErEN |of
G-(210) . GF(Z[err]_“EﬁﬁféThs 1023 el e- nents, therefore 25 szgmﬂoof N|=

1023 syibol s car'mfaghggmggeen% ?Code words in the preferire

limted to N = s by the design of integrated. Ci-r cuit—10
of Fig. 1. The g mal g(x) is chosen to generate 67 ECC
synbol s, therefor

err-or per

sector or code wor d, Ip(rzgwsgfef Qciaogmopfg[négﬂu““\m“m“ u

errors up to 35 errors per sector,

44. The method of claim 11 wherein the step of computing
the values of an error evaluator W(x)* X3¢ includes Galois Field
(GF) multiplying comprising:

a. storing an input signal in a storage means hav1ng
an input port and an output port; and ~

b. recurs1vely GF multiplying the stored input sig-
nal from the output port by a GF multiplier to generate the
input signal. |

45. The method of claim 11 wherein the step of computing
the values of an error locator polynomial NU(x) includes Galois
Field (GF) multiplying comprising:

a. multiplexing in a 2-to-1 multiplexer a first
input signal at a first predetermined time and a second input
signal at a second predetermined time to obtain a first output
signal;

b. coupling the first output signal to the hold reg-
ister; '

c. storing the first output signal in a hold regis-
ter;

d. multiplying the stored first output signal by a
first GF multiplexer to produce a second output signal;

e. storing the second output signal at the first
predetermined time in a first register with an output coupled to
the first input of the multiplexer;

f. multiplying the second output signal by a second
GF multiplier to produce a third output signal; and

g. storing the third output signal at a second pre-
determined time in a second register coupled to the second input
of the multiplexer,

46. The method of claim 11 wherein the step of computing

the value of an error evaluator polynomialnw(x)*x:"4 includes

Galois Field GF multiplying comprising:

" a. multiplexing in a 2-to-1 multiplexer a first
input signal at a first predetermined time and a second input
signal at a second predetermined time to obtain a first output
signél in a numeral 2-to-numeral 1 multiplexer; ’

b. coupling the first output signal to the hold reg-
ister; '



and provide a strong likelihood of detecting all erro §H§53§§é€g§ﬁ§%Nz5 per
"sector. The polynom al g(x) is so defined that when expandeﬁ“into its
i ndi vidual ternms, it has symetric coeffi- cients so that the Galois Field
multiplier circuits, defined mathematically bel ow, can be reduced by-a - -- -
factor of 2, that is, each [err] term appears twice in g(x _ ,
coefficient of a differ- ent power of x. Equations 2 and ﬂlﬂ'“m'm#'m”"’
of .Equation 1. Equation 3 shows the indiviggal terns of g(»).¢ v w s %

c. storing the first output signal in a hold régis—
ter; '

d. multiplying the stored first output signal by a
first GF multiplier to produce a second output signal;

e. storing the second output signal at thefirst
predetermined time in a first register with an output coupled to
the first input of the multiplexer;

f.' multiplying the second output signal by a second
GF multiplier to produce a third output signal; and

g. storing the third output signal at a second pre-
determined time in a second register coupled to the second input
of the multiplexer.

Tl



~-11- Equation 2 g(x) = (x + [err]) (x + [err]) ...- ( PN tfi on
g(x) = x[err] + [err] + [err] + [err] + [err] + [err]&HE[é%%iggEégFrﬁ] +
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[err] + [err] [err] + [err] + [err] + [err] + [err] + [err] + [err] +
[err] + [err] + [err] + [err] + [err] + [err] +
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HIGH BANDWIDTH REED-SOLOMON ENCODING, DECODING AND ERROR CORRECTING CIRCUIT
ABSTRACT OF THE DISCLOSURE
A VLSI circuit that implements a symmetric Reed-Solomon

error correcting code for correcting up to 32 symbol errors per
code word in real time. Extensive use of data pipelining and
novel solutions to the Berlekamp-Massey algorithm without sup-
plementary software or heavily iterative hardware calculations
provide a high bandwith, low latency implementation of the Reed-
Solomon code with low data overhead and low hardware cost.
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synbel s, d[err]. Note that in the exanples which follow, exactly 413 data
synbol s are chosen. Syndrone nodifiers referenced |ater are based on this
choi ce-of 413 data synmbols. If a(x) is considered to be an N-1 degree
polynomal in x with the synbols ai as coefficients, then Equation 4 a(x) *
x[err] =Jerr] + [err] + [err] + [err] The coefficients of the first K

terms are d[err], and the coeffiy sgigents of the last N-K or 67 terns of the
pol ynom al are- e[err]. The ECC synbols are generated by
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di vi dirig d(x) * x[err] by g(x), as shown b.y the circuit of Flg 2, which
anounts to-dividing the incomng data streamdi by g(x), as shown by the
circuit of Fig. 2, whi ch anounts to divi di ng the incom ng data streamdi by

g(x). Grcuit 14 |ncI udes 67 shift registers, |abeled E(O), E(1) ... E(66),
each of which is pref- erably a 10 bit paraIIeI shift register, with the
nunber in -12- parent heses bei ng A8 power of x represented by that
register. :
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The data stream of 413 data synbols is read into ECC generator 14 as the
data synbols are being sent to disk 26 for storage. The node of generator
14 is t'hen switched by bl ocking both the data gate 42 and the feedback gate
44 to transfer ECC synbols out of circuit 14 to be appended to the data
synbol s. Bl ocking the feedback gate also clears the ECC generator for the
next sector's data. The [err] s&gﬁg%s, one of which is labeled 46 in Fig.

2, indicate a parallel .XOR or | 0-2 add function. The x [err] synbols,
one of which is |abeled 48, indicate a Galois Field multiply by [err] which

is equivalent to raising the expo- nent of an input synmbol by i, for
exanple [err] * [err] = [err] where

FIG. 4
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i +j. is conputed nodulo 1023. Al GF multiply operations are nDdUIo t he
primtive pol ynom al

[ x[err] + x[err] + 1. Multiplication on the Glois
Field iis defined as fol- lows. If p and g are any two 10 bit synbols where
each bit is p0, p1, p9 and g0, g1, ... g9, then the GF multiply
function is defined as: Equation 5 p X q = [(p9%x[err] + p9x[err] ...
pOx[err])(q9x[err] + p9x[err] ..gzpdlerr])], nodulo x[err] + x[err] +1 =
x[err][p9(q0 + q7) + p8(ql + g8) + p7(q2 + q9) + p693

FIG. 5
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+p594 + p4q5 + p396 + p2q7 + plq8 + p0q9] + x[err][p9(q6 + q9) + p8(qO +
q7) + p7(gl +98) + p6(g2 + g9) + p593 + pd4g4 + p3g5 + p2q6 + pl g7 p0g8] +
x[err]['... The coefficients of the remaining terns (x[err] to 'x[err]) are
t he -nor- mal products of the polynomals, nodulo x[err] + x[err] + 1.
Because the elenents of p and q are binary digits, coefficients of the form
pi (gj +gk) are equivalent to pi &MI® (gj .XOR gk) and nay
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be c¢alculated in hardware in the normal manner. Any product is an .AND. and
any addition in parentheses is a nodul o-2 addi'tion, of .XOR - 13-
Because .t he Reed- Sol onon code is cyclic, a 67 synbol "coset |eader" is
.XOR. 'd with the 67 ECC synbols as they are shifted out of circuit 14. The
coset | eader prevents the decoding position of circuit 10 from

m sinterpreting and .
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accepting a sector that has inproperly been shifted. A shift of bits that
have been . XOR 'd with the coset |eader causes circuit 10 to interpret all
data in that sector as containing >32 errors. During the data read
operation, discussed hereinbelow, the 67 ECC synbols as read fromthe disk
sector are again . XOR.'d with the sane coset |eader synbols, renoving them
fromthe ECC synbols and having no effect on further cal cul ati ons unl ess

t he synbol s were shifted, and then &4t R®ssive errors will be generated in
accordance with the normal functioning of the decoding circuit. The coset

| eader is .XOR 'd to the ECC synbols in the
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normal manner. The 67 coset |eader synbols of the present invention are
sel ected froma code word of a Reed- Sol onon code that contains the
Reed- Sel onon code of the present invention as a subset. As determ ned by .
experinentation, the code word fromwhich the coset |eader is selected nust -
have no nore than 67 non-zero synbols.. There is no known nethod for

sel ecting an op- tinmum coset | eader, but the coset |eader of the preferred
enbodi nent, shown in Table 1, wll It in 33 or nore errors if the
synbol s of the code word are shiftéhfg§ up to 100 bits. Starting with the
| ast synbol, the coset |eader synbols in octal are:
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-14- TABLE 1 Synbol No. Val ue Synbol Val ue Synbol

Val-ue 0 404 23 324 46 1125 1
1245 . 24 1722 47 1401 2 1026 25
1413 48 . 402 3 722 26 1002 . 49
1564 4 1347 27 777 50 - 1604
10719
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5 1147 28 1370 51 627 6 245

29 - | 1526 52 776 7 1140 30 471
53 . 1275 8 457 31 1626 54 135 9
560 32 573 55 501 10 164 33
402 56 42 11 1407 34 1562 57
410 12 1647 35 743 58 1632 13
362 36 421 59 1313 14 326 37
1230 60 1223 15 11719 401 38 55 61
531 _
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16-. 567 39 1453 62 1745 17 314

40 - _ 233 63 1442 18 1532 41 257
64 : 777 19 1142 42 ' 665 65 1632
20 707 43 1525 66 630 21 424
44 1415 22 665 45 1301 After a varying

anount of data storage tine determ ned by the disk user, code word y(Xx) is
read fromdi sk 26. Because of pa®st pbe errors in code word synmbols, a(x) is

now represented by y(x). If there are no errors in y(x), then a(x) = y(x).
The
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and
step

step 102;

Wx)

step 104,
steps 108,

NU( x) ,
pol ynom al

NU( x) ,
and neans for simnultaneousl-y-

| ocat or pol ynom al

and the value of the error

eval uat or
and nmeans for correcting erroneous synbols in code word

| o- cator pol ynom al
step 106;

13719

WX),

flow chart of Fig. 3 shows the sequence of events performed by the decoder
and 112,

portion of circuit 10 which includes syndrone generating neans,

t he nmeans for calculating error

error eval uator pol ynoni al
cal culating the value of the error

110,
114,
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-15- y(x) to error free synbols aferr] in real tinme as each root of NU(x)
and value of Wx) is calculated, steps 116, 118, 120 and 122. On Fig. 3, N

represents the code length in synbols and | repre- sents the synbol nunber.

Syndronme conputer 16 of Fig. 1 generates syndrones Si, step 102 of Fig. 3,
whi ch are the coefficients of a polynomal S(x). Fig. 4 shows the circuit
used to conpute S(x) simulta- neously as the synbols of code word y(x) are

read froma sector of disk 26. The cal cul ati on being perforned by the
circuit of Fig. 4 is: 14719
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Equation 6 N1 § = [err] Y[err] [err] for -34 <j < 34 i=0 The cal cul ation
Is perfornmed by Galois Field nmultiplier nmeans consisting of an array of 10
bit wide registers, labeled S33 to S-33, GF nultipliers, adders, and . AND.
gates, each of which is an S conputer. As in Fig. 2, x [err] synbols
indicate a G- multi- ply operation, and O synbols indicate a nodul o-2
addition, or .XOR A node switch occurs by deasserting feedback gate 150
after 479 synbol s have been transf!%r}f:g into all 67 S conputers,

&
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at-whi ch point all 67 . AND. gates, one of which is identified as 152, are
bl ocked and the 480th synbol is sinultaneously entered into the 67 S
conputers. Bl ocking feedback gate 150 clears all S conputers in preparation
for.calculating syndrones for the next sector. In a second preferred:- '
enbodi nent a substantial reduc- tion in hardware was achi eved by making the
Galois Field nmulti- plier nmeans of the syndronme conputer of Fig. 4 operate
on a half synbol clock (70 ns.) evigﬂ;pgugh it accepts input synbols at

half that rate. This allows a hard e’ Savi ngs because each nultiplier can
be used twice in a full synbol period to generate
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Te &

two partial syndronmes, therefore only 34 of the 67 al pha multi- pliers need
be huilt. Each adjacent multiplier is related by a sinple function. As an
exanple, [err] can be derived by taking [err] and nultiplying it by [err]
(-33 + 1 =-32). Multiplying by [err] is equivalent to shifting once and
XORing bit 9 with bit 2. -18- exclusive ORd in tree fashion with SY(0)

by the [err]T function 354 of Fig. 7 until a single bit synbol, DU appears
to 10 bit bus 17719
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*

356. This conpletes step 256 of Fig. 6. The +T function is the

concatenated . XOR. sumof all inputs. |If there are n inputs Ij, then the
output O= I[err] [err] I[err] ... [err] I[err]. For maxi mum speed the
. XOR "s are treed as shown below. Table 3 I[err] [[err] [[err]
I [err] I[err] I[err] I[err] I[err] + +
+ + + + During state 1, the single
10 bit synbol is clocked into DU reggissier-s 358 and is clocked to the output
stage of reg- isters 358 during state 2. Si mul t aneously, as shown in step
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258of Fig. 6, the counting register 360 of Fig. 7 containing counter
varirable LLMR is decrenented by 1 and tested for a con- dition of being
less than 0. If less than 0, gate 362 is enabled. As shown in step 260 of
Fig. 6, during state 2 the value of DU in shift register 358 of Fig. 7, is
shifted to the output and is used to (1) conpute a new value of Y and an

i nver- sion process 364 of Fig. 7 described.hereinbelow, (2) conpute a new
value of Q= DU [err] P, step 2649 1®ig. 6 performed by GF nul- tipler 366
of Fig. 7, and (3) test for DU= 0, logic test 368 of Fig. 7 and step 264
of Fig. 6. If DU=0 and LLMR < 0 then ENis set as a flag via gate 362.

| nversi on operation 364 is per- '
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HIGH BANDWIDTH REED-SOLOMON ENCODING DECODING AND ERROR
CORRECTING CIRCUIT - s R IR E
is Sheet Has Been Rﬁi laced
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FIELD OF THE INVENTION

This invention relates to using VLSI architecture for
high bandwidth, low latency execution of the Reed-Solomon
encode, decode, and error correction functions, capable of cor-
recting a large number of symbol errors in binary digital data.
II. DESCRIPTION OF THE RELATED ART

. Electronic communications and data processing systems
transmit, receive and store electromagnetic signals representa-
tive of binary "zeros" and "ones."™ During data transfer along
data channels, or during the process of storing data on and
retrieving data from various magnetic, optical or other storage
ﬁédia;“erroneous data values may occur. These errors may be the
result of electromagnetic noise on the data channel or defects
in the storage media. Isolated single bit random errors and
contiguous multibit "bursts” of errors must be recognized and
corrected using a system that is highly reliable, that is, one
that does not produce many errors in the corrected data. At a
minimum, the erroneous data must be recognized and flagged as
erroneous rather than being acted upon.

Unlike data communications systems that have the luxu-
ry of retransmitting data until anerror free transmission oc-
curs, erroneous data stored on magnetic, optical or other stor-
age media are permanently lost unless they can be corrected. By
encoding data prior to storage or transmission, and decoding
following receptibn or retrieval, errors may be detected and
corrected prior to the data being released for subsequent use.
Reed-Solomon codes are effective for the types of independent
and bursty errors experienced on magnetic storage media. Infor
mation on encoding, decoding, and Reed-Solomon codes in particu
lar may be found in "Error Correcting Codes™ by Peterson and
Weldon, The MIT Press, second edition (1972) and several other
texts. ﬂ |

For binary data storage and retrieval systems, error
correction begins prior to storing data on the applicable medi--
um, here considered to be a magnetic disk. First the data are
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[err] [err] [err] [err] [err] [err] [err] [err] The [err] aLdL£&¢£ié@ENTSﬁthT
multipliers of circuit 200 are pro- granmable in the circuity of the

pref erred- enbodi nent and nust be changed if the code word | 43 ﬂ%ﬁgﬁg@@%g::;J
from 480 synbol s.

-2-

encoded using an (N,K) Reed-Solomon code word of N m-bit sym-
bols, consisting of K data symbols and N-K Error Correction Code
(ECC) symbols. The ECC symbols are redundant and provide the
information necessary to recognize erroneocus data symbols and to
reconstruct a maximum of T = (N-K)/2 data symbols.

A symbol is a series of m bits, for example, 6 or 10.
The data stream of binary digits destined for storage on a disk
sector usually consists of a series of 8, 16 or 32 bit words and
must be cé}erted to a series of data symbols. The N symbols of
the code word are representative of the coefficients of a poly-
nomial in x of degreée N-1 represented by a(x) where deg(a)=N-1.
ECC symbols are generated such that each code word is evenly
divisible by a generator poiynomial, g(x), having N-K consecu-
tive roots in the Galois Field, GF (2™), and where each ECC sym-
bol is an element al of GF(2™). The generator polynomial, g(x)
is chosen based on the extent and complexity of the error cor-
rection scheme, that is, how m%? symbols of detection and cor-
rection are desired. In an (N,K) code, deg(g)=N-K. 1If d{x) is
a polynomial in x of degree K-1 with K data symbols dj as
coefficients, then the code word a{x) is:

a(x) = alx) * x(N-K) 4 o(x)
) where

e(x) = Remainder of [d(x) * x(N-K) / g(x)]
The coefficients of e(x) are the ECC symbols e;. This process

of dividing the data symbol polynomial d{(x) by the generator
polynomial g(x) ensures that each stored code word a{(x) is
evenly divisible by g(x). If a retrieved code word y(x) is
error free, y(x) is equal to a(x) and is evenly divisible by
g{x). If y(x) is not evenly divisible by g(x) then that code
word is assumed to contain an error vector p(x) that must be lo-
cated and corrected, where y(x) = a(x) + p(x).

The factors of an error locator polynomial, NU(x), an
error evaluator polynomial, W(x), locate the erroneous data sym-
bols within the code word and indicate the values which, when
added modulo 2 to the received symbols, provide the correct sym-
bols. The terms of NU(x)} are calculated using the Berlekamp
Massey algorithm from the error syndromes, Si, which are
6btained by dividing y(x) by the factors of g{(x). If a syndrome

Sheet Has Been Reﬁaced
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The nmeans for generating the NU(x) error locator poly- nom g3 ~STovwi E»T -
Fig. 1 as circuit 18. Amend syndromes, SY(K) are now used t Béhbﬁﬁﬁ”' g?‘“ ‘
usi ng the Berlekanp Massey al gorithm as nodified by Weng, anpd u5|ggUaAHngg]
fl ow techni que as suggested by Riggle t8-increase processin “Q

104 of Fig. 3, and shown nore conpletely as the flow chart o |g. bf”The
flom/chart.of Fig. 6 s€$m5 the | d|V|du steﬁs,gerforned du&b g the
cal cul at i oft SFPNECKY rBR%n THt &S sHEtGTRE -by “BR otk W cl es
or states,lafated bédfovmdnhxaqmmpathn@etharﬂm@hsmpfttheﬂannoqpéoaate@s

per f or ned édl@ﬂoﬁn&%@ouﬁwx) Ffta thenSeke UrrecRl hhVa SHAYI WagSbedhetdated in
one sectlon ned by finding the value of W(x) using the syndromes and
NU(x). Root finding in a digital environment typically uses
Chien's search algorithm. A Reed-Solomon encoding-decoding sys-
tem that uses the technique of a generator polynomial, syndrome
computation, and evaluation of error locator and error evaluator
polynomials is described in U.S. Patent No. 4,413,339 to Riggle
et al.

Because of the many computations being performed in
software or iteratively in hardware, and the need to calcuate
the NU(x) and W(x) polynomials and all the roots of NU(x), and
to evaluate W(x) prior to correcting erroneous data symbols,
prior art decoders suffer from one or more of the drawbacks of
high latency, low bandwidth and high cost, especially when many
data errors are encountered. Soft error rates for disks are
therefore limited to about 1 x 10-6 because of the low pro-
cessing speed or cost of the-decoders. Faster Reed-Solomon sys-
tems which are also inexpensive have the drawback of being lim-
ited to correcting a maximum of only about 4 symbols per sector,
which limits the tolerable soft error rates for data stofage
devices. Cross-interleaved Reed-Solomon decoders have a moder-
ate bandwidth and can correct large numbers of symbol errors,
but they introduce excessive storage overhead for disk systems
with short disk blocks, thereby reducing the net data density
permitted on the disk drive. This defeats one of the primary
purposes for implementing the ECC system, which is to allow high
density data storage on disk drives along with the inherently
high data error rates resulting from increased density data
storage.

An object of this invention is to correct higher soft
bit error rates on sectorized data storage devices while provid
ing acceptably low hard bit error rates.

Anothér object of this invention is to provide a high
bandwidth, low latency implementation of the Reed-Solomon error
correction function where a large number of symbol errors are
corrected with a minimum of data storage overhead within a
standard disk block.
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the chart are nade available to other boxes in the chart, HURERARGCENFHFHEET
| ines are not shown. The initial conditions for Fig. 6 are shomnBi@ ARR 997

252. The quantity D in step.252 is the integer value of the Gode- d1stance, """"
N- K+ 1 =68. The quantity Y, calculajed in step 260, is

e e

efiTed to be O
when DU=0. A state nmachine (not shown) controls the process steps which are

repeated 67 times. Referring-also to Fig. 7, during state 1, nultiplexers
(not shown) connech &@rshebodbbimate oFF thilst ipkesti@80is otBAnlamegits- ters

210 (SY(PipeYiA2hy aRd BPoWbéSist g&cﬁ%esThsr%@é@eﬂm} dre performed as
dEflnEd §%ﬂ?tbQQassgg,twghgﬂééﬁ’méﬁ f;e% Chien algorithims, and to
provide novel algorithms for computing the degree of the error
location polynomial and its control over the Berlekamp-Massey
algorithm, so that the Reed-Solomon error correction function
can be implemented in hardware in real time.

Additional objects and advantages of the invention
will be set forth in the description which follows, and in part
will be obvious from the description, or may be learned by prac-
tice of the invention. The objects and advantages of the inven-
tion may be realized and obtained by means of the instrumen-

talities and combinations particularly pointed out in the
appended claims.

Related Applications
U.S. Patent Application No. 050,725 titled "Real-Time
BCH Error Correction Code Decoding Mechanism” by Lih-Jyh Weng
filed on May 15, 1987, and assigned to the same assignee as the

present invention, is hereby expressly incorporated by reference
as though set out in full herein.

U.S. Patent Application No. 067,712 titled "Apparatus
for Computing Multiplicative Inverses in Data Encoding and
Decoding Devices™ by Lih-Jyh Weng filed on June 26, 1987, and
assigned-to the same assignee as the present invention, is
hereby expressly inCorporatea by reference as though set out in
full herein.

SUMMARY OF THE INVENTION

To achieve the foregoing objects and in accordance

with the purposes of the invention as embodied and broadly

described herein, a circuit is provided for detecting and cor-:
recting errors in binary data symbois dj that have passed |
through an error inducing medium, comprising encoder means for
encoding the data symbols into a plurality of Reed-Solomon firs
code vords a(x) and sending the first code words to the error
inducing medium; buffer means for receiving from the error
inducing medium a plurality of retrieved code words y{x) egual
to the first code words in which errors have been induced ang
for holding each of the retrieved code words for no lonaer than
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ters. This conpl-etes step 254 of Fig. 6. The product, X(I)”QtrthwhﬁﬁéﬂSHEET
shifted to not-shift registers (not shown), and is -19- l[err]3cq kpR]gg7
i nput synmbol [err] by raising the input synbol to 32 powerang nul

it by the input synbol lowered to the -33 power. The r esulbteffeert==%

L.plyi.ng...

L\,IIJ
[err] is [err]. To acconplish this a~%0 bit synbol [err] is input to an
[err] . XOR network 400, with bitinputs [err] and bit outputs [err] as

shown bel\Wy ime needed to éﬁmpute error locations and values; decoder
| neans for computing from the retrieved code words a pluraliﬁy of
arror locations and correction vectors in real time as each sym-
0l of the retrieved code word exists from the buffer means; and
correcting means responsive to the error locations and correc-
tion vectors for correcting erroneous data symbols as they exit
the buffer means. '
The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate a pre-
ferred embodiment of the invention and, together with the gen-
aral description given above and the detailed description of the
Ereferred embodiment given below, serve to explain the princi-
ples of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a schematic block diagram showing the over-
all structure of an integrated circuit which constitutes a pre-
. ferred embodiment of the present invention;

Fig. 2 is an electrical schematic diagram showing the
major steps performed by the ECC Generator of the circuit of
Fig. 1;

Fig. 3 is a flow chart of the decoding process per-
formed by the syndfome computer, the error locator NU(X) and
error evaluator W{(x) computer, and the factor NU(x), evaluate
W(x), and correction vector YI computer circuits of Fig. 1;

Fig. 4 is an electrical schematic diagram of the
Syndrome Compute circuit, part of the Snydrome Computer block 16
of the circuit of Fig. 1 and part of step 102 of the flowchart
of Fig. 3;

Fig. S is an electrical schematic diagram of part of
the Amend Syndrome Compute circuit, another part of the Syndrome
Compute block 16 of the circuit of Fig. 1 and apart of step 102
of the flowchart of Fig. 3;

Fig. 6 is a flowchart of the computation of the error
locator polynomial NU(x), step 104 of Fig. 3 and part of the

Compute Error Locator NU(x), Error Evaluator W(x) circuit 18 of
Fig. 1;

This Sheet Has Been Reﬂ
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Pig. 7 is an electrical schematic diagram of the exe-
cution of Berlekamp's algorithm as shown in the flowchart of
Fig. 6;

Fig. 8 is an electrical schematic diagram of the re-
maining part of the execution of Berlekamp's algorithm as shown
in the flowchart of Fig. 6;

Fig. 9 is an electrical schematic diagram of a Galois
Field combinational inverse calculator, which is circuit 364 of
Fig. 7;

Fig. 10 is an electrical schematic diagram of the cir-
cuit that computes the error evaluator polynomial W(x), namely
step 106 of Fig. 3; _

Fig. 11 is an electrical schematic diagram of the cir-
cuit that computes the value of the error locator polynomial-
NU{(x) in real time for each symbol of the code word, namely
steps 108, 110, and 112 of Fig. 3:

Fig. 12 is an electrical schematic diagram of the cir-
cuit that computes the value of the error evaluator polynomial
W(x) in real time for each symbol of the code word, namely step
114 of Fig. 3; ' |

Fig. 13 is an electrical schematic diagram of the cir-

- cuit that computes the error locations and correction vectors of
code word symbols in real time, comprising'the circuits of
Figs. 11 and 12, and also including steps 116, 118, and 120 of
Fig. 3.

Fig. 14 is an electrical schematic diagram of the
Galois Field divide calculator, which is circuit 524 of Fig. 13;

Fig. 15 is a timing diagram showing the time alloca-
tions for calculations and data transfers in the circuit of the .

) present invention; l

Fig. 16 is an electrical schematic diagram of an .xoa
network that functions as a GF a~33 multiplier;

Fig. 17 is an electrical schematic diagram of an XOR
network that functions as a GF a~32 multiplier.

Fig. 18 is an electrical schematic diagram of an XO%
network known as a Shift-1 circuit that performs the function ol
a GF ol multiplier; — %

T
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Each [err] -repeeseﬂ%s~an The value [err] is mul tiff ked; RyrientlsHEeT 1

get [err]. Because Ienents of a subfield, GF(293), !
G-(2[err]), thEm 055|ble non- zero val ues for |a _,é ______ ARR$Sibg",
a selected 5 of l ailable (I[err], I[err], I[er Lerrd

I[err]), it is struct a logic netmork as defined by Table 5
bel ow whi ch outputs t he 31 inverses of err] (i.e., all [err]. Jerr] are
the output bits of a [err] network thar are conbusted fromthe input bits
I[[err]. The input bits are the 10 bits of the synbol [err] and the output

bits are the 10 bi 2 2 g[of tsf‘”isSXHbSieJQ.@HJalaQ@hEHQtP&'té’*ﬁgJM 3£20f 1R6R10 -

bits of the sym bo
network known as a Shift-2 circuit that performs the function of

a GF a? multiplier;

Fig. 20A is an electrical schematic diagram of a cir-
cuit to compute [SYMBOL A] x a"33 and [syMBOL A] x a~32 using
the a~33 multiplier of Fig. 16 and the al multiplier of Fig. 18;

Fig. 20B is an electrical schematic diagram of a cir-
cuit to compute [SYMBOL B] X a30 anD [SYMBOL B] x 32 using an
a30 multiplier and the Shift-2 circuit of Fig. 19;

Fig. 21 is an electrical schematic diagram of a pre-
ferred embodiment of the Syndrome Compute circuit of Fig. 4
using the Shift-1l circuit of Fig. 18 to eliminate approximately
half of the multiplier circuitry;

Fig. 22A is a second preferred embodiment of the
NUgyen circuit Fig. 13 using the Shift-2 circuit of Fig. 19;

Fig. 22B is an electrical schematic diagram of a sec-
ond preferred embodiment of the NUpgg circuit of Fig. 13 using
the Shift-2 circuit of Fig. 19;

Fig. 23 is an electrical schematic diagram of a second
preferred embodiment of the error evaluator polynomial W(x) com-
puter of Fig. 12 using the Shift-1 circuit of Fig. 18;

DESCRIPTION OF THE PREFERRED EMBODIMENT

Reference will now be made in detail to the present
preferred embodiment of the invention as illustrated in the
accompanying drawings.

The present preferred e@bodiment of the Reed-Solomon
error detecting and correcting circuit is shown in block diagram
form in Figure 1 and is represented generally by the numeral 10.
As embodied herein, circuit 10 accepts binary data from data bus

28 of a data processing system (not shown) and converts those
data bits into K m-bit data symbols, dj, where i = 1 to K. Data
symbols di are simultaneously sent to an Error Correction Code
(ECC) generator 14 and a data storage disk 26 through a multi-
plexer 15.

In accordance with the invention, there is provided
encoder means for encoding the data symbois into a plurality of
Reed-Solomon first code words a(x) and sending the first code
words to the error inducing medium. As embodied herein, ECC
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generator 14 generates N-K ECC symbols ej, where i =0 to N-K-1,
using a generator polynomial g(x) having roots ui, -34 < i < 34,
where a is a primitive element of the Galois Field GF(2M™), N
represents the length of the code word and is an integer < 2!,
The N-K ECC symbols ej are appended by multiplexer 15 to the K
data symbols dj to create an N symbol Reed-Solomon (N,K) code
word a{x), consisting of N symbols aj, which is stored on data
storage disk 26. A header field is also provided for each code
word which provides separation between code words, and other
storage functions, and is not described in detail. Storage
device 26 is an example which contains an error inducing medium
where errors can be created as data as being stored and re-
trieved. |

-8~

Errors may occur to the symbols of code word a(x) when
stored on and retrieved from storage device 26. When read from
the disk, code word a(x) is designated y{(x) because it may con-
tain erroneous symbols. Where there are no errors present, y(x)
equals a(x), or equivalently p(x) = 0.

In accordance with the invention, there is provided
buffer means for receiving from the error inducing medium a plu-
rality of retrieved code words y(x) equal to the first code

- words in which errors have been induced and for holding each of
the retrieved code words long enough to compute error locations
and values, preferably for no longer than the time needed to
compute error locations and values. As embodied herein, data
symbols read from data storage disk 26 are held in a data buffer
22. The invention further includes decoder means for computing
from the retrieved code words a plurality of error locations and
correction vectors in real time as each symbol of the retrieved
code word exits from the buffer means. As herein embodied, the
decoding means, including a Syndrome Compuﬁer 16, an Error Loca-
tor and an Error Evaluator Computer 18, and an Error Correction
Vector Computer 20, calculates the error location and correction
vector for data symbols being held in buffer 22.

As herein embodied, Syndrome Computer 16 begins calcu-
lating syndromes as the code word symbols are read for data
storage device 26. Error locator and error evaluator computer
18 computes the error locator polynomial NU(x) by solving the
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Berlekamp-Massey algorithm using syndromes computed in Syndrome
Computer 16. The terms of error evaluator polynomial W(x) are
also calculated in computer 18 using the values of NU(x) and
syndromes from Syndrome Computer 16.

In accordance with the invention, there is provided
correcting means responsive to the error locations and correc-
tion vectors for correcting erroneous data symbols as they exit
the buffer means. As herein embodied, as each data symbol 4d'j
is released from buffer 22, computer 20 calculates error locator
polynomial NU(x) using a modified Chien search alogorithm, and
evaluates error evaluator polynomial W(x) to compute a correc-
tion vector YI that is exclusive or'd by .XOR. circuit 24 with
the data symbol being released from buffer 22. Data symbols of
the decoded code word are converted into 16 bit data words by
converter 27 and are returned to the data processing device 16
bit data bus 28.

The "pipe-lining"” or high speed computation of error
values and locations in real time as data are released from
buffer 22 is a major factor in achieving the low latency, or low

————

holdup time, which permits the circuit of the present invention
to achieve a high bandwidth. _

Using VLSI logic to execute a Reed-Solomon error cor-
recting function, the circuit of the preferred embodiment
achieves an acceptably low error rate for decoded data for sec-
torized data storage devices such as magnetic disks, magnetic
tapes, and optical disks having high inherent error rates. The
circuit provides a high bandwidth of approximately 70 megabits
per second and a low latency of about 144 microseconds at peak
bandwidth using a standard disk sector size of 480 symbols where
up to 32 the bit symbols may need to be corrected, requiring an
overhead of 670 density higher than certain earlier data storing
systems.

Preferably, and as shown in Fig. 1, binary data bits
destined for storage on magnetic disk 26 are received from a
data processing system (not shown) via a 16 bit data bus 28.

The binary data, which consist of both information words and
Error Detecting Code (EDC) words are converted in converter 12
to a series of K symbols, where each symbol is m-bits long. In
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_the preferred embodiment, each symbol is 10 bits long, and K is
selectable from 48 to 941 data symbols. The 10 bit symbols are
assembled from data words and EDC words, each word being 16 bits
long. The 16 bit words are converted to symbols until all data
words and EDC words have been converted to ten bit data symbols,
represented by dj. Enough fill bits are added to provide com-
Plete symbols. Data symbols di are sent both to storage disk 26
and ECC generator 1l4.

) As here embodied, the encoder means includes ECC gen-
erator 14. ECC symbols ej which will be used to detect and cor-
rect errors in the data symbols dj are computed by ECC generator
14 using a generator polynomial g(x). The error correction code
chosen is a symmetric Reed-Solomon code over the Galois Field GF
(210) generated by the primitive polynomial x10 + x3 & 1. For
the Reed-Solomon code of the preferred embodiment, the generator

=10~

polynomial, g(x) is defined as:
Equation_ I

+33

g(x) ==« (x+ al),

i =-33
where al are elements of GF(210). gr(210) contains 1023 ele-
ments, therefore a code word of N = 1023 symbols can be gener-
ated. Code words in the preferred embodiment are limited to N =
115 to 1008 symbols by the design of integrated circuit 10 of
Fig. 1. The generator polynomial g(x) is chosen to generate 67
ECC symbols, therefore N-K is 67 which suffices to correct up to
32 symbols in error per sector or code word, provide a 100%
probability of detecting all errors up to 35 errors per sector,
and provide a strong likelihood of detecting all errors greater
than 35 per sector. The polynomialg(x) is so defined that when
expanded into its individual terms, it has symmetric coeffi-
cients so that the Galois Field multiplier circuits, defined
mathematically below, can be reduced by a factor of 2, that is,
each ol term appears twice in g(x) as a coefficient of a differ-
ent power of x:; Equations 2 and 3 are expansions of Equation 1.
Equation 3 shows the individual terms of g(x).



-21- [erFT_[err] The final operation to invert [err] is ééﬁ%ﬂTéﬁEET
by [err] to yield [err] according to equation 5, presen e ear

is set, during state 3 LLMR has its sign bit conple- ed _______________________
Fig. 6, NRinput contents are replaced by NU contents .. 270,
value of P is replaced by the value of ;Y. If EN is not set then NRis

shifted upwards (towards hi gher order terns). Al so during state 3, NU i nput
contents are replaced with the NU outputs . XOR 'd with NR [err], step 274
of Equation 2 :
g{x) = {x + a™32) (x + a32) ... (x + a33)
Equation 3
glx) = x67 + 35466

146,65 , 4572,6¢ , 447,63

+ Q +
4505462 4 o950,61 , 820,60 , (812,59 , 177,58 ,
0259557 4 530,56 , 444,55 , 974,54 , 349,53
0255452 4 q261,51 , 898,50 , ,1004,49 ,
(196,48 | 636,47 . 715,46 , 475,45 ,
o247,84 , 957,43 | 63,42 , Q37x41 + 573440 .
o691,39 , 598,38 , 788,37 . 188,36 ,
o81335 4 552434 , 552,33 , a41332 4188,31
0788430 , 598,29 , 691,28 , 673,27 , ;37,26 , o
063525 4 957424 , 4247,23 | 475,22 , 715,21 ,
4636420 , 496,19 + ©l004,18 , 898,17 , 261,1 This Sheet Has
0255,15 , 349,14 , 974,13 | 448,12 . (530,11 , ”"I,”I",””Imm,’
4259,10 | o177,9 , .812,8 , 820,7 , ,950,6 ,
 @505,5 4 of7xd & 057243 4 ol4642 . o35, 4 1

Fig. 2 shows the circuit used by ECC generator 14 to
generate the 67 ECC symbols ej by dividing a(x) by g(x). Mathe-
matically, the code word a(x) is a polynomial with coefficients
aj and consists of the 67 ECC symbols e; appended to the data
symbols, dj. Note that in the examples which follow, exactly
413 data symbols are chosen. Syndrome modifiers referenced
later are based on this choice of 413 data symbols. If a(x) is

considered to be a K-1 order polynomial in x with the symbols aj
as coefficients, then
Egquation 4

alx) * oK = gy 1M1+ ay_ox™2 + apxN-K+1l,

agxK

The coefficients of the first K terms are dj, and the coeffi-
cients of the last N-K or 67 terms of the polynomial are zero
and will be replaced by ej. The ECC symbols are generated by
dividing d(x) * xN"K by g(x), as shown by the circuit of Fig. 2,
which amounts to dividing the incoming data stream d; by g(x),
as shown by the circuit of Fig. 2, which amounts to dividing the
incoming data stream d; by g{(x). Circuit 14 includes 67 shift
registers, labeled E(0), E(1) ... E(SS), each of which is pref-
erably a 10 bit parallel shift register, with the number in



Fig. 6, and SY registers are shifted upwards, step 266.

Rk DR S
conpl eted, one of 67 |oops has been conpleted as counted E%h'?%55 € T T

S
of Fig. 6. During the 67th loop, the SY register shift is} HiLJBa ﬁ(ﬁbR 937

prepare for the Wx) conputa- tion. A test of LLMR is maddi-during éach l-aap i

to assure that LLMRis < 0. If it is Tot" then there are nore than 32 = T

errors in the code word and the sector is not correctable. After all 67
steps h r ] ' ( f {iL,Cl S i error
[ ocat or j,%%ﬁ?ﬁ%%sgf b1 ynd Node £ ”‘Tﬁ‘lj?%s%“% BychRBlo-ai bRl e
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. and NU&
oS read into ECC generator
14 as the data symbols are being sent to disk 26 for storage.
The mode of generator 14 is then switched by blocking both the
data gate 42 and the feedback gate 44 to transfer ECC symbols
out of circuit 14 to be appended to the data symbols. Blocking
the feedback gate also clears the ECC generator for the next
sector's data. The @ symbols, one of which is labeled 46 in
Fig. 2, indicate a parallel .XOR. or modulo-2 add function. The
x ol symbols, one of which is labeled 48, indicate a Galois
Field multiply by ai, which is equivalent to raising the expo-
nent of an input symbol by i, for example el x ol = ui+j, where
i+j is computed modulo 1023. All GF multiply operations are
modulo the primitive polynomial x20 + %3 4+ 1.

Multiplication on the Galois Field is defined as fol-
lows. If p and q are any two 10 bit symbols where each bit is
p0, pl, ... p9 and g0, ql, ... g9, then the GF multiply function
is defined as: |
Equation 5

pXq= [(pox? + p9x8 ... pox9%)(q9x® + pox® ... q0%)1,

. modulo x10 4+ x3 51
= x9[p9(q0 + g7) + p8(gl + gB8) + p7(g2 + g9) +
- p6q3

+p5g4 + p4qS + p3g6 + p2q7 + plg8 + p0g9l]

xB[pS(qG + q9) + p8(q0 + g7} + p7(ql +g8) +
p6(qg2

+ q9) + p5@3 + p4qs + p3q5 + p2g6 + plq?

p0qg8] +
[ ...
The coefficients of the remaining terms (x? to xY9) are the nor-
mal products of the polynomials, modulo x0 + x3 + 1. Because
the elements of p and g are binary digits, coefficients of the
form pi(gj+qk) are equivalent to pi .AND. (gj .XOR. gx) and may
be calculated in hardware in the normal manner. Any product is

an .AND. and any addition in parentheses is a modulo-2 addition,
of .XOR.
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eval uator polynonial Wx). As enmbodied herein, the neans f o 0aP the
val ues .of error eval uator polynom al WXx) com prises M/regisggr/&%%ggNTSHEET:
anend syndrone 54 registers 210, error |ocated polynom al Ny ,pelgi_%tﬂerprSm]

mul tiplier 350, and treed adder 354 which executes the procedire SHOWT i |

Fig. 3, including, specifically step 106. For sinplicity, the calcula- tTion
I's shown in step 106 in an inverse formj3the coefficients of W(x) are the

coefficients of Wx) only in reverse order. To illustrate: Equation 7 I|f
k

Because the Reed-Solomon code is cyclic, a 67 symbol
"coset leader” is .XOR.'d with the 67 ECC symbols as they are
shifted out of circuit 14. The coset leader prevents the
decoding position of circuit 10 from misinterpreting and
accepting a sector that has improperly been shifted. A shift of
bits that have been .XOR.'d with the coset leader causes circuit
10 to interpret all data in that sector as containing >32
errors. During the data read operation, discussed hereinbelow,
the 67 ECC symbols as read from the disk sector are again
.XOR.'d with the same coset leader symbols, removing them from
the ECC symbols and having no effect on further calculations
unless the symbols were shifted, and then excessive errors will
be generated in accordance with the normal functioning of the
decoding circuit.

The coset leader is .XOR.'d to the ECC symbols in the
normal manner. The 67 coset leader symbols of the present
invention are selected from a code word of a Reed~Solomon code
that contains the ‘Reed-Solomon code of the present invention as
a subset. As determined by experimentation, the code word from
which the coset leader is selected must have no more than 67
non-zero symbols. There is no known method for selecting an op-

- timum coset leader, but the coset leader of the preferred
embodiment, shown in Table 1, will result in 33 or more errors
if the symbols of the code word are shifted by up to 100 bits.

Starting with the last symbol, the coset leader symbols in octal
are:
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[err] then [err] The sane is true for S (x) and NU (x).'Thg#mﬁﬁgmgwrgthT;
NU( x) conput er changes-to a Wx) conputer node, shown in
Mul ti pl exers (not omm) are set_to connect NU registers

registers 210 to 350 and tree'd . XOR functio
conput ati on of V\(x)/ I”/W}a{,g% is con-
-

TABLE 1
Symbol No. Value Symbol Value Symbol Value
0 404 23 324 46 1125
1 1245 24 1722 47 1401
2 1026 25 1413 48 402
3 722 26 1002 49 1564
4 1347 27 777 50 1604
5 1147 28 1370 - 51 627
6 245 29 1526 52 776
7 1140 30 471 53 1275
8 457 31 1626 54 135
9 560 32 573 55 501
10 164 33 402 56 42
11 1407 34 1562 57 410
12 1647 35 743 58 1632
13 362 36 421 59 1313
14 326 37 1230 60 1223
15 401 38 55 : 61 531
16 567 39 1453 62 1745
17 314 40 233 63 1442
_ 18 1532 41 257 64 777
19 1142 42 665 65 1632
20 707 43 1525 66 630
21 424 44 1415
22 665 45 1301

After a varying amount of data storage time determined
by the disk user, code word y{x) is read from disk 26. Because
of possible errors in code word symbols, a(x) is now represented
by y(x). 1If there are no errors in y(x), then a(x) = y(x). The
flow chart of Fig. 3 shows the sequence of events performed by
the decoder portion of circuit 10 which includes syndrome
generating means, step 102; the means for calculating error lo-
cator polynomial NU(x), step 104, and error evaluator polymonial
W(x), step 106; and means for simultaneously calculating the
value of the error locator polynomial NU(x), steps 108, 110, and
112, and the value of the error evaluator polynomial W(x), step
114, and means for éorrecting erroneous symbols in code word



nected to register W31) of WI) shift registers 450. St F@Qcﬁhi
state 1, the produe%sﬂof SYy-and NU are nultiplied by GF tlpb 8 d
h

are tree . XOR 'd by é&éuﬂi Buﬂperatlon of which h
descri bed herein- B“iﬁ bit synmbol is i nputi@—%gﬁg@r_- A
e

Aot v

from bus 356. Durlng ntents of all WI) registers are input

to all WI-1) regist ynbol busses 452 (downshifting the
Wval ues) and all SY(I) values are shlﬂged to SY(I+1) (upshifting the SY(I)
val ues). States 1 and 2 are re- peated until 32 cycles have been conpl et ed.

The cont epg) ofo Wdrbr’ e9kat 7R £0NhakBalNeikOedd Iddc@Nreoll oM KOl x)
evaluatorand value of W(x) is calculated, steps 116, 118, 120 and 122.
On Fig. 3, N represents the code length in symbols and I repre-
sents the symbol number.
Syndrome computer 16 of Fig. 1 generates syndromes Sj,
step 102 of Fig. 3, which are the coefficients of a polynomial
S{x). Fig. ¢4 shows the circuit used to compute S{x) simulta-
neously as the symbols of code word y(x) are read from a sector

of disk 26. The calculation being performed by the circuit of

Fig. 4 is:
Equation 6
N-1
Sj = L Y4 xald for -34 < j < 34
i=0

The calculation is performed by Galois Field multiplier means
consisting of an array of 10 bit wide registers, labeled S33 to
S§-33, GF multipliers, adders, and .AND., gates, each of which is
an S computer. As in Fig. 2, x ol symbols indicate a GF multi-
ply operation, and 0 symbols indicate a modulo-2 addition, or
.XOR. A mode switch occurs by deasserting feedback gate 150
after 479 symbols have been transferred into all 67 S computers,

- at which point all 67 .AND. gates, one of which is identified as
152, are blocked and the 480th symbol is simultaneously entered
into the 67 S computers. Blocking feedback gate 150 clears all
S computers in preparation for calculating syndromes for the
next sector,

In a second preferred embodiment a substantial reduc-
tion in hardware was achieved by making the Galois Field multi-
plier means of the syndrome computer of Fig. 4 operate on a half
symbol clock (70 ns.) even though it accepts input symbols at
half that rate. This allows a hardware savings because each
multiplier can be used twice in a full symbol period to generate
two partial syndromes, therefore only 34 of the 67 alpha multi-
pliers need be built. Each adjacent multiplier is related by a
simple function. As an example, a~32 can be derived by taking
¢"33 and multiplying it by al (-33 + 1 = -32), Multiplying by
ol is equivalent to shifting once and XORing bit 9 with bit 2.
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the error locator polynomal NU(x). NU(I) and WI1) val ues

re nhan
transferred to the next functions, steps 108, 110, 112, and,fkd?ognﬁE%Jaglmnn

Regi sters 210, 352, and 450 are clearly ép preparation for esApER-Ag--NUES~"
and Wx) for -the next code word. The ci%cuits of Fig. 13 provide the neans

for sinulta- neously solving the error |ocator polynomal NJU(x), for
obt ai ning the corregpendi NDo epir syabse § rom MUsxy and W) . eand &

correctin

each sy
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is a much simpler and smaller function to build than an a~32
multiplier. All even numbered alpha multipliers in the syndrome
computer are derived from the odd numbered alpha multipliers in
this matter. This same hardware reduction technique is also
used in the YI computer 20 of Fig. 1, and will be discussed in
greater detail hereinbelow.

The 67 syndrome values Sj are next passed to the S'(K)
registers of amend syndrome circuit 200 of Fig. 5. Except for
syndrome value S33, syndrome values are input through multi-
plexers, one of which is identified by the numeral 204. This
releases the S calculator circuit of Fig. 4 to calculate
syndromes for the next code word to be read. Circuit 200 is
also part of syndrome generator 16 of Fig. 1. The amend
syndrome function shortens the code symbols of Gr(210) from a

_ maximum of 1023 symbols to the 480 symbols used in the example

and stores the amend syndromes for the shortened code in the SY
registers, 210 of Fig. 5. Amend syndrome computation starts
with a broadside load of the 67 syndromes, S(K), into S'(X) reg-
isters, labeled S'(-33) to S'(33). Simultaneously, register 202
is cleared and loaded with the value of a452, which is equal to
0001010101. Multiplexers connected to S'(K) registers to the
next higher S'(K~l) register. The first multiplication to take
place in GF multiplier 206 is S(-33) x 062 yhich is then

shifted into shift register SY(0). Multiplexer 208 isolates the
at62 signal from registers 202 and aligns the GF x o544 muliti-
plier so that when syndrome S(-32) is shifted into register

§'(-33) it will be’'multiplied by the contents of register 202

which is the GF product of 082 and o344, Each amend syndrome

in register SY(K) is therefore the GF product of the syndrome
value from the S'(K) register multiplied by (a462) (g544)n-1

The x a9%% function is the same GF multiplication defined by

Equation 5, but may be implemented by the following .XOR. opera-

tions, where Oj are the output bits of a 10 bit symbol, and Ij
are the input bits.

This

i

L=



whi ch |ncludes the steﬁ“‘of “(-1)--sol ving each term of NU{F
odd and even p@hemm&@ﬁyﬁ | pt o NUodd(x) and NUeven(x) reg

of Fig. 3, (2) “@valuatlng Wx), and (3) i
y(x) as |nd|cat | ocations and error val ugg L faVonlk ’
cal cul at ed values and WXx). In order to generate a correction
synbol, or correction vect or. whi ch is non-zero coefficient of p(x) for

a given code word synbol , the error val #@7eonputa- tion circuit 20 of Fig.

1 evaluates the 32 synbol values of NU(x) plus the | owest order coefficient
of NU(x) which is always 1, and the 32 synbol values of Wx) for each code
mwdswmm—i&—l

Og =Ig 8 I3 81I281I361I59 Ig

Og = Ig & I1 @ I28 Ig @ Ig

O7 =Ip & I1 @ I3 8 I4 8 Ig

Og = Ip 8 I2 8 I3 @ Ig

Os = I1 @ I @ I7'

04 = Ip 8 I7 8 1g

03 = Io ® Is & Ig

02 =100 1I; 1I29 I38 Iq0 159 Ig ® Ig ® Ig
01 = Ip ®I; ®I2@ I30 I4 0158 17 0 Ig

Op =1Ip0 ® I7 0128 I38 I4 0 Ig & 1y

THe 0482 and o544 multipliers of circuit 200 are pro-
grammable in the circuit of the preferred embodiment and must be
changed if the code word length is altered from 480 symbols.

The means for generating the NU(x) error locator poly-
nomial is shown in Fig. 1 as circuit 18. Amend syndromes, SY(K)
are now used to compute NU(x) using the Berlekamp-Massey
algorithm, as modified by Weng, and using a data flow technique
as suggested by Riggle to increase processing speed, step 104 of
Fig. 3, and shown more completely as the flow chart of Fig. 6.

The flow chart of Fig. 6 shows the individual steps
performed during the calculation of NU(x). Fig. 6 is broken
down into sections by clock cycles or states, described in more
detail hereinbelow, to show operations performed simultaneously.
For the sake of clarity, quantities calculated in one section of
the chart are made available to other boxes in the chart, but
connecting lines are not shown.

The initial conditions for Fig. 6 are shown in step
252, The quantity D in step 252 is the integer value of the
-code distance, N - K + 1 = 68, The.quantity Y, calculated in
step 260, is defined to be 0 when DU=0. A state machine (not
shown) controls the process steps which are repeated 67 times.
Referring also to Fig. 7, during state 1, multiplexers (not
shown) connect 32 symbol wide GF multiplier 350 to 32 SY regis-
ters 210 (SY(1)-S5Y(32)) and 32 NU registers 352. The GF product
is performed as defined by Equation 5 on the NU and SY regis-
ters. This completes step 254 of Fig. 6. The product, X(I) of .
Fig. 6, is shifted to not-shift registers (not shown), and is
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pol ynom al p(x). l bEd th b@ﬁ 2 Aggﬁﬁgg """

wggm, erm ne error |ocations, B )4
tested to find the

Is to use a-Chien all possible legitimte values of x are
X).  Based on those roots, the

~18~

exclusive OR'd in tree fashion with SY(0) by the *T function 354
of Fig. 7 until a single bit symbol, DU, appears to 10 bit bus
356. This completes step 256 of Fig. 6. The +T function is the
concatenated .XOR. sum of all inputs. If there are n inputs I,
then the output O = Ig & I; ... & In. For maximum speed the
.XOR.'s are treed as shown below.

Table 3

Ig I1 Iz I3 Ig Isg Ig I7 .

During state 1, the single 10 bit symbol is clocked
into DU registers 358 and ‘is clocked to the output stage of reg-
isters 358 during state 2. Simultaneously, as shown in step
258 of Fig. 6, the counting register 360 of Fig. 7 containing
counter variable LLMR is decremented by 1 and tested for a con-
dition of being less than 0. If less than 0, gate 362 is
enabled. As shown in step 260 of Fig. 6, during state 2 the
value of DU in shift register 358 of Fig. 7, is shifted to the
output and is used to (1) compute a new value of Y and an inver-
sion process 364 of Fig. 7 described hereinbelow, (2) compute a
new value of Q = DU & P, step 262 of Fig. 6 performed by GF mul-
tipler 366 of Fig. 7, and (3) test for DU = 0, logic test 368 of
Fig. 7 and step 264 of Fig. 6. If DU = 0 and LLMR < 0 then EN
is set as a flag via gate 362. 1Inversion operation 364 is per-
formed according to a procedure developed by Lih-Jyh Weng, and
is shown in Fig. 8.

The GF inverse circuit 364 of Fig. 7 is shown in more
detail in Fig. 8. The circuit of Fig. 9 computes the inverse
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erroneous synbols are identified, Wx) evaluated, and y(X) TFater corrected.

However, the standard technique requires nore |atency thanD%QEBp@qﬁRRMQSI .....
i nvention. To provide the advantage of |ow | atency, the | en_sear-eh

nmodi fied to permt sinultaneous eval uation of Wx), data flowis plpellned,
and erroneous sym bols are identified and corrected in real tine as they
exit buffer 22 of Fig. 1 on their way to _data processing bus 28. This
requires a Chien search as nodified by fﬂ@'present i nven- tion to conpute
the value of NU(x) and WXx) as each synbol exits buffer 22, whereupon a
deci si on | SoMaSe a5 | holteLhfbol NGn YAl 1dihg' RRE' IRt dymboACebr g5t the

power and mu1€1p1y1ng it by the input symbol lowered to the -33

pover. The result of o320 xa™330 j5 ™. To accomplish this a

10 bit symbol a is input to an a32 ,XOR. network 400, with

bitinputs Ij and bit outputs Oi as shown below:

Table 4
Og = Iz 0 I3 @ Ig4 & Ig
0g = I 8I2 & Is & Ig @ I7 & Ig & Ig
07 = Iy
0g = I2 @& I3 & I5
0 = I3 & I3 & I4 @ Ig @ I7 @ Ig
04 = I;7 & I2 & I7 & Ig
03 = iz @ Ig ® I7 6 Ig @& Ig
02 = I7 & I © I3 6 Ig @& Ig @ Ig
o1 = I1 © I4 & Ig & I7 & Ig @ Ig
oQ = Ig @ I2 © I3 & Iz & 1I7

Each 6 represents an .XOR. The value a32" is multiplied by o
to get a 33n, Because o330 are elements of a subfield, GF(ZS),
of GF(21°), there are only 31 possible non-zero values for any
a33n, Using a selected 5 of the 10 bits available (Ig, I, Iz,
I3, Ig), it is possible to construct a logic network as defined
by Table 5 below which outputs the 31 inverses of a330 (i.e.,
all =330, O1 are the output bits of a a~33M petwork that are
combusted from the input bits Ij. The input bits are the 10
bits of the symbol a33" and the output bits are the 10 bits of

the symbol a33" and the output bits are the 10 bits of the sym-
bol a~330,

Maﬂ
This S as Been Re “
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conmput ed from NUY(x) and Wx), amends the erroneous synbol

24. Circuit 480 of Fig. 11, consisting of a plurality of I0| QIA L
nul tiplier nmeans, each containing a 10 bit shift registerj: @Iﬁﬁ' a---@af;ollléll;:;:w;
Field multiplier network, evaluates NU [err] as each code*s¥yifBor 15 timed

to exit buffer 22 of Fig. 1, where i is the nunber of the synbol exiting
buffer 22 of Fig. 1. During each clock cycl the contents of each NU
register NUerr] to NUerr] is nmultiplied Bgothe G- nultiplier connected to
the register, thereby testing for a root [err] of NU for each clock cycle.
The contents ofalslacis NU regi ster of circuit 480 is multiplied by its

09 = 21+Z5+2g+27+29+Z)0+Z11+2]2+2]3
+216+219+220+225+227+238+230
08 = Z3+Zs+Zs+Zs+Zl0+Zl4+215+zls+218
+219+220+221+222+Z25+228+239
07 =0

0 = 24+26+27+29+211+215+216+217+219
+220+221+222+223+226+229+Z3¢
05 = 2)+23+27+28+29+211+212+213+2Z14
+215+218+221+222+Z227+229+230
04 = Z1+23+24+26+2g+212+2]3+214+21¢
+217+218+219+22Q+223+226+227
03 = 22+Z5+2+211+2]13+214+216+218+222
+223+224+226+227+228+229+23)
02 = 21+23+23+2Z4+Z5+2g+211+212+217
+219+220+222+Z24+228+229+23(
01 = 21+22+27+29+210+212+214+218+Z19
+220+222+223+224+225+225+229

Op ZQ+21+Z3+25+29+210+le+zl3+zl4

+225+216+217+220+223+224+229
Zo=I0I1I2TI3T5 27=TgI11I21315 Z3=IgI1I2131I5g Z3=1gI11I21315
24=I011121315 25=IgI1I21315 Zs=101112:315 Z7=10I1121315
2g=I9I1121315 2g=IgI1I2I315 Zlo=ToTifzfsls 211=1011121315
212=T0111213T5 Z13=IgI1121315 Z314=19T112T3T5 235=19T1 121315
216=10T1T21315 217=1011121315 Z1g=IgT1T2I315 Z19="™IgI112T315

220=1011121315 Z21=1911T213T5 Z32=IgI1T2T315 223="™IgI 121315

Sheet Has Been R laced
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i ey = iv}
corresponding GF nultiplier once for each corresponding dpﬁéngzﬁgsmﬁ§§¥ﬁ55f
of NU for the éven powers of x and values of NU for the odd p r 'Bf are
sumed separ atelrmisgﬂéymsgegnq{eﬁiéeed to as NUeven and NUoddi “THi‘s'conpletes:

steps 110 and 112 dd is required for subsequéent error val ue
cal cul a-_ tions. u
being evaluated b of Fig. 12 once for each synbol exiting

~as the NU(x) calculations, Wx) is also
buffer 22. In particular, circuit 500 of2Ekrg. 12 com putes W[err] x [err]
for each symbol, corresponding to step 116 of Fig. 3. Looking to Fig. 13,
clreult 480z} pt i YT s 2o S8 611315 226=10T11213T5 227=ToT1I2T3Ts

228=ToI1121315 229=IgI 121315 230=IgI1I213I5

The final operation to invert af is to multiply a32R by o~330 o
yield ¢™® according to equation 5, presented earlier.

If EN is set, during state 3 LLMR has its sign bit comple-
mented, step 268 of Fig. 6, NR input contents are replaced by NU
contents, step 270, and the value of P is replaced by the value
of Y. If EN is not set, then NR is shifted upwards (towards
higher order terms). Also during state 3, NU input contents are
replaced with the NU outputs .XOR.'d with NR & 0Q, step 274 of
Fig. 6, and SY registers are shifted upwards, step 266. When
this has been completed, one of 67 loops has been completed as
counted by R in step 276 of Fig. 6. During the 67th loop, the
SY register shift is omitted to prepare. for the W(x) computa-
tion. A test of LLMR is made'adfing egbh_lodprto assure that
LLMR is < 0, If it is not, then there are more than 32 = T
errors in the code word and the sector is not correctable.

After all 67 steps have been performed, the final NU(I) are
coefficients of the error locator polynomial NU(x) for 0 < I <
(T+1), and NU(0)=1. ' '

Circuit 448 of Fig. 10 includes means for calculating error
evaluator polynomial W(x). As embodied herein, the means for
computing the values of error evaluator polynomial W(x) com-
prises w registers 450, amend syndrome 54 registers 210, error
located polynomial NV rEgisters'352, multiplier 350, and treed
adder 354 which executes the procedure shown in Fig. 3,
including, specifically step 106. For simplicity, the calcula-
tion is shown in step 106 in an inverse form. The coefficients
of W'(x) are the coefficients of W(x) only in reverse order.

To illustrate:

Equation 7

If : k

p{x) = po + P1X + p2x2 + ...pk¥X

then p'(x) = px + Px-1X + pk-zxz + ...poxk

The same is true for S' (x) and NU' (x). The mode of the NU(x)
computer changes to a W(x) computer mode, shown in Fig. 10.
Multiplexers {(not shown) are set to connect NU registers 352 and



shown in Fig. 11, and circuit_500 is the sanme circuit d W& hENT SHEE.

Sunmmer 520 comaut es—NU(X) as the sum of NUodd and - 24- Ug/ ARRT 1981/ x)
= 1 then the [e. Jsi wmpdseeﬂke doad code word exiting buffy rr__zrz_‘|_'_s“_|__nn_g.r_,r,_(_)__r,,
and gate 522 en of gates 528 and 530, coj.responding.-!

120 of Fig. 3. At mm , and regardl ess of whether the [err]
synbol is correct er circg55_524 conputes the correct val ue,
or cor-

SY registers 210 to GF multiple 350 and tree'd .XOR. function
354 throughout computation of W(x). Ten bit bus 356 is con-
nected to register W(3l) of W(I) shift registers 450.

Starting with a new state 1, the products of SY and NU are
multiplied by GF multiplier 350 and are tree .XOR.'d by device
354, the operation of which have both been described herein-
above. A single 10 bit symbol is input to register W(31l) from
bus 356. During state 2, the contents of all W(I) registers are
input to all W(I-1) registers via 32 ten bit symbol busses 452
(downshifting the W values) and all SY(I) values are shifted to
SY(I+1) (upshifting the SY(I) values). States 1 and 2 are re-
peated until 32 cycles have been completed. The contents of
W(I) registers 450 contain the coefficients of error evaluator
polynomial W{x) and the NU(I) registers 352 contain the coeffi-
cients of the error locator polynomial NU{x). NU(I) and W(I)
values are then transferred to the next functions, steps 108,
110, 112, and 114 of Fig. 3. Registers 210, 352, and 450 are
clearly in preparation for computing NU(x) and W(x) for the next
code word.

The circuits of Fig. 13 provide .the means for simulta-
neously solving the error locator polynomial NU(x), for
obtaining the corresponding error value from NU(x) and W(x), and
for correcting erroneous symbols in code word y(x) to error free
symbols aj as each symbol is shifted out of buffer 22 of Fig. 1,
which includes the steps of (1) solving each term of NU(x), sum-
ming the odd and even power terms into NUggdq{x) and NUevén(x)
respectively, step 108 of Fig. 3; (2) simultaneously evaluating
W(x), and (3) correcting errors in y(x) as indicated by the
error locations and error values derived from the calculated
values of NUpggd(x) and W(x). 1In order to generate a correction
symbol, or correction vector YI, which is non-zero coefficient
of p(x) for a given code word symbol, the error value computa-
tion circuit 20 of Fig. 1 evaluates the 32 symbol values of
NU(x) plus the lowest order coefficient of NU(x) which is always
1, and the 32 symbol values of W(x) for each code word symbol
within the sector in real time at the same time as the corre-
sponding symbol is shifted out of buffer 22 of Fig. 1. The
results of these evaluations are then manipulated to generate
the actual correction polynomial p(x).
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1" Then gat L°%Zﬁs9‘%“‘f*as53ﬁ“%ekf| 20 i ndi cating to data processing System 25
of Fig. 1 that MEEMEHIIWIOM of circuit 10 is erroneous. The dispo-
sition of the er 0.3 s let up tgo the data processing system Al so,
if NUodd = 0, correction vector YI wil 7235t be gated to . XOR circuit 24
because gate 530 of Fig. 13 will be | ocked open. This corresponds to step
#é?f 81;] CtF: 9. gﬁ'ﬁe@é{gmﬂn@@%ep i&m&%h' @h@%f ptacbeal £Sed use
a ien search, where all possible legitimate values of x are
tested to find the roots of NU(x). Based on those roots, the
erroneocus symbols are identified, W(x) evaluated, and y(x) later
corrected. However, the standard technique requires more
latency than the present invention. To provide the advantage of
low latency, the Chien search is modified to permit simultaneous
evaluation of W(x), data flow is pipelined, and erroneous sym-
bols are identified and corrected in real time as they exit
buffer 22 of Fig. 1 on their way to data processing bus 28.
This requires a Chien search as modified by the present inven-
tion to compute the value of NU(x) and W(x) as each symbol exits
buffer 22, whereupon a decision is made as to whether the symbol
is incorrect. 1If incorrect, the non-zero coefficient in p(x),
computed from NU(x) and W(x), amends the erroneous symbol in
.XOR. circuit 24.
Circuit 480 of Fig. 11, consisting of a plurality of Galois
Field multiplier means, each containing a 10 bit shift register
and a Galois Field multiplier network, evaluates NU {al) as each
code symbol is timed to exit buffer 22 of Fig., 1, where i is the
~ number of the symbol exiting buffer 22 of Fig. 1. During each
- clock cycle, the contents of each NU register NUj to NU32 is
multiplied by the GF multiplier connected to the register,
thereby testing for a root al of NU for each clock cycle. The
contents of each NU register of circuit 480 is multiplied by its
corresponding GF multiplier once for each corresponding data
symbol. Values of NU for the even powers of x and values of NU
for the odd powers of x are summed separately and are referred
to as NUgyen and NUggg. This completes steps 110 and 112 of
Fig. 3. NUpdg is required for subsequent error value calcula-
tions. At the same time as the NU(x) calculations, W(x) is also
being evaluated by circuit 500 of Fig. 12 once for each symbol
exiting buffer 22, In particular, circuit 500 of Fig. 12 com-
putes W (a!) x a3%l for each symbol, corresponding to step 116
of Fig. 3.
Looking to Fig. 13, circuit 480 is the same circuit as
shown in Fig. 11, and circuit 500 is the same circuit as shown
in Fig. 12. Summer 520 computes NU{(x) as the sum of NUpggg and




decodi ng process. Divider circuit 524 of Fig. 13, shown

in Fig: 14, operates Tma simtar manner to the G- inver
9 except that aq | ppu thlrd mul tiplier have b

524 cal cul ates t ?ﬁ%&gmsﬁ {horld ct or step 116 of Fig.lL

fromstep 114, m mj sent ed by synbol [err] of F|g 14, by NUodd,
which is represe [err] of Flg 14. The resulting correctlon

vector is therefore: Equation 8 [err] ~

NUeyen. If NU(x) = 1 then the ith symbol of the code word
exiting buffer 22 is in error, and gate 522 enables one input of
gates 528 and 530, corresponding to step 120 of Fig. 3. At the
same time, and regardless of whether the jth symbol is correct
or not, divider circuit 524 computes the correct value, or cor-
rection vector of the it! code word symbol., This is shown as YI
in step 116 of Fig. 3 and will be discussed in more detail
hereinbelow. Also at the same time, logic gate 526 checks for
NUogd = 0. If it is zero and NUgyen = 1, then gate 528 sets a
system flag indicating to data processing system 28 of Fig. 1
that the decoded output of circuit 10 is erroneous. The dispo-
sition of the erroneous data is let up to the data processing
system. Also, if NUggg = 0, correction vector YI will not be
gated to .XOR. circuit 24 because gate 530 of Fig. 13 will be
locked open. This corresponds to step 118 of Fig. 3. An error
location found while NUggg = 0 indicates a malfunction of the
decoding process.

Divider circuit 524 of Fig. 13, shown in greater detail in
Fig. 14, operates in a similar manner to the GF inverse circuit
of Fig. 9 except that a second input and third multiplier have
been added. Divider 524 calculates the correction vector YI,

. step 116 of Fig. 3, by dividing Z from step 114, which is repre-
sented by symbol o™ of Fig. 14, by NUodd, which is represented
by symbol o of Fig. 14. The resulting correction vector is
therefore:

"Equation 8
YI = wWlai)(a34l)

This completes step 116 of Fig. 3.

Circuit 24 of Fig. 1 amends erroneous code word symbols by
.XOR.ing the data stream from buffer 22 with the correction
vectors, step 122 of Fig. 3. When a symbol is not in error,
gate 530 of Fig. 13 is open and the correction vector is zero,
therefore .XOR. circuit 24 leaves the data symbol unchanged.

The buffer data stream must be synchronized with the computation
of error values so that the correction vectors match the correct
data symbols.



This conpl etes step 116 of Fig.-3. Grcuit 24 of Fig. 1 a‘r*~*
code word synbol's™ by T XOR. |ng t he data stream from buffer

correction vec&mg ai Fig. 3. Wen a synbol is ngt L 30 TRITHY Nl C..
530 of Fig. 13 correctlon vector is zero, thetfore s
circuit 24 Ieav mg‘ unchanged. The buffer data stream nust be
synchroni zed w t nputatlon of error values so that the correction

vectors match the correct data synbol s-25-

Buffer circuit 22 of Fig. 1 is a large first-in-first-out
storage unit for data read from disk data port 26 and provides
data to amend circuit 24 approximately 2 sector times following
data entry to the buffer. In the preferred embodiment the input
symbols are latched into a shift register once for each symbol
read time, generating a 30 bit word. Each group of 3 symbols
shifted in is written to a holding register, then later trans-
ferred into the buffer where the group remains until the end of
the two sector delay time, whereupon the group of 3 symbols is
received by a read shift register and sent to the data amend
function 24 of Fig. 1, one symbol at a time.

The final function performed by the decoding circuitry is
conversion of the amended 10 bit symbols into 16 bit data words
and EDC words by converter 27 of Fig. 1. Bits 0-9 of the first
data word are bits 0-9 of the first symbol. Bits 10-15 of the
second data word are bits 0-5 of the second symbol. Conversion
continues for all data words so that bits 0-7 of symbol 413 are
bits 8~15 of the last data word, and bits 8 and 9 of the 413th
symbol are discarded.

In describing the operation of circuit 10 of Fig. 1, refer-
ence is made to Fig. 15 which shows the time allocations for
major data shifts and computations performed by the encoding and
decoding circuits. The data flow between sections of circuit 10
is unidirectional, that is, there is no handshaking. Each sec-
tion is ready to accept new data when the previous section is
ready to supply it. The chip manipulates data in a synchronous
manner, having one single clock source. The cycle time of the
clock in the preferred embodiment is nominally 70 ns which is
half-symbol time. A full symbol time in the preferred embodi-
ment is 140 ns. '

Decoding commences with data symbols being read from the
data storage device 26 into buffer 22 and syndrome computer 16
of Fig. 1, time slots 600 and 602 of Fig. 15, respectively. ECC
symbols at time slot 604 are also read into syndrome computer
16. Buffer 22 holds data read during time slot 600 for approxi-
mately two sector times and does not release the data until time
slot 606. As data in time slot 602 are being read into syndrome
computer 16 of Fig. 1, the syndrome computer begins processing
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synbol s shifted in i holdlng register, then |ater trans-
ferred into the buffer mhere t he group &hains until the end of the two
sector delay tinme, whereupon the group of 3 synbols is

data during time slot 608, Following syndrome and amend
syndrome computation, error evaluator polynomial W and error lo-
cator polynomial NU are computed during time slots 610 and 612
and are used to calculate correction vectors YI at time slow 614
as data symbols are being released from buffer 22 in time slow
606. | |

After the syndrome computation during time slot 608 is com-
plete, syndrome computer 16 is now ready to begin computations
on the next code word at time slow 616, with syndromes for these
data being computed during time slow 618, and error evaluator
and error locator polynomials being computed during time slots
620 and 622 respectively. Correction vectors during time slot
624 are calculated for the data of time slot 616 as they are re-
leased from buffer 22 during time slot 626.

This timing diagram clearly shows the pipelining made pos-
sible by the improved algorithms and circuits of the present
invention. ,

In a second preferred embodiment, a savings is made in
hardware in the exclusive OR (.XOR.) networks used to implement
the GF xal multiplications shown in Fig. 4 for the syndrome com-
puter, Fig. 12 or Fig. 13 for the error evaluator polynomial
W(x) computer, and Fig. 1l or Fig. 13 for the NUggd and NUgven
computers. To implement the zal multipliers of the present
invention, it is necessary to build an .XOR. network, such as
the a~33 multiplier shown in Fig, 16, The & symbols are .XOR.
gates. The input is a 10 bit symbol [SYMBOL A] and the output
is a 10 bit symbol [SYMBOL A] xa =33,

The size of this kind of .XOR. network is large, requiring
59 .XOR. gates for the a -33 multiplier of Fig. 16, and 60 .XOR.

"gates for the a"32 multiplier of Fig. 17. These large .XOR.
networks are complex to implement at the VLSI level, therefore,
it is difficult to build many of them in a small silicon inte-
grated circuit. The second preferred embodiment of the present
invention provides an improved Galois Field multiplier means
which reduces the number and complexity of these GF multiplier
circuits. | i

On the Galois Field, cl xal = ai+j. For example, 3'32 may
be generated by multiplying o33 by al. a given a multiplier
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circuitry is convqmﬁsmmnﬂﬁB ded 10 bit synbols intal 16
wor ds and EDC mords 27 of Fig. 1. Bits 0-9 of‘"“'

word are bits 0-9 o Bits 10-15 of the second data word
are bits 0-5 of the’ cond synbol Cbn gLsion continues for all data words
so that bits 0-7 of ‘synbol 413 are blts 8 15 of the last data word, and
bits 8 and 9 of the 413th symbol are discarded. In describing the operation
of circui mayOthéréfgre be coh8tructed from products of simpler multipli-

ers. The circuit of Fig. 18 shows an al multiplier circuit, or
Shift-1l circuit, which uses one .XOR. gate to perform a modulo-2
addition (bit 9 .XOR. bit 2) to generate the output bit 3 and
also uses some cross-connected input and output lines to trans-
pose bits to provide the desired output. The circuit of Fig. 19
shows an a2 multiplier circuit, or Shift-2 circuit, consisting
of two .XOR. gates and cross-connected inputs and outputs to
produce the desired output. The circuits of Fig. 20a and 20b
show how the product of a complex & multiplier, a=33 or u3°, and
a simple multiplier, ol or uz, can produce an output that ordi-
narily would require two complex multipliers, thereby con-
siderably reducing circuit complexity. In Fig. 20a, an a'33 and
an al multiplier produce an output consisting of the input sym-
bol [SYMBOL A] times a~33 and also times a732 for a net savings
of 59 .XOR. gates, or one o~ 32 multiplier network. Similarly,
as shown in Fig. 20b, the values of [SYMBOL B]Xa30 and [SYMBOL
B) xa32 are generated using a a3° multiplier and a Shift-2 cir-
cuit, thereby eliminating an a3? multiplier.

The application of this technique to the GF multiplier
means for the present invention eliminates almost half of the
complex .XOR. networks required by the syndrome computer and
error location and error evaluator computers. Fig. 21 shows the
syndrome computer of Fig. 4 configured to according to the sec-
ond preferred embodiment to explcit the technique of reducing
the complexity of the GF multipliers. To simplify the drawings,
only the S(-30) to S{-33) registers and related GF multiplier
and multipliers (MUXes) are shown and described; the rest being
repetitive. The function of the syndrome computers has already
been described hereinabove. Only the application of the GF mul-
tiplier means hardware reduction techniques to the syndrome com-

puter will now be discussed.

Syndrome computer 16 of Fig. 1 processes one symbol through
the syndrome compute circuit of fig. 4 or Fig. 21 approximately
every 140 ns (a full symbol clock) in both preferred embodi-
ments. In the second preferred embodiment of the syndrome com-
puter circuit as shown in Fig. 21, the syndrome compute circuit
consists of a plurality of Galois Field multiplier means each



by the encoding and decodi ng
The data flow bet f circuit 10 is unidirecti anat: ont paHPRSIQST .....
there is no handsh tio |s ready to accept Lnew

the previous section is_ready to suppl The chip mani pul ates data in a
synchronous manner, having one single clock source. The cycle tinme of the

e oo o AR TR0 PRl 50 A s ahesetat gy
connence%‘ﬁ9141mﬂﬂﬁégéﬁﬁﬁébsabbpﬁg Fegisteoma romplex GF ' uitfpifer 0000 N0
.XOR. network, and a simple Shift-1 multiplexer.

Before syndrome computer 16 begins doing calculations, all
S registers, 702, 704, 706, and 708 of Fig. 21, are cleared by a
signal on reset line 738. During the first half symbol clock or
approximately 70 ns, the 2-to-1 multiplexers (2-to-1 MUXes) 710
and 712 are enabled to allow the contents in the odd numbered S
registers, S{-33), S(-31), etc. to modulo-2 add their contents
by GF addition in adders 714 and 716 to the 10 bit data symbols
from disk 26 of Fig. 1. The resulting sums are stored in hold
registers 718 and 720. The contents of the hold registers are
next multiplied by the GF multipliers, a~31 and a'33, 722 and
724, and the resulting product is loaded into S(-31) and S(-33)
registers 704 and 708. The contents of S(-31) register 704 are
[(previous S{-31) register contents) + (data symbol from disk
26)] x u"31, and the contents of S(-33) register 708 are:
[(previous S(-33) register contents) + (data symbol from disk
26)1 xa~33. _

In the next half symbol clock of approximately 70 ns, the
2-to-1 MUXes 710 and 714 are enabled to select the contents in
the even numbered S registers 702 and 706, only two of which are
shown in Fig. 21, and add the contents of the even numbered S
registers to the same ten-bit symbol present on the data-in bus
from disk 26 in adders 714 and 716. The result is stored in
hold registers 718 and 720. The contents in the hold registers
718 and 720 are again multiplied by the GF multipliers, a 31 and
u_33, 722 and 724 respectively of Fig. 21, the output values are
next multiplied by the Shift-1 circuits 726 and 728, and the
results are stored in registers 702 and 706. The contents of
S(-30) register 702 are [{(previous S(-30) register contents +
(data symbol from disk 26)] xa~30 and the contents of S(-32)
register 706 are [(previous S(-32) register contents) + (data
symbol from disk)] xa~32, <This add and multiply calculation is

repeated for the next ten-bit data symbol retrieved from the
disk.

ence is made to FI- 15 ho the tinme allocations f r Aredetin ET |i
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In the first preferred embodiment of the syndrome computer,
an output value of S is provided from the output of each adder
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rel ease the data .- t 606. As data in tinme slot 602 are being
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associated with each S register as shown in Fig. 4. In the sec-
ond preferred embodiment, one output line, for example 730 of
Fig. 21, provides the output for two S registers, 706, 708. One
value of S is output every half symbol clock to multiplexer 732
which directs the symbol to its respective S' register of Fig. 5
via lines 734 and 736.

Figs. 22a and 22b show the error locator polynomial NU(x)
computer circuit 480 of Fig. 11l or Fig. 13 for computing NUggg
and NUeyen configured to according to the second preferred
embodiment to exploit the technique of reducing the complexity
of the GF multipliers. Figs. 22a and 22b show only small por-
tions of the computers to illustrate the implementation of the
technique. The circuits of Figs. 22a and 22b perform the same
functions as the equivalent circuits 480 of Fig. 1l or Fig. 13
in the first preferred embodiment, therefore the function of
these circuits will not be discussed further. Only the applica-
tion of the GF multiplier hardware reduction techniques to the
error locator computer will not be discussed.

In the second preferred embodiment as shown in Figs. 22a
and 22b, the NUeyen and NUgdg computer consists of a plurality
of Galois Field multiplier means, each comprising two 10-bit

- shift registers coupled to a hold register by a 2-to-1 multi-
plexer, a complex GF multiplier .XOR. network, and a simple
Shift-2 multiplier for repetitively multiplying the contents of
the shift registers by a value of al. Before the NU calculators
start doing calculations, a set of ten-bit symbol values are
loaded into all NU even numbered registers 750, 752 (only a rep-
resentative two of which are labeled) and all NU odd numbered
registers 771, 773 (only a representative two of which are la-
beled) from bus 456 connection now shown). During the first
half symbol clock of approximately 70ns the 2-to-1 MUXes 754,
775 are enabled to copy the contents of the NU(30) and NU(29)
registers, 750, 771 respectively, into the hold registers 756,
777. The contents of hold registers 756, 777 are then
multiplied by 030 and o2° GF multipliers 758, 779. The outputs
of GF multipliers 758, 779 are loaded back into the correspond-
ing NU(30) and NU(29) registers, 750, 771. The contents of
NU(30) register 750 is now equal to [previous NU(30) register
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During the next half symbol clock the 2-to-1 MUXes 754, 775
are enabled to copy the contents in the NU(32) and NU(31) regis-
ters 752, 773 into their respective hold registers 756, 777.

The contents of the hold registers are next multiplied by the
same GF a30 and a2® multipliers, 758, 779. The output values of
the GF multipliers 758, 779 are loaded back into the correspond-
ing NU(32) and NU(31) registers 752, 773 after being multiplied
by o in the respective Shift-2 circuits 762, 783. Now the con-
tents of NU(32) register 752 is equal to [previous NU(32) regis-
ter contents] xa3l. This process is again repeated in the next
symbol clock. ' '

Fig. 23 shows the error evaluator polynomial W(x) computer
circuit 500 of Fig. 12 or Fig. 13, configured to according to
the second preferred embodiment to exploit the technique of re-
ducing the complexity of the GF multipliers. Fig. 23 shows only
a small portion of the computer to illustrate the implementation
of the technique. The circuit of Fig. 23 performs the same
functions as the equivalent circuit 500 of Fig. 12 or Fig. 13 in
the first preferred embodiment, therefore, the function of this

- circuit will not be discussed further. Only the application of
the GF multiplier hardware reduction techniques to the error

evaluator computer will now be discussed.

Error evaluator circuit 800 consists of a plurality of
Galois Field multiplier means, of the same form as the NUpggg and
NUeven Circuits of Figs. 22a and 22b, for repetltlvely multi-
plying the contents of the NU registers by al, and functions in
a similar manner. Even values of W() are calculated and stored
in the even W registers during one half symbol clock and odd
values are calculated and stored in the odd W registers during
the next half symbol clock. Only even numbered o multipliers
are provided; the odd a multipliers are provided by the Shift-1
circuit,

Because only half of the W values are calculated and summed
in treed adder 802 during each half symbol clock, accumulator
804 stores and adds the even and odd outputs of adder 802 to
provide the full value of W() for computation of the correction
vector as shown on Fig. 13.



620 and 622 respectively. Correction vectors during ti REPLACEWENT SHEET
calcul ated for the data of tine slot 616 as they are r IgageHPRﬂ buf f
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I nvention. In a s
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Fig. 13 for the error evaluator polynom al Wx) conputer, and Fig. 11 or
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ment to the syndrome computer, only 34 complex GF multiplier
.XOR. networks are required rather than the 67 required to im-
plement the algorithm in hardware in the first preferred embodi-
ment. Likewise, this technique reduces the need for .XOR net-
works in the NUgyen, NUpdd. and W computers from 64 to 32,

Additional advantages and modifications will readily occur
to those skilled in the art. The invention it its broader
aspects is, therefore, not limited to the specific details, rep-
resentative apparatus and illustrative examples shown and
described. Accordidgly, departures may be made from such
details without departing from the Spir# of scope of appli-
cants' general inventive concept ' '



conputters. To inpl enent the [err] mul tipliers of the preseigp

i s necessary to build an network, such as the [err

mntuﬁﬂﬂbﬁﬂeﬁﬁ
in Fig. 16. The [ gheéyigmbﬂ; Eed XOR. gates. The input

|fsa q(%mf yrrbol
[SYMBOL A] and the ﬂummum“ it synmbol [SYMBOL Al : Ja

this kind of .XOR requiring 59 . XOR"~ gates for t he [erw
multiplier of Fig. gat s for the [err] H“ mIJum
17. These large .XOR networks are conp ex to inpl enent l“ mlmun
therefore, it is difficult to build many of themin a smakl &il4icdn ifnté
grated ci r'&AT ISTEBATMEDNIS preferred enbodi nent of the present

1. A circuit for detecting and correcting errors in
binary data symbols d; that have passed through an error
inducing mediﬁm, comprising:

a. encoder means for encoding said data symbols into a
plurality of Reed-Solomon first code words a(x) and sending said
first code words to said error inducing medium;

b. buffer means for receiving from said error inducing
medium a plurality of retrieved code words y(x) equal to said
first code words in which errors have been induced and for hold-
ing each of said retrieved code words for no longer than the
time needed to compute error locations and values;

c. decoder means for computing from said retrieved code
words a plurality of error locations and correction vectors in
real time with each data symbol of said retrieved code words as
each symbol exits from said buffer means; and

d. correcting means responsive to said error locations
and correction vectors for correcting erroneous data symbols in
said retrieved code words as théy are released from said buffer
means.

2. The circuit of claim 1 wherein said encoder means
encodes K of said data symbols into a plurality of symmetrical
Reed-Solomon first code words consisting of N symbols over the
Galois Field GF(2™) generated by a primitive polynomial of x and
said first code words are generated by dividing a polynomial in
x with coefficients'di by a generator polynomial g(x) character-
ized by: )

th
gl{x) = =« (x + al)
i=-n
to create N-K error Correction Code symbols ej.

3. The circuit of claim 2 wherein said first code word
a{x) is a polynomial in x with N coefficients aj where the first
aj equal d; and the last N-K aj and K is less than N,

4. The circuit of claim 1 wherein said decoder means in-
cludes: |

a. means for computing N-K syndromes S;i for each of
said retrieved code words as said retrieved code words are
received from said error inducing medium;
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b. means for simultaneously computing the values of
an error locator polynomial NU(x) and an error evaluator poly-
nomial W(x)* X3% in real time for each symbol of said retrieved
code word as said retrieved code word is released from said
buffer means where:

NU(x)S(x) = W(x) modulo xt
and S(x) is a polynomial in x with coefficients S; and t is the
error correcting capability of said Reed-Solomon Code;

c. means for calculating a correction vector YI for
each symbol of said retrieved code word as said retrieved code
word is released from said buffer means where:

vi = w(al) x o341 .

(NUodd (al) |
and vhere al is an element of GF(2™) and NUodd (al) is the sum
of the odd power terms of NU(x) calculated at al,

5. The circuit of claims 3 or & wherein m = 10, n = 33,
said primitive polynomial is 210 + %3+ 1, N is less than 2T,
and N-K is 67, thereby providing for the correction of 32
ten-bit symbols of y(x).

6. The circuit of claim 1 wherein the préselected number

of said retrieved code words is two.

7. The circuit of claim 2 wherein said encoder means fur-
ther includes means to exclusive "or" a coset leader to 67 sym-
bols with said Error Correction Code symbols ej, and said
decoder means further includes means to exclusive "or" said
coset leader with said retrieved code word.

8. A method for detecting said correcting errors in
binary data symbols di that have passed through an error
inducing medium, comprising:

a. encoding said data symbols into a plurality of
Reed-Solomon first code words a{x) and sending said first code
vords to said error inducing medium; _

b. receiving from said error inducing medium a plu-
rality of retrieved code words y{x) equal to said first code
words in which errors have been induced and holding each of said
retrieved code words for no longer than the time needed to com-
pute error locatins and values;
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error ocatzons Bna®Corred lons vectors in real time
with each data symbol of said retrieved code word as it is re-
leased from said step of holding; and
d. correcting said erroneous data symbols in said
retrieved code word by said correction vectors at the computed
locations.

9. The method of claim 8 wherein the step of encoding in-
cludes encoding K of said data symbols into a plurality of sym-
metrical Reed-Solomon first code words consisting of N symbols
over the Galois Field GF (2™) generated by a primitive poly-
nomial of x and said first code words are generated by dividing
a polynomial in x with coefficients of dj by a generator poly-
nomial g(x) characterized by:

tn
gl{x) == (x + ai)
i=-n
to create N-K Error Correction Code symbols ej.

10. The method of claim 9 wherein said first code word
a(x) is a polynomial in x with N coefficients aj where the first
aj equal d; and the last N-K aj equal ej and K is less than N.

. 11. The method of claim 8 wherein said step of computing
includes:

a. computing N-K syndromes Sj for each of said re-
trieved code words as said retrieved code words are retrieved
from said error inducing medium; _

b. simultaneously computing the values of an error
locator polynomial NU(x) and an error evaluator polynomial
W(x)* X3¢ in real time for each data symbol of said retrieved
code word as said code word is released from said step of hold-
ing where:

NU(x) S(x) = W(x) modulo x*
and S(x) is a polynomial in X with coefficients S;j and t is the
error correcting capability of said Reed-Solomon Code; and

c. calculating a correction vector YI for each data
symbol of said retrieved code word as said retrieved code word
is released from said step of holding where:
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and vhere ol is an element of GF(2™) and NUodd (a‘) is the sum
of the odd power terms of NU(x) calculated at al.

12. The method of claims 10 and 11 wherein m = 10, n = 33,
said primitive polynomial is x10 3. 1, N is less than 2™ and
N-K is 67, thereby providing for correction of 32 ten-bit sym-
bols of y(x). | |

+ X

13. The method of claim 8 wherein said preselected number
of said retrieved code words is two.

14. The method of claim 9 wherein said step of encoding
further includes the step of exclusive "or-ing" a coset leader
of 67 symbols with said Error Correction Code symbols ej, and
said step of decoding further including the step of exclusive
"or-ing" said coset leader with said retrieved code word.

15. A circuit for detecting and-correcting errors in
binary data comprising: ' |

a. Reed-Solomon encoding means for encoding error
free binary data to produce code words, each having K data sym-
bols and N-K Error Correction Code (ECC) symbols, said ECC sym-
bols being eléments in the Galois Field GF (2™) for any integer

- m greater than 0, said ECC symbols being generated by encoding
said K data symbols using a predetermined generator polynomial
g{x) having roots al where o is a primitive element in GF(2™);

b. means for transmitting each said code word to an
error inducing medium;

c. means for receiving from said error inducing me-
dium a retrieved code word equal to each said transmitted code
word in which errors have been induced and for holding each of
said retrieved code words for a preselected time period;

d. means for computing data error syndromes from
said retrieved code words;

e. means for computing from said syndrome an error
locator polynomial NU(x) of the form NU(x) = NUggg(x) +
NUeven{x) + 1.

i means for computing from said syndromes and said
error locator polynomial an error evaluator polynomial W(x);
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application of the " mut Yiplier neanggbar dwar e reduction technlques to
the syndrone com puter mnll now be dlscussed Syndrome conputer 16 of Fig.
1 processes one synbol through the syndrome conpute circuit of fig. 4 or
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enbodi - cession of elements a! of GF(2™); and
h. means for correcting each data symbol of said re-

trieved code word using a correction vector YI calculated from
said values of NU(x) and W{x)* x3%,

16. The circuit of claim 15 wherein m = 10, n < 1024, K =
67 and the number of erroneous data symbols that may be cor-
rected in said retrieved code word is 32.

17. The circuit of claim 15 wherein said generator poly-
nomial is

+33
gi{x) = 7 (x + al)
i=-33
18. The circuit of claim 15 wherein said preselected time
period is the time required to retrieve one code word and calcu-
late said error locator polynomial.
19. The circuit of claim 15 wherein said means for
computing NU(x) uses the Berlekamp-Massey alogorithm.
'20. The circuit of claim 15 wherein said means for
evaluating NU{(x) uses a Chien search.
21. The circuit of claim 15 wherein said error correction
vector is
Y1 = wlal x g;4i
NUodd (al)
22. A method for detecting and correcting errors in binary
data comprising:
a. encoding error free binary data to produce Reed-
Solomon code word qonsisting of K data symbols and N-K Error
Correcting Code (ECC) symbols, said ECC symbols being elements
in the Galois Field GF(2M) for any integer m > O, said ECC sym-
bols generated by encoding said K data symbols by a predeter-
mined generator polynomial g(x) having roots al where a is a
primitive element in the GF(2™);

b. sending said code word to an error inducing medi-
um; _ _

c. receiving from said error inducing medium a re-
trieved code word equal to said code word in which errors have
been induced and for holding each of said retrieved code words
for a preselected time period; -
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ments. In the second preferred enbodi ment of the syndrone GEHBL NDEVEINT SHEET l
circuit-as shown in Fig. 21, the syndrome conpute circuit conS|$ @@5\&1997

plurality of GaI0|s'FT§TH_nuIt|pI|er means each -28- cPprphibs

10-bit registers coup “mm dder by a 2-to-1 I’I’U‘--~I..~p.l:ﬂ¥#t’—
regi ster, a conplex m . network, and a sinple Shift-1
mul tipl exer. Before syndanELcdhp ter 16 beglns doi ng cal cul ations, al

d. computing data error syndromes from said re-
trieved code words;

e. computing from said syndrome an error locator
polynomial NU(x) of the form NU(x) = NUpogg(x) + NUgyen(x) + 1;

f. computing from said syndromes and said error lo-
cator polynomial and error evaluator polynomial W(x);

g. evaluating NU{(x) and W(x)* %34 for a succession
of elements aj of GF(2™); and

h, correcting each data symbol of said retrieved
code word using a correction vector YI calculated from said val-
ues of NU(x) and W(x)*x34,

23, The method of claim 22 wherein m = 10, N< 1024; K = 67

and the number of erroneous data symbols that may be corrected
in said retrieved code word is 32 in said step of encoding error

of free binary'data. ‘
24. The method of claim 22 wherein said generator poly-
nomial is
+33
glx) = 7 (x + al
i=-33

25. The method of claim 22 wherein said preselected time
period is the time required to retrieve one code word and calcu-
late said error locator polynomial.

26. The method of claim 22 wherein said step of computing
NU(x) uses the Berlekamp-Massey alogorithm.

27. The method of claim 22 wherein said step of evaluating
NU(x) uses a Chien search. ‘

28. The method of claim 22 wherein said error correction
vector YI equals:

Yl = mi) % 9341
NUodd (al)

29. The circuit of claim 1 wherein said decoding means in-
cludes Galois Field (GF) multiplier means for repetitively GF
multiplying symbols by ai, said GF multiplier comprising:

a. 2-to-1 multiplexer for multiplexing a first input
signal at a first predetermined time and a second input signal
at a second predetermined time to obtain a first output s1gna1-

Sheet Has Been Rerlaced




S registers, 702, 704, 706, and 708 of Fig. 21, are cle
reset line 738. During the first half synbol. clock or appREBLAGE
the 2-to-1 nultlpfexers (2-t es) 710 and 712 are abIeQ;
contents in the o “H& sters, S(-33), S(-31)j Bte-te
add their content m n*l n adders 714 and 716 & 'rrE’IO’“H“t data
synbol s from di sk of Big. 1. The resultlng suns are stored in hold

regi sters 718 and 720. The contents 0f8he hold registers are next

mul tiplied by the GF multipliers, [err] and [err] 722 and 724, and the

| t duct | ogd 1 d 708.
e LT ) RS e o St kN Sl W

the
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c. means for coupling the first output signal to the
hold register;

d. a first Galois Field (GF) multiplier for multi-
plying the stored first output signal to produce a second output
signal;

e. a first register with an output coupled to the
first input of the multiplexer for storing the second output
signal at the first predetermined time;

f£. a second GF multiplier for multiplying the second
output signal to produce a third output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the third output
signal at a second predetermined time.

30. The circuit of claim 2S wherein the means for coupling
the first output signal includes a modulo 2 adder.

31. The circuit of claim 4 wherein the means for computing
N-K syndromes comprises:

a, a plurality of S computers for generating the
coefficients S§§ of a syndrome polynomial S{(x); and

- b. an amend syndrome calculator for shortening the
code symbols of the Galois Field (2™), from value of m=10 to a
value of m less than 10.

32. The circuit of claim 31 wherein each S computer in-
cludes a Galois Field (GF) multiplier means for repetitively GF
multiplying an input signal by ai, said multiplier means com-
prising:

a. a logical .AND. gate responsive to a feedback
signal and the input signal for prbviding a first output signal;

b. a GF multiplier responsive to the first output
signal for GF multiplying the first output signal at a predeter-
mined time to obtain a second output signal;

C. a storage register for storing the second output
signal; and

d. a8 GF modulo-2 for adding the stored second output
signal to a data signal and providing the sum as the input sig-
nal to the logical .AND., gate. Ce— T T T
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[ (previous S(-31) register contents) + (data symbol frofnigkaRcCEB)ENTKSHEEY ]
and the contents of S(-33)—register 708 are: [(previousiiS(- 3 egp %gz
ol

contents) + (data “synbol fron1gﬁjﬁﬂ§6)] x [err] . In the next hal

cl ock of approxi mat ﬂ“\“‘ﬂ\m ‘o 1 MUXes 710 and 712..are=e¥ -
sel ect the contents ered S registers 702 and 706, only two

of which are shown in Flg 21 and add ége contents of the even nunbered S
registers to the same ten-bit synbol ent on the data-in bus fromdisk
26 in adders 714 and 716. The result |s stored in hold registers 718 and

720. The contengs, i rHe ipeldtr 60 SI88MS 31 wherein each S computer in-
cludes a Galois Field (GF) multiplier means for repetitively
multiplying a signal by ai, said multiplier means comprising:

a. 2-to-1 multiplexer for multiplexing a first input
signal at a first predetermined time and a second input signals
at a second predetermined time to obtain a first output signal;

b. modulo-2 adder means for adding the first output
signal to a data signal to obtain a second output signal;

C. a hold register for storing the second output

signal;

d. a first Galois Field (GF) multiplier for multi-
plying the stored second output signal to produce a third output
signal;

e. a first register with an output coupled to the
first input of the multiplexer for storing the third output sig-
nal at the first predetermined time;

f. a second GF multiplier for multiplying the third .
output signal to produce a fourth output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the fourth output
signal at a second predetermined time.

34. The circuit of claim 4 wherein the means for computing '
the values of the error locator polynomial NU(x) includes Galois
Field (GF) multiplier means for repetitively multiplying a s1g-
nal by al, said multiplier means comprising:

a. storage means having an input port for receiving
an input signal and an output port; and

b. a GF multiplier to recursively generate the input
signal by GF multipplying the stored input signal from the out-
put port.

35. The circuit of claim 4 wherein the means for computing
the values of an error evaluator polymomial W(x)* %34 includes

' Galois Field (GF) multiplier means for repetitively multiplying
a signal by ui, said multiplier means comprising:

a. storage means having an input port for receiving
an input signal and an output port; and

b. a GF multiplier to recursively generate the input
signal by GF multiplying the stored input signal from the output
port.-at a predetermined time.

Sheet Has Been Reﬂlaoed




718 and- 720 are again multiplied by the G- nultipliers
722 .and- 724 respectively of Eig-—217 the output val ues :
by the 'Shift-1 cireuits 726 and ﬁ@ghband the results ard

----------

regi'sters 702 and 70 of S(-30) register FO@mare Jf-preevi
S(-30) register n‘m fromdi sk 26)] [esF=and
contents of S(-32) ey 7b6 are -[previous S(-32) register contents) +
(data symbol fromdisk)] [err]. -This add48nd multiply calculation is
repeated for the next ten-bit data synbol retrieved fromthe disk. In the

first preferred gbodgeas Q) { NSe WM EE wESIBYA e means for computing
the values of an error locator polynomial NU(x) includes Galois
Field (GF) multiplier means for repetitively multiplying a sig-
nal by ai, said multiplier means comprising:

a. 2-to-1 multiplexer for multiplexing a first input
signal at a first predetermined time and a second input signal
at a second predetermined time to obtain a first output signal;

b. 3 hold register for storing the first output sig-
'nal;

’ c. means for coupling the first output signal to the
hold register;

d. a first Galois Field (GF) multiplier for multi-
plying the stored first output signal to produce a second sig-
nal; . |

e. a first register with an output coupled to the
first input of the multiplexer for storing the second output
signal at the first predetermined time;

f. a second GF multiplier for multiplying the second
output signal to produce a third output signal; and

g. a second register with an output coupled to the
second input of the multiplexer for storing the third output

- signal at the second predetermined time.
37. The circuit of claim 4 wherein the means for computing
the values of an error evaluator polynomial W(x)* x3%4 includes
Galois Field (GF) multiplier means for repetitively multiplying
a signal by a i, said multiplier means comprising:

a. 2-to-1 multiplaxer for multiplexing a first input
signal at a first predetermined time and a second input signal
at a second predetermined time to obtain a first output signal;

b. a hold register for storing the first output sig-
nal.

c. means for coupling the first output signal to the
hold register; '

d. a first Galois Field (GF) multiplier for multi-
plying the stored first output signal to produce a second output
signal; )

e. a first register with an output coupled to the
first input of the multiplexer for storing the second output .
sigucl at the first predetermined time;

Thﬁfiiiﬁfiﬁlfﬁlllﬁ



an output value of S is provided fromthe output of ea ==

associ ated with each S register as shown in Fig. 4. In tﬁﬁPkﬁﬁﬁﬂﬂﬂﬁBSHEE

preferred enbodJnEnLr_ene-eutput'f1ne f or—exanpl & 730 6f Fj gg éER‘ggPVId
t eF

the output for two: S regis 06 708. M%h%ﬁB&% l
hal f symbol cloc mu‘m‘ “ i%t—! 732 whi ch ol "To Fts—
respective S re |a | i nes 7 lmﬂﬂl n

-41-

£. a second GF multipler for mult1ply1ng the second
output signal to produce a third outputﬁsignal; and

q. a second register with an output coupled to the
second input of the multiplexer for storing the third output
signal at the second predetermined time,

38. The method of claim 8 wherein the step of decoding in-
cludes Galois Field (GF) multiplying comprising:

a. multiplexing a first input signal at a first pre-
determined time and a second input signal at a second predeter-
mined time to obtain a first output signal;

b. coupling the first output signal to a hold regis-
ter;

c. storing the first output signal in the hold reg-
ister;

d. first Galois Field (GF) multiplying of the stored
first output signal to produce a second output signal;

e. storing the second output signal at the first
predetermineéd time in a first register;

f. second GF multiplying the second output signal to
produce a third output signal; |

g. storing the third output signal at the second

- predetermined time in a second register;

h. coupling the stored second output signal to the
first input of the multiplexer; and

i. coupling the stored third output signal to the
second input of the multiplexer.

39. The method of claim 38 wherein the step of coupling
includes the step of modulo-2 adding a data signal to the first
stored output signal.

40. The method of claim 11 wherein the step of computing
N-K syndromes comprises:

a. generating the coefficients of S;§ of a syndrome
polynomial S(x) in a plurality of S computers; and

b. shortening the code symbols of the Galois Field
(2™) in an amend syndrome calculator, fromm = 10 to a value of
m less than 10.

41. The method of claim 40 wherein the step of generating
each coefficient of the syndrome polynomial S{(x) comprises:



Figs. 22a and 22b show the error |ocator polynom al NU(x)
480 of -Fig. 11 or _Fig. 13 for conputing NUodd and NUeven c 'ﬂﬁﬁuAeHMENTsHEET
according to the second‘prefe{¥ed»enbod|nent to exploit th .tecgplque of
reduci ng the conp he GF nultipliers. Figs. 22a and 22 hARRdBﬂZ _____
smal | por- tions £ﬂw, g' ”ﬂ”to illustrate the inpl eménfation -
techni que. The C|rCU|ts 2a and 22b performthe sane functions as
the equivalent circuits 480 of Flg 1140~ Fig. 13 in the first preferred
enmbodi ment, therefore the function of these circuits will not be discussed
further. Chly the applica- tion of the GF nultiplier hardware reduction
techni ques to the @ providing a first output signal from a logical

AND gate responsive to a feedback signal and an input signal;

b. GF multiplying the first output signal at a pre-
determined time by a GF multiplier to obtain a second output
signal;

c. storing the second output signal in a storage
register; and

d. adding the stored second output signal to a data
signal in a modulo-2 adder and providing the sum as the input
signal to the logical .AND. gate.

42, The method of claim 40 wherein the step of generating
each coefficient § of the syndrome polynomial S(x) comprises:

a. multiplexing a first input signal at a first pre-
determined time and a second input signal at a second predeter-
mined time in a 2-to-1 multiplexer to obtain a first output sig-
nal; :

b. adding the first output signal to a data signal
in a modulo-2 adder to obtain a second output signal;

c. storing the second output signal in a hold regis-
ter;

d. multiplying the stored second output signal in a
GF multiplier to produce a third output signal;

e. storing the third output signal at the first pre-
determined time in a first register having an output coupled to
the first input of the multiplexer;

£. multiplying the third output signal by a second
GF multiplier to produce a fourth output signal; and

g. storing the fourth Output'signal at a second pre-
determined time in a second register having an output coupled to
the second input of the multiplexer.

43, The method of claim 11 wherein the step of computing
the value of the error locator polynomial NU(x) includes Galois
Field (GF) multiplying comprising:

a. storing an input signal in a storage means having
an input port and an output port; and

b. recursively GF multiplying the stored input sig-
nal from the output port by a GF multiplier to generate the
input signal. A
This Sheet Has Been Reill
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erYor_Focator computer will not be discussed. In the secprikmaeErfeNISsHEET
entodi nent as shown in_Figs.--22a and 22b, the NUeven andf 0 ﬁﬁgél
ngi_g

own | n NUod% é
consists of a plurality of Galois Field multiplier neans, -each Gofypitis¥hg

PSRNk 111111 11111 S S R e A o o

multiplier for repétitivBly nultiplying the contents of the shift registers
by a value of [err]. Before the NU cald#tators start doing cal cul ations, a
set of ten-bit synbol values are | oaded into all NU even nunbered registers

750, 752 (only gy g GHLE'LY %l dth 31 WHeEl1A" End P Y: 20Gp3LLn0W 00
the values of an error evaluator W(x)* X34 includes Galois Field
(GF) multiplying comprising:

a. storing an input signal in a storage means having
an input port and an output port; and

b, recursively GF multiplying the stored input sig-
nal from the output port by a GF multiplier to generate the
input signal.

45. The method of claim 11 wherein the step of computing
the values of an error locator polynomial NU(x) includes Galois
Field (GF) multiplying comprising: '

a. multiplexing in a 2-to-1 multiplexer a first
input signal at a first predetermined time and a second input
signal at a second predetermined time to obtain a first output

S —y

signal;
' b. coupling the first output signal to the hold reg-
ister;
c. storing the first output signal in a hold regis-
ter;

d. multiplying the stored first output signal by a
first GF multiplexer to produce a second output signal;

- e. storing the second output signal at the first
predetermined time in a first register with an output coupled to
the first input of the multiplexer;

£. multiplying the second output signal by a second
GF multiplier to produce a third output signal; and

g. storing the third output signal at a second pre-
determined time in a second register coupled to the second input
of the multiplexer. _

46. The method of claim 11 wherein the step of computing
the value of an error evaluator polynomial'w(x)*x:’4 includes
Galois Field GF multiplying comprising:

a. multiplexing in a 2-to-1 multiplexer a first
input signal at a first predetermined time and a second input
signal at a second predetermined time to obtain a first output
signél in a numeral 2-to-numeral 1 multiplexer; :

b. coupling the first output signal to the hold reg-

ister:;
’ This Sheet Has Been RTlaced
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registers 771, 773 (only a representative two of which aneﬁt§¥%€eggg*sgkgq1‘

bus 456 .connect i on now shown). During the first half syni
approxi mately 70ns t he—2-to=1 MIXes 754, 754, 775 are enabl ed |

contents of the NU(30) ters, 750, 771 re VBN AL o
the hold registers 756 iﬂ “g!i ts of hold registers 756, 777 are
then nultiplied by [er nal ti I|ers 758, 779. The outputs of

G- nultipliers 758, 779 are |oaded back I %D t he -correspond- ing NU(30) and
NU(29) registers, 750, 771. The contents of NU(30) register 750 i s now

equal to [previous NUEBO) éf@%sﬁéﬁthe first output 51gnal in a hold regis-
ter;

d. multiplying'the stored first output signal by a
first GF multiplier to produce a second output signal;

e. stOring.the second output signal at the first
predetermined time in a first register with an output coupled to
the first input of the multiplexer; _

£. multiplying the second output signal by a second
GF multiplier to produce a third output signal; and

g. storing the third output signal at a second pre-
determined time in a second register coupled to the second input
of the multiplexer.

—
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-30- contents] [err] and the contents of NU(29) registe ﬁLAégﬁfmﬁgﬂsgpu

NU(29) register contents] [err]. During the next half s nbol CHB é Rq 7
2-to-1 MJXes 754, 775 are enabled to copy the contents iingihe NU @gufm_ﬁﬂ

NU(31) regis- ters 752, 773 into their respective hold Negisters 756777
The contents of the hold registers are next multiplied by the sanme GF [err]
and [err] multipliers, 758, 779. The output values of the GF nultipliers

758, 779 are | oaded back into the corresfénd-
HIGH BANDWIDTH REED-SOL'OMON ENCODING, DECODING AND ERROR CORRECTING CIRCUIT

ABSTRACT OF THE DISCLOSURE
A VLSI circuit that implements a symmetric Reed-Solomon

error correcting code for correcting up to 32 symbol errors per
code word in real time. Extensive use of data pipelining and
novel solutions to the Berlekamp-Massey algorithm without sup-
plementary software or heavily iterative hardware calculations
provide a high bandwith, low latency implementation of the Reed-
Solomon code with low data overhead and low hardware cost.

Figure 1

——
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_ 3 _ ‘ _ oL o
ing NU(32) -and NU(31) registers 752, 773 after being multiplied by [éﬁ%ﬁﬂﬁﬁi"f%s
the respective Shift-2 circuits 762, 783. INow the con- tents of NU(32)

regi ster 752 is equal to [previous NU32) regis- ter contents] [err]. This
process is again repeat Lot ' o] | 2 he error

eval uat ormmbwgmwaggg&bp %‘El(gﬂ&ﬁ ‘%ﬂ; W"E I
confi gur e¢ORRECERIGCHC preferred enbodi nent tpzeprEFszn“”“E} :
techni que of re- ducing the BATKRGROUND GbF THE GINVENTIQN i er §. REPHACEYERR 2
only a small portion of the computer to illustrate the inpl nt at i ery SEP 997 x
t he techniqqe.é&@inpb@c%hh frvENT 10853 perfdrns the sane

This invention relates to using VLS! architecture for
high bandwidth, low latency execution of the Reed~Solomon
encode, decode, and error correction functions, capable of cor-
recting a large number of symbol errors in binary digital data.
II. DESCRIPTION OF THE RELATED ART

~Electronic communications and data processing systems
transmit?ﬁreceive and store electromagnetic signals representa-
tive of binary "zeros" and "ones.”™ During data transfer along
data channels, or during the process of storing data on and
retiieving data from various magnetic, optical or other storage
media, erroneous data values may occur., These errors may be the
result of electromagnetic noise on the data channel or defeqts
in the storage media. Isolated single bit random errors and
contiguous multibit "bursts" of errors must be recognized and
corrected using a system that is highly reliable, that is, one
that does not produce many errors in the corrected data. At a
minimum, the erroneous data must be recognized and flagged as
erroneous rathgr.tﬁan being acted upon.

Unlike data communications systems that have the luxu- ..
ry of retransmitting data until an error free transmission oc-

* curs, erroneous data stored on magnetic, optical or other stor-
age media are permanently lost unless they can be corrected. By
encoding data pripr to storage or transmission, and decodiné
following reception or retrieval, errors may be detected and
corrected prior to the data being released for subsequent use.
Reed-Solomon codes are effective for the types of independent
and bursty errors experienced on magnetic storage media. Infor-
mation on encoding, decoding, and Reed-Solomon codes in particu-
lar may be found in "Error Correcting Codes™ by Peterson and
Weldon, The MIT Press, second edition (1972) and several other
texts. *

For binary data storage and retrieval systems, error
correction begins prior to storing data on the applicable medi-
um, here considered to be a magnetic disk. First the data are



functions as the equivalent circuit 500" of Fig. 12 or Fig. 13 in the fi rst
preferred enmbodinent, therefore, the function of this circui ot -
di scussed further. Only the application of the GF nultiplier| REPHABEEENT SHEET
reduction techniques to the error evaluator conputer wll ng _‘be _eh5c3&égﬂ7
Error evaluator circuit 800 consists of a plurality of Gal oiisPRieg]@ e

mul tiplier means, of the same form as the NUodd and NUeven crrcurts of
Figs. 22a and 22b, for repetitively multi- plying the contents of the NU
registers by [err] , and functions in a simlar nmanner. Even values of W)
are cal culentcodednds $hgra (N, K)hReddeBoVoheWi cddRr foddré NN Q,nq,ih,ag;msynbol

clock and g, consisting of K data symbols and N-K Error Correction Code
(ECC) symbols. The ECC symbols are redundant and provide the
information necessary to recognize erroneous data symbols and to
reconstruct a maximum of T = (N-K)/2 data symbols. .

A symbol is a series of m bits, for example, 6 or 10.
The data stream of binary digits destined for storage on a disk
sector usually consists of a series of 8, 16 or 32 bit words and
must be cé%erted to a series of data symbols. The N symbols of
the code word are representative of the coefficients of a poly-

. nomial in x of degreée N-1 represented by a(x) where deg{a)=N-1.
ECC symbols are generated such that each code word is evenly
divisible by a generator polynomial, g(x), having N-K consecu-
tive roots in the Galois Field, GF (2™), and where each ECC sym-
bol is an element ol of GF(2™). The generator polynomial, g(x)
is chosen based on the extent and complexity of the error cor-
rection scheme, that is, how m%? symbols of detection and cor-
rection are desired. 1In an (N,K) code, deg{g)=N-K. If d(x) is
a polynomial in x of degree K~1 with K data symbols dj as
coefficients, then the code word a(x) is:

a(x) = d(x) * xNK) 4 o(x)
. : where
. ‘ e(x) = Remainder of [d(x) * x(N-K) / g{x)]
The coefficients of e(x) are the ECC symbols e;. This process
of dividing the data symbol polynomial d(x) by the generator
polynomial g(x) ensures that each stored code word a(x) is
evenly divisible by g(x). If a retrieved code word y(x) is
error frée, y(x) is equal to a(x) and is evenly divisible by
g{x). 1If y(x) is not evenly divisible by g(x) then that code
word is assumed to contain an error vector p(x) that must be lo-
cated and corrected, where y(x) = a{(x) + p(x).

The factors of an error locator polynomial, NU(x), an
error evaluator polynomial, W(x), locate the erroneous data.sym-
bols within the code word and indicate the values which, when
added modulo 2 to the received symbols, provide the correct sym-
bols. The terms of NU(x) are calculated using the Berlekamp
Massey algorithm from the error syndromes, Si, which are
obtained by dividing y(x) by the factors of g(x). 1If a syndrome



i{RE?LACEM%NTSﬁEET |
ging t he next \

val ues are cal cul ated and stored in the odd Wregisters du
hal f synbol clock. Only even nunbered '[3e"rr] multipliers aré p.r?gy‘i___gl_eg]gﬁ 14997 )'i
odd [err] multipliers are provided by the Shift-1 circuit. :Because - oma===—=
hal f of .the Wyal ues are cal cul at and.sumred in treed adder 2 _during
each haitF SPRGEETDr obReR, Bt hPL: EReghaad, APES MatBatkrohe oUiR SHEPHAC
out put s lokasedeisg@aund pyocodputlhegf the vabts of t#¢ éororohjafetari on of
the corpaGLh@mi%ect (35 SRA9n8R EhE: cdfrect data symbol may be deter-
mined by finding the value of W{x) using the syndromes and
NU(x). Root finding in a digital environment typically uses
Chien's search algorithm. A Reed-Solomon encoding-decoding sys-
tem that uses the technique of a generator polynomial, syndrome
computation, and evaluation of error locator and error evaluator
polynomials is described in U.S. Patent No. 4,413,339 to Riggle

et al.

Because of the many computations being performed in
software or iteratively in hardware, and the need to calcuate
the NU(x) and W(x) polynomials and all the roots of NU{x), and
to evaluate W(x) prior to correcting erroneous data symbols,
prior art decoders suffer from one or more of the drawbacks of
high latency, low bandwidth and high cost, especially when many
data errors are encountered. Soft error rates for disks are
therefore limited to about 1 x 10-6 because of the low pro-
cessing speed or cost of the-decoders. Faster Reed-Solomon sys-
tems which are also inexpensive have the drawback of being lim-
ited to correcting a maximum of only about 4 symbols per sector,
which limits the tolerable soft error rates for data storage
devices. Cross-interleaved Reed-Solomon decoders have a moder-
ate bandwidth and can correct large numbers of symbol errors,
but they introduce excessive storage overhead for disk systems
with short disk blocks, thereby reducing the net data density
permitted on the disk drive. This defeats one of the primary
purposes for implementing the ECC System, which is to allow high
density data storage on disk drives along with the inherently
high data error rates resulting from increased density data
storage. "

EP-0 114 968 describes an error detection and correction system accor
preamble of claim 1.

An object of this invention is to correct higher soft
bit error rates on sectorized data storage devices while provid-
ing acceptably low hard bit error rates.

| Another object of this invention is to provide a high
bandwidth, low latency implementation of the Reed-Solomon error

correction function where a large number of symbol errors are

corrected with a minimum of data storage overhead within a
standard disk block.

ding to the




-31- By applying the technique of the second preferred enb
syndrone conputer, only 34 conplex GF nmultiplier .XOR net
required rather than the 67 required to im pl ement the al |
hardware-in-the fi'rst preferred embodi = nent. Li kew se, thilk
reduces the need for . XOR net- works in the NUeven, NUodd, and Wconputers
from 64 to.32. Additional advant ages, and nodifications wll readily occur
to those skilled in the art. Thé invention it its broader aspects is,
therefore, ndt limted to the specific details, rep-

A further object of this invention is to implement
pipelining and flow control processes for executing the
Berlekamp-Massey, Weng and modified Chien algorithms, and to
provide novel algorithms for computing the degree of the error
location polynomial and its control over the Berlekamp-Massey
algorithm, so that the Reed-Solomon error correction function
can be implemented in hardware in real time.

hEPﬂmMENT SHEET
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Additional objects and advantages of the invention
will be set forth in the description which follows, and in part
will be obvious from the description, or may be learned by prac-
tice of .the invention. The objects and advantages of the inven-
tion may be realized and obtained by means of the instrumen-
talities and combinations particularly pointed out in the
appended claims. -

Related Applicati
U.S. Patent Application No. 050, 725, corresponding to EP-0318 547, titled

“Real-Time BCH Error Correction Code Decoding Mechanism” by Lih-Jyh Weng

filed on May 15, 1987 abd assigned to the same assignee as the present invention.

U.S. Patent Application No. 067, 712, cormresponding to EP-0328 637, titled
“Apparatus for Computing Multiplicative Inverses in Data Encoding and Decoding
Devices” by Lih-Jyh Weng filed on June 26, 1987, and assigned to the same assignee -

as the present invention.



resentative apparatus and illustrative exanples shown and_descri-bed ;
Accordingly, departures may be made from such details witjoggpideEMENTIGHEET
fromthe scope of applicant's general inventive concept ag defi ned5 &ﬁ%j
appended cl ai ns. -32- CLAIMS. 1. Appar atus for det ecﬁlﬁgea,nﬂ
correcting errors in binary data synbols which have been énes
Reed- Sol onon error correction

4a

SUMMARY OF INVENTION

According to the présent invention, there is provided an apparatus for detecting
and correcting errors in binary data_ symbols which have been encoded using a
Reed-Solomon error correction code to produce Reed-Solomon code words,
wherein each code word includes in it a selected number of data symbols, said
apparatus comprising:
A buffer means for receiving at least one code word having the
selected number of déta symbols and releasing each of the
received data symbols after a preselected time period;

B. decoder means for computing, for each received code word, error
locations and error values by (i) determining an error locator .. .
equation and finding roots of said error locator equation, the roots
corresponding to error {ocations, and (i) determining associated -
error values, and '

C. correcting means, responsive to the computed error locations and
error values, for correcting each of the received data symbols

having an error upor_i release of the Symbol from the buffer means,
the decoder means being further characterized as:
including a plurality of Galois Field multiplier means for repetitively

multiplying signals associated with said received code words by o, each

of said Galoies Field multiplier means cdmprising:




code to produce Reed- Sol onon code words, wherein each code\ \WBPLACEMENT SHERT ‘
It a selected nunber of data synbols, said apparatus conprijjsing:
; 858,981
s

buffer means (22) for receiving at | east one code word havjl rupid he
nunber of data synbols and rel easi ng each of the received
after a preselected tine period; B. g@ecoder neans (16,18 and 20) for
computing, for each received code word, error |ocations and error val ues by
(i) determning an error |ocator equation and finding roots-of said error
| ocat or equation, the roots.corresponding to error

1. a multiplexer (710,754 or 775) for passing a first input signal during a

first predetermined time interval and a second input signal during a

second predetermined time interval to obtain a first output signal;

2. a first Galois Field multiplier (722,758 or 779) for multiplying the first
output signal by a first predetermined value to produce a second output
signal;

3. a first register (704, 750 or 771) coupled to provide the first input signal to
the multiplexer and to store the resulting second outpuf signal during the
~ first predetermined time interval;

4, a second Galois Field multiplier (726, 762 or 783) for multiplying the
second output signal by a second predetermined value to. produce a third
output signal; and o

5. a second register (702, 752 or 773)coupled to provide the second input : R
signal to the multiplexer and store the resuiting third output signal during
the second predetermined time interval;

wherein said decoder means combines at predetermined time the contents of
selected ones of said first and second registers and uses the combinations in
determining the error locations and associated error values.



| ocat i ons,

and (ii) determ ning associated error values, an

correcting nmeans (22 and 24), responsive to the conputed er OFLTMH}%‘P"\ES“EH ‘

and error

val ues, for correcting each of the received data yrrbol.s

3Eprigg]

an error upon release of the synbol fromthe buffer neans, th@3ée€oder """""""""
means being further characterized as .including a plurality ¢fGarois Field
nmeans for repetitively multiplying signals associated with said
recei ved code words by [err], each of ?\i d Galois Field multiplier nmeans

mul tiplier

conprising: 1. a multiplexer (710,75

|

13.  According to a further aspect of the invention, there is provided a method
for detecting and correcting errors in binary data symbols, which have been
encoded using a Reed-Solomon error correction code to produce Reéd-SoIomon
code words, wherein each code word includes in it a selected number of data
symbols, said method comprising the steps of :

A receiving at least one code word having the selected number
number of data symbols and holding each of the received data
symbols in a buffer for a preselected time period,;

B. computing for each received code word error locations and error
values by (i) determining an error locator equation and finding -
roots of the error locator equation, the roots corresponding to error
locations, and (ii_) determining associated error values;

C. releasing each of the received data symbols from the buffer after
the preselected time period; and

D. correcting, in response to the computed error locations and
associated error values, each of the received data symbols having
an error when the symbol is released from the buffer,

wherein said computing step is further characterized by repetitively Galois Field
multiplying, by o', signals associated with said received code words by

performing the steps of --

r 775) for passing a first input



signal during a first predeternmined time interval and a sec@ngepiVCEMENTSHEET
during a second predetermned tine interval to obtain a fir
signal; 2. a first Galois Field nultiplier (722,758 or 77
nultlplylng the first output S|gnal by 3 first predetermne '

produce a second out put signal; Flrst regi ster (704,750 or 771)
coupled to provide the first input S|gnal to the nmultiplexer and to store

the resulting 4 assingina multiplexer a first input signal during a first

predetermined time interval and a second input signal during a
second predetermined time internval to obtain a first output signal;

2. multiplying in a Galois Field multiplier the first output signal by a
first predetermined value to produce a second output signal;

3. storing in a first register the second output signal during the first
predetermined time interval;

4. multiplying in a Galois Field multiplier the second output signal by
a second predetermined value to produce a third output signal;

5. storing in a second register the third output signal during the
second predetermined time interval; ' . e

6. coupling the stored second output signal to the multiplexer during -~~~ -~
the first predetermined time interval;

7. coupling the stored third output signal to the multiplexer during the
second predetermined time interval; and

8. manipulating at predetermined times the contents of selected ones
of said first and second registers to determine error locations and

error values corresponding to the received code words.

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate.a pre-
ferred embodiment of the invention and, together with the gen-
eral description given above and the detailed description of the
preferred embodiment given below, serve to explain the princi-
Ples of the invention.



second out put signal during the first predeterm ned tine id FEPRRCEHENT SHEET ||
second Galois Field multiplier (726,762 or 783) for multipliying th(gi 01991 }

out put signal by a second predeterm ned val ue to produce at Riated. O,
signal; and 5. a second register (702,752 or 773) coupl ed.ta—previ
second input signal to the nmultiplexer and store the resulting third out put
signal during the second predetermned tine interval; wherein said decoder
means conbi nes at predeterm ned tine Phe contents of selected ones of said
first and second regi sters and uses

| BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic block diagram showing the over-
all structure of an integrated circuit which constitutes a pre-
ferred embodiment of the présent invention;

Fig. 2 is an electrical schematic diagram showing the
major steps performed by- the ECC Generator of the circuit of
Fig. 1; :

s Fig. 3 is a flow chart of the decoding process per-
formed by the syndrome computer, the error locator NU(X) and
. error evaluator W(x) computer, and the factor NU(x), -evaluate

W{x), and correction vector YI computer circuits of Fig. 1;

Fig. 4 is an electrical schematic dxagram of the
Syndrome Compute circuit, part of the syndrome Computer block 16
of the circuit of Fig. 1 and part of step 102 of the flowchart
of Fig. 3; i

Fig. 5 is an electrical schematic diagram of part of
the Amend Syndrome Compute circuit, another part of the Syndrome
Compute block 16 of the circuit of Fig. 1 and apart of step 102
of the flowchart of Fig. 3; .

. Fig. 6 is a flowchart of the computation of the error
locator polynomial NU(x), step 104 of Fig. 3 and part of the
Compute Error Locator NU(x), Error Evaluator W(x) circuit 18 of
Fig. 1;



the conbinations in determining the error locations and AS§RqiseEatE =0
val ues. 2. The apparatus of claim 1 wherein said decoffer nean fgﬁflﬁ?7 i
i ncl udes conputing means for conputing syndromes S[err] 05ﬂgacﬁ [ sat .
recei ved code words as the code word data synbols are regeiyet=—tHe

conputing neans conprising: i. a plurality of S conputers for generating
the coefficients S[err] of a syndrome polynomal S(x); and ii. an anend
syndronme cal cul ator (200) for amendi nggthe coefficients of S(x) to

correspond to a shortened code. 3. The apparatus of claim2 wherein the
decoder neans |ncludes

Fig. 7 is an electrical schematic diagram of the exe-
cution of Berlekamp's algorithm as shown in the flowchart of
Fig. 6;

Fig. 8 is an electrical schematic diagram of the re-
maining part of the execution of Berlekamp's algorithm as shown
in the flowchart of Fig.IG;

Fig. 9 is an electrical schematic diagram of a Galois
Field combinational inverse calculator, which is circuit 364 of
Fig. 7;

Fig. 10 is an electrical schematic diagram of the cir-
cuit that computes the error evaluator polynomial W(x), namely
steﬁ.los of Fig. 3;

Fig. 11 is an electrical schematic diagram of the cir-
cuit that computes the value of the error locator polynomial
NU(x) in real time for each symbol of the code word, namely
steps 108, 110, and 112 of Fig. 3;

Fig. 12 is an electrical schematic diagram of the cir-
cuit that computes the value of the error evaluator polynomial
W(x) in real time for each symbol of the code word, namely step
114 of Fig. 3; ’

Fig. 13 is an electrical schematic diagram of the cir-

- cuit that computes the error locations and correction vectors of
code word symbols in real time, comprising the circuits of
Figs. 11 and 12, and also including steps 116, 118, and 120 of
Fig. 3. |

Fig. 14 is an electrical schematic diagram of the
Galois Field divide calcﬁlator, which is circuit 524 of Fig. 13;

Fig. 15 is a timing diagram showing the time alloca-

tions for calculations and data transfers in the circuit of the——
present invention;

 —————

Fig. 16 is an electrical schematic diagram of an .xoa
network that functions as a GF o 33 multiplier; :

Fig. 17 is an electrical schematic diagram of an .XOR
network that functions as a GF a~32 multiplier.
Fig. 18 is an electrical schematic diagram of an .XOR

network known as a Shift-1 circuit that performs the function o
a GF ol multiplier;



means for sinultaneously conputing, fromthe anended coef
‘val ues of an error |ocator polynomal NU(x) associated w
| ocat or equation and an error eval uator polynomal Wx) fo r, :
recei'ved data symbols where NU(x) S(x) = Wx) nodulo x[err], S(x) iIs a
polynomal in x with coefficients in S[err] and t is the number of errors
whi ch. t he Reed- Sol onon Code i s capable of correcting. 4. The appar at us of
claim 3 wherein said decoder neans ng%per
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Fig. 19 is an electrical schematic diagram of an .XOR.
network known as a Shift-2 circuit that performs the function of
a GF a2 multiplier;

Fig. 20A is an electrical schematic diagram of a cir-
cuit to compute [SYMBOL A] x «~33 and [symBoL A] x ™32 using
the o~33 multiplier of Fig., 16 and the ol multiplier of Fig. 18;

Fig. 20B is an electrical schematic diagram of a cir-
cuit to compute [SYMBOL B] X a30 AND [syMBoL B] x a32 using an
030 multiplier and the Shift-2 circuit of Fig. 19;

Fig. 21 is an electrical schematic diagram of a pre-
ferred embodiment of the Syndrome Compute circuit of Fig. 4
us1ng the Shift-1 circuit of Fig. 18 to eliminate approximately
half of the multiplier circuitry;

Fig. 22A is a second preferred embodiment of the
NUayen circuit Fig. 13 using the Shift-2 circuit of Fig. 19;

Fig. 22B is an electrical schematic diagram of a sec-
ond preferred embodiment of the NUggq circuit of Fig. 13 using
the Shift-2 circuit of Fig. 19;

Fig. 23 is an electrical schematic diagram of a second
preferred embodiment of the error evaluator polynomial W{x) com-
puter of Fig. 12 using the Shift-1l circuit of Fig. 18;

. DESCRIPTION QOF THE PREFERRED EMBODIMENT

Reference will now be made in detail to the present
preferred embodiment of the invention as illustrated in the
accompanying drawings.

The present preferred embodiment of the Reed-Solomon
error detecting and correcting circuit is shown in block diagram
form in Figure 1 and is represented generally by the numeral 10.
As embodied herein, circuit 10 accepts binary data from data bus
28 of a data proceSsing system (not shown) and converts those
data bits into K m-bit data symbols, di, where i = 1 to K. Data
symbols dij are simultaneously sent to an Error Correction Code

(ECC) generator 14 and a data storage disk 26 through a multi-
plexer 15.

In accordance with the invention, there is provided
encoder means for encoding the data symbols into a plurality of
Reed-Solomon first code words al(x) and sending the first code
words to the error inducing medium. As embodied herein, ECC



' SHEET | .
i ncl udes: A means (480,500) for sinultaneously evalu tﬁ?ﬁfﬁ&kﬁ%ﬁferr] :
NU err] |

and W([err]) corresponding to each receiwved datg synbol { ?
synbol is released fromsaid buffer, where [err] correspoRd$: t“;,;;;
location, and NU err] and NU err] are the sums of the evérm and odd terns,
respectively, of the error |ocator polynonial calculated at [err] and B
means (522,524) for sinultaneously evaluating an expression NJerr] +

NU err] and calculating a correction vector Yl corresponding to each of
sai d received data synbol s, -8-

.....

generator 14 generates N-K ECC symbols ej, where i =0 to N-K-1,
using a generator polynomial g{(x) having roots ui, =34 < i < 34,
where a is a primitive element of the Galois Field GF(2™). N
represents the length of the code word and is an integer < 2M,
The N~K ECC symbols ej are appended by multiplexer 15 to the K
data symbols dj to create an N symbol Reed-Solomon (N,K) code
word a(x), consisting of N symbols aj, which is stored on data
storége disk 26. A header field is also provided for each code
word which provides separation between code words, and other
storage functions, and is not described in detail. Storage
device 26 is an example which contains an error inducing medium
where errors can be created as data as being stored and re-
trieved.

Errors may occur to the symbols of code word a(x) when
stored on and retrieved from storage device 26. When read from
the disk, code word a(x) is designated y(x) because it may con-
tain erroneous symbols. Where there are no errors present, y(x)
equals a(x), or equivalently p(x) = 0.

In accordance with the invention, there is provided
buffer means for receiving from the error inducing medium a plu-
rality of retrieved code words y(x) equal to the first code

- words in which errors have been induced and for holding each of

' the retrieved code words long enough to compute error locations
and values, preferably for no longer than the time needed to
compute error locations and values. As embodied herein, data
symbols read from data storage disk 26 are held in a data buffer
22. The invention further includes decoder means for computing
from the retrieved code words a plurality of error locations and
correction vectors in real time as each symbol of the retrieved
code word exits from the buffer means. As herein embodied, the
decoding means, including a Syndrome Computer 16, an Error Loca-
tor and an Error Evaluator Computer 18, and an Error Correction
Vector Computer 20, calculates the error location and correction
vector for data symbols being held in buffer 22,

As herein embodied, Syndrome Computer 16 begins calcu-
lating syndromes as the code word symbols are read for data
storage device 26. Error locator and error evaluator computer
18 computes the error locator polynomial NU(x) by solving the



where: [err] the correcting neans correcting errors by co
each of said received data synbols associated with an [err} F . whlgh_-’__’ﬂj
expression NUerr] + NJerr] equals a predeternined. val ue. ? =
apparatus of claim2 wherein, each S cquputer includes a GaI0|s Fleld

nmul tiplier nmeans for repetitively multiplying input signals,associated with
the syndrones by [err], the nultiplicer means conprising a. a | ogi cal AND
Ci““5ériéﬁﬁﬁp*ﬂ§§§@?iHﬁgbﬁzﬁhﬁeedbagks?hWﬁﬁmes computed in Syndrome

Computer 16. The terms of error evaluator polynomial W(x) are
also calculated in computer 18 using the values of NU(x) and
syndromes from Syndrome Computer 16.

- - In accordance with the invention, there is provided
correcting means responsive to the error locations and correc-
tion vectors for correcting erroneous data symbols as they exit
the buffer means. As herein embodied, as each data symbol &'j
is released from buffer 22, computer 20 calculates error locator
polynomial NU(x) using a2 modified Chien search alogorithm, and
evaluates error evaluator polynomial W(x) to compute a correc-
tion vector YI that is exclusive or'd by .XOR. circuit 24 with
the dataﬁsymbol being released from buffer 22. Data symbols of
the decoded code word are converted into 16 bit data words by
converter 27 and are returned to the.data processing device 16
bit data bus 28. Lt

The "pipe~lining”™ or high speed computation of error
values and locations in real time as data are released from
buffer 22 is a major factor in achieving the low latency, or low
holdup time, which permits the circuit of the present invention
to achieve a high bandwidth.

Using VLSI logic to execute a Reed-Solomon error cor-
recting function, the circuit of the preferred embodiment
achieves an acceptably low error rate for decoded data for sec-

" torized data storage devices such as magnetic disks, magnetic
tapes, and optical disks having high inherent error rates. The
circuit provides a high bandwidth of approximately 70 megabits
per second and a low latency of about 144 microseconds at peak
bandwidth using a standard disk sector size of 480 symbols where

up to 32 ten bit symbols may need to be corrected, requiring an
overhead of 670 ECC bits. |

Preferably, and as shown in Fig. 1, binary data bits
destined for storage on magnetic disk 26 are received from a
data processing system (not shown) via a 16 bit data bus 28.
The binary data, which consist of both information words and
Error Detecting Code (EDC) words are converted in converter 12
to a series of K symbols, where each symbol is m-bits long. In



Field multiplier [err] responsive to the first output sig
nultiplying the first output signal by a predeternined vy
predetermined tinme to obtain a second output signal; c.
register (S[err]) for storing the second out put S|gnal and d. a Galois
Field adder for adding the stored second output signal to a data signal and
provi ding the sumas the input signal 38 the logical AND circuit (152).

and an input signal for providing a first output signal; ﬂ.

the preferred embodiment, each symbol is 10 bits long, and K is
'selectable from 48 to 941 data symbols. The 10 bit symbols are
assembled from data words and EDC words, each word being 16 bits
long. The 16 bit words are converted to symbols until all data
words and EDC words have been converted to ten bit data symbols,
represented by dj. Enough fill bits are added to provide com-
plete symbols. Data symbols di are sent both to storage disk 26
and ECC generator 1l4. .

. As here embodied, the encoder means includes ECC gen-
erator 14. ECC symbols ej which will be used to detect and cor-
rect.errors in the data symbols dj are computed by ECC generator
14 using a generator polynomial g(x). The error correction code
chosen is a symmetric Reed-Solomon code over the Galois Field GF
(210) generated by the primitive polynomial 210 + x3 + 1. For
the Reed-Solomon code of the preferred embodiment, the generator
polynomial, g{(x) is defined as:

Equation I

+33

g(x) =« (x+ ui),

i =-33
where al are elements of GF(210)., GF(210) contains 1023 ele-
ments, therefore a code word of N = 1023 symbols can be gener-
ated. Code words in the preferred embodiment are limited to N =
115 to 1008 symbols by the design of integrated circuit 10 of
Fig. 1. The generator polynomial g(x) is chosen to generate 67
ECC symbols, therefore N-K is 67 which suffices to correct up to
32 symbols in error per sector or code word, provide a 100%
probability of detecting all errors up to 35 errors per sector,
and provide a strong likelihood of detecting all errors greater
than 35 per sector. The polynomialg(x) is so defined that when
expanded into its individual terms, it has symmetric coeffi-
cients so that the Galois Field multiplier circuits, defined
mathematically below, can be reduced by a factor of 2, that is,
each ol term appears twice in g(x) as a coefficient of a differ-
ent power of x.; Equations 2 and 3 are expansions of Equation 1.
Equation 3 shows the individual terms of g(x).
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by [errkE t he

Field multiplier means for repetitively multiplying a signal

6f The apparatus'Bf claim2 wherein each S éonputer inclui
Galois Field multiplier means conprising: A a mul tipl exer Q?$0)5f

Ssonamarmasmeoverig

passing a first input signal during a first predeterm ned ti FRfefrvar —and
a second input signal during a second predetermned tine interval to obtain
a first output signal; B. nndulo-ﬁgadder (714) means for adding the first
output signal to a data signal to obtdain a second output signal; C. a
first Galois Field nultiplier (722) for multiplying the second out put
signgl b¥.a fhrst predeterm ned value to -

guation

glx) = (x + a=32) (x + a32) ... (x + a33)

Equation 3
glx) = 67 + 35466 . al46x65 +.u572x64 + q47463

+
505,62 , 4950,61 , 820,60 , o812,59 , 177,58
259,57 , o530,56 , 4444,55 , 974,54 , 349,53
255,52 , q261,51 , 4898,50 , ,1004,49
«496,48 , 636,47 , 715,46 , 475,45
«247,44 , 957,43 , 463,42 , a37x41 + 673440

- o691,39 , 598,38 ,. ,788,37 , ,188,36 ,

© q81435 4 552,34 , 552,33 , 41,32 , 1ssx31 .

788,30 , 598,29 , (691,28 , 673,27 , 37,26 ,
063525 4 o957424 4 247,23 , 4475,22 , 715,21 |
535 zo . a496 19 + al004,18 , o898,17 ,7,261,16",
0255,15 , 349,14 , o974y 13 . q244,12 , 4530311

a259x10 e al7749 & 8128 . 820,7 , o950,6 ,
050555 o o47x8 4 o572,3 . u145 2, c3sx .1

Fxg 2 shows the circuit used by ECC generator 14 to generate the 67 ECC symbols e; by -
dwndmg d(x) * x MK by g(x) where d(x) is a polynomial of degree K-1 wrrh coefﬁcxents

equal to d;. Mathemancally, the code word a(x) is a polynomlal with’ coefficients
aj and consists of the 67 ECC symbols ej appended to the data

- symbols, dj. Note that in the examples which follow, exactly

~ 413 data symbols are chosen. Syndrome modifiers referenced
later are based on this choice of 413 data symbols. If a(x) is
considered to be an N-1 degree - polynomial in x with the symbols aj
as coefficients, then ' '

Equation 4
-N-K

a(x) * x* N-1

N-2

+ aN-2X ce. + apxNK¥L,

= aN-1X
agxN-K
The coefficients of the first K terms are dj, and the coeffi-
cients of the last N-K or 67 terms of the polynomial are-

e;. The ECC symbols are genera;ted by :
dividing d(x) * =K by g(x), as shown by the circuit of Fig. 2,
which amounts to dividing the incoming data stream dj by g(x),
as shown by the circuit of Fig. 2, which amounts to dividing the
incoming data stream dj by g(x). Circuit 14 includes 67 shift
registers, labeled E(0), E(1) ... E(66), each of which is pref-

erably a 10 bit parallel shift register, with the number in



produce a third output signal; D. a first register (704) ﬁ@ygkgqﬂg@ysﬂEET |
provide the first input S|gnal to the multiplexer and to §tore the third :
output signal during the first predetermined time intervall; E,. =~ BaSERCIRGR. .
Galois Field nultiplier (726) for nultiplying the third oltput—sigaal-—by
second predeterm ned value to produce a fourth output signal; and F. a
second register (702) coupled to provyfe the second i nput

parentheses being the power of x represented by that register.
The data stream of 413 data symbols is read into ECC generator
14 as the data symbols are being sent to disk 26 for storage.
The mode of generator 14 is then switched by blocking both the
data gate 42 and the feedback gate 44 to transfer ECC symbols
out of circuit 14 to be appended to the data symbols. Blocking
the feedback gate also clears the ECC generator for the next
sector's data. The @ symbols, one of which is labeled 46 in
Fig. 2, indicate a parallel .XOR. or modulo-2 add function. The
x al symbols, one of which is labeled 48, indicate a Galois
Field muitiply by ai, which is equivalent to raising the expo-
nent of an input symbol by i, for example el % al = al*d, where
i+j is computed modulo 1023. All GF multiply operatlons are
modulo the primitive polynomial 210 & 374 1.

Multiplication on the Galois erld is def1ned as fol-
lows. If p and q are any two 10 bit symbols where each bit is
p0, pl, ... p9 and g0, ql, ... g9, then the GF multiply function
is defined as:

Equation §
pXgq-= [(p9x® + pr8 ... p0x0)(q9x? + p9x8 ee. g1,
modulo x10 + x3 41 '
] = x9[p9(q0 + q7) + p8(ql + g8) + p7({q2 + q9) +
~ ° p6q3 '
+p5q4 + p4qS + p3gq6 + p2q7 + plg8 + p0g9]
+
xe(pﬁ(qs + q9) + p8(q0 + q7) + p7(ql +q8) +
p6(q2 ‘ |
+ q9) + p5q3 + p4qs + p3g5 + p2q6 + plq7?
+ .

p0g8] +
[ ...
The coefficients of the remaining terms (x? to x0) are the nor-
mal products of the polynomials, modulo x10 + x3 + 1, Because
" the elements of p and q are binary digits, coefficients of the
form pi(qj+qk) are equivalent to pi .AND. (gj .XOR. qx) and may
be calculated in hardware in the normal manner. Any product is
an .AND. and any addition in parentheses is a modulo-2 addition,
of .XOR.



- 36- S|gnal to the nmultiplexer and to store the fourth out unLBpﬁﬂaT duflng
the second predeternmined tinme interval; wherein, after a pr

dete 5rr§gf .........
nunber ‘of repetitions, the contents of said first and secon Debyis
correspond to the coefficients Si of the syndrome pol ynom a The
apparatus. of claim 3 wherein the neans (480) for conputing the values of
the error locator polynomal NU(x) includes Galois Field multiplier neans
for repetitively nultiplying signals asséérated with coefficients of NU(x)
by [err], the nmultiplier neans conprising: A storage neans having an

i nput port and an OUBBHLuQQrEheti@%d-Solomon code is cyclic, a 67 symbol
' "coset leader"” is .XOR.'d with the 67 ECC symbols as they are

shifted out of circuit 14. The coset leader prevents the
decoding position of circuit 10 from misinterpreting and
accepting a sector that has improperly been shifted. A shift of
bits that have been .XOR.'d with the coset leader causes circuit
10 to interpret all data in that sector as containing >32
errors. During the data read operation, discussed hereinbelow,
the 67 ECC symbols as read from the disk sector are again
.XOR.'d with the same coset leader symbols, removing them from
the ECC symbols and having no effect on further calculations
unless the symbols were shifted, and then excessive errors will

be generated in accordance with the normal functioning of the
decoding circuit.

The coset leader is .XOR.'d to the ECC symbols in the
normal manner., The 67 coset leader symbols of the present
invention are selected from a code word of a Reed~Solomon code
that contains the Reed-Solomon code of the present invention as
a subset. As determined by experimentation, the code word from
which the coset leader is selected must have no more than 67
non-zero symbols. There is no known method for selecting an op-

- timum coset leader, but the coset leader of the preferred
embodiment, shown in Table 1, will result in 33 or more errors
if the symbols of the code word are shifted by up to 100 bits.

Starting with the last symbol, the coset leader symbols in octal
are:



I nput port receiving an input signal for storage and thqfﬁﬁigzziﬁmﬁiVJAEg;w
suppl yi ng the stored signal as an output signal; and B g Glo sq éﬁgﬂ |
multiplier to recursively generate the input S|gnal |Llp|yl g-the 0 |
out put signal by a predeterm ned val ue. 8. The apparat%gfof,ﬂL&Hﬂﬁ?’
wherein the neans (500) for conputing the values of an ertror eval uator
pol ynomi al Wx) includes a plurality of Galois Field nmultiplier neans for
repetitively nmultiplying signals associ.aged with coefficients of Wx) by
[err], each of said Galois Field nultiplier neans conpri sing:

TABLE 1

Symbol No. Value Symbol Value Symbol Value
0 404 23 324 46 1125

1 1245 24 1722 47 1401

2 1026 25 1413 48 402

3 722 26 1002 49 1564

4 1347 27 777 50 1604

5 1147 28 1370 51 627

6 245 29 1526 - 52 776

7 1140 30 471 53 1275

+ 8 457 31 1626 54 135

9 560 32 573 55 501

10 164 a3 402 56 42

11 1407 34 1562 57 410

12 1647 35 743 58 1632

13 362 36 421 59 1313

14 326 37 1230 60 1223

15 401 38 55 61 531

16 567 39 1453 62 1745

17 314 40 233 63 1442

18 1532 41 257 64 777

B 19 1142 a2 665 65 1632
20 707 43 1525 66 630

21- 424 44 1415
22 665 45 1301

_ After a varying amount of data storage time determined
by the disk user, code word y(x) is read from disk 26. Because
of possible errors in code word symbols, a({x) is now represented
by y(x). If there are no errors in y(x), then a(x) = y(x). The
flow chart of Fig. 3 shows the sequence of events performed by
the decoder portion of circuit 10 which includes syndrome
generating means, step 102; the means for calculating error lo-
cator polynomial NU(x), step 104, and error evaluator polymonial
W(x), step 106; and means for simultaneously calculating the
value of the error locator polynomial NU(x), steps 108, 110, and
112, and the value of the error evaluator polynomial W(x), step
114, and means for correcting erroneous symbols in code word
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A storage nmeans having an input port and an output pontﬂ~ihe¢uﬁputbﬁ5FT

recei ving an input signal for storage and the output por supgj$ $EP
stored signal as an output signal; and B. a Gal oi s Fi elidppul:t plt-ef- g
recursively generate the input signal by Galois Field nulid .

out put signal at a predeternined tine. - 37-
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y(x) to error free symbols aj in real time as each root of NU(x)
and value of W(x) is calculated, steps 116, 118, 120 and 122.

On Fig. 3, N represents the code length in symbols and I repre-
sents the symbol number.

Syndrome computer 16 of Fig. 1 génerates syndromes S§ji,
step 102 of Fig. 3, which are the coefficients of a polynomial
S{(x). Fig. 4 shows the circuit used to compute S{x) simulta-
neously as the symbols of code word y{x) are read from a sector
of disk 26. The calculation being performed by the circuit of
Fig. 4 is:

Eguation 6

€ N-1

Sj = I Y§ xald for -34 < j < 34
i=Q

The calculation is performed by Galois Field multiplier means
consisting of an array of 10 bit wide registers, labeled S33 to
$-33, GF multipliers, adders, and .AND. gates, each of which is
an S computer. As in Fig. 2, x ol symbols indicate a GF multi-
ply operation, and 0 symbols indicate a modulo-2 addition, or
.XOR., A mode switch occurs by deasserting feedback gate 150
after 479 symbols have been transferred into all 67 S computers,
at which point all 67 .AND. gates, one of which is identified as
152, are blocked and the 480th symbol is simultaneously entered
into the 67 S computers. Blocking feedback gate 150 clears all
S computers in preparation for calculating syndromes for the
next sector.

In a second preferred embodiment a substantial reduc-
tion in hardware was achieved by making the Galois Field multi-
plier means of the syndrome computer of Fig. 4 operate on a half
symbol clock (70 ns.) even though it accepts input symbols at
half that rate. This allows a hardware savings because each
multiplier can be used twice in a full symbol period to generate
two partial syndromes, therefore only 34 of the 67 alpha multi-
pPliers need be built. Each adjacent multiplier is related by a
simple function. As an example, a~32 can be derived by taking
a~33 ang multiplying it by ol (-33 + 1 = -32). Multiplying by

al is equivalent to shifting once and XORing bit 9 with bit 2.



9. The apparatus of claim 1 wherein the first and sec Fste
contain, after a predeterm ned nunber of repetittons, sig aREPIAGRIEFY
with coefficients S[err] of a syndronme polynom al S(x). 1G. Theé§§§${
of claim9 wherein said decoder further includes a Gal oi s FPelrd~adaes
for adding a data signal to the output of the multiplexer ¥7E067 to produce
the first output signal. 11. The system of claim 1 wherein the first and
second registers contain, after a predg{ rm ned nunber of repetitions,
signals associated with coefficients of*an error eval uator pol ynom al WXx).

12. The system of claim 1 wherein the first and second registers

contain, akéRisAdiordal hkped PHERESn OfidiERYUbY I BPSenS I FRicRI3ACH S ed
of Fig. 7 until a single bit symbol, DU, appears to 10 bit bus
356. This completes step 256 of Fig. 6. The +T function is the
concatenated .XOR. sum of all inputs. If there are n inputs Ij,
then the output 0 = Ig @ I3 ... 8 In. For maximum speed the
.XOR.'s are treed as shown below.
Table 3

Ig I Iz I3 Ig Is Ig I7 .

%,

During state 1, the single 10 bit symbol is clocked
into DU registers 358 and is clocked to the output stage of reg-
isters 358 during state 2. Simultaneously, as shown in step
258 of Fig. 6, the counting register 360 of Fig. 7 containing
counter variable LLMR is decremented by 1 and tested for a con-
dition of being less than 0. If less than 0, gate 362 is
enabled. As shown in step 260 of Fig. 6, during state 2 the
value of DU in shift register 358 of Fig. 7, is shifted to the
output and is used to (1) compute a new value of ¥ and an inver-
sion process 364 of Fig. 7 described hereinbelow, (2) compute a
new value of Q = DU & P, step 262 of Fig. 6 performed by GF mul-
tipler 366 of Fig. 7, and (3) test for DU = 0, logic test 368 of
Fig. 7 and step 264 of Fig. 6. If DU = 0 and LLMR < 0 then EN
is set as a flag via gate 362. Inversion operation 364 is per-
formed according to a procedure developed by Lih-Jyh Weng, and
is shown in Fig. 8.

The GF inverse circuit 364 of Fig. 7 is shown in more
detail in Fig. 9. The circuit of Fig. 9 computes the inverse



W t-h coefficients of an error eval uator polynom al NU(X).; - —TE]
detecting and correcting errors in binary data synbol s, IFEPLAGFR DEEn
encoded using a Reed-Sol onon error correction code to pro uce-ﬂ?éﬁﬂs&ﬁﬁ ______
code words, wherein each code word includes in it a sel ectiedktiaunber: 6f g
synbol s, said nethod conprising the steps of: A recei vi-mg=at_ 1 east one
code word having the sel ected nunber of data synbols and hol di ng each of
the received data synbols in a buffer for a preselected tinme period; B
conmputing for each received code word eT¥®br |ocations and error val ues by
(i) determning an error |ocator equation and

Table 2

Og =19 8 I1 8 I2 ® I3 ® Is & Ig

Og =Ip & I; 8@ I28 Igq 8 I

07 =Ip @ I3 8 I78 Igq4 6 Ig

Qg = Ig 8 I2 8 I3 8 Ig

Os = I1 & Iz 8 Iy

Og =Ip 8 Iy 8 Ig

03 = Igp @ Ig 8 Ig

O2 =10 @ I @ I2 0 I3 8 Ig4 8@ I5 @ Ig @ Ig @ Ig
01 =19 @@ I3 8 I8 I3 8 Iq @ I5 @ I7 @ Ig
Op =Ipg® I3 01I201I381I481Ig801I7

The %62 and o544 multipliers of circuit 200 are pro-
grammable in the circuit of the preferred embodiment and must be
changed if the code word length is altered from 480 symbols.

The means for generating the NU{(x) error locator poly-
nomial is shown in Fig. 1 as circuit 18. aAmend syndromes, SY(K)
are now used to compute NU(x) using the Berlekamp-Massey
algorithm, as modified by Weng, and using a data flow technique
as suggested by Riggle to increase processing speed, step 104 of
Fig. 3, and shown more completely as the flow chart of Fig. 6.

The flow chart of Fig. 6 shows the individual steps
performed during the calculation of NU(x). Fig. 6 is broken
down into sections by clock cycles or states, described in more
detail hereinbelow, to show operations performed simultaneously.
For the sake of clarity, quantities calculated in one section of
the chart are made available to other boxes in the chart, but
connecting lines are not shown,

The initial conditions for Fig. 6 are shown in step
252, The quantity D in step 252 is the integer value of the
code distance, N - K + 1 = 68. The quantity ¥, calculated in
step 260, is defined to be 0 when DU=0. A state machine (not
shown) controls the process steps which are repeated 67 times.
Referring- also to Fig. 7, during state 1, multiplexers (not
shown) connect 32 symbol wide GF multiplier 350 to 32 SY regis-
ters 210 (SY(1)-SY(32)) and 32 NU registers 352. The GF product
is performed as defined by Equation 5 on the NU and SY regis-
ters. This completes step 254 of Fig. 6. The product, X(I) of
Fig. 6, is shifted to not-shift registers (not shown), and is



fiﬁding roots of the error |ocator equation, the roots cor
error |ocations, and (ii) determ ning associated error val eégg'%%ﬁ%’hom'r

rel easi ng each of the received data synbols fromthe buffef X -3% SEP(QQQ'I
the preselected tinme period;. and D. correcting, in respO‘s%??o “the

conputed error |ocations and aSSOCIa}%d error val ues, each of the recer ved
data synbol s

T of an input symbol o™ by raising the input symbol to 32
power and multiplying it by the inpuf symbol lowered to the -33
pover. The result of o320 xq7 330 j5 ¢™N, 70 accomplish this a
10 bit symbol em is input to an a32 ,XOR. network 400, with
bitinputs I; and bit outputs O; as shown below:

Table 4
0g = I 8 I3 @ Iz 8 Ig
Og = I1 812 @& Is & Ig ® I7 @ Ig @ Ig
07 = I7
Og = I2 & I3 @& Is
Os = I & I3 8 I4 6 Ig ® Iy 8 1Ig
04 = I3 8 I @ I7 @ Ig
03 = I2 @ Ig © I7 6. 1Ig 8 Ig
02 = I3 8 Iz 6 I3 & I4 & Ig @ 1Ig
01 = I1 & I4 © Ig & I7 @ Ig ®& Ig
o9 = Ip & I & I3 & I © 1I7
Each @ represents an .XOR. The value a32R jg multiplied by of

to get o 330,

33n
I3, Is),

Because a33M are elements of a subfield, GF(25),
of GF(ZlO), there are 6nly 31 possible non-zero values for, any

Using a selected 5 of the 10 bits available (19, I3, I2,
it is possible to construct a logic network as defined

by Table 5 below which outputs the 31 inverses of o330 (i.e.,

all o~33n),

combusted from the input bits Ij.

O1 are the output bits of a a~33N petwork that are
The input bits are the 10

bits of the symbol a33" and the output bits are the 10 bits of
the symbol a33n ang the output bits are the 10 bits of the sym-

bol a~33n,



conputing step is further characterized by repetitively Gﬁlois_F'?gggJBa _

mul tiplying , by [err]

perform ng the steps of--

signals associated with said receiv

1. passing in a nmultiplexer aY%FFst ]

signal during a first predetermined time interval and a second input signal

during a second predetermned tine interval
multiplying in a Galois Fieldggdtiplier the first output
by a first predetermned value to produce a second output signal;

signal; 2.
si gnal
Table 5

i ———

Og

)

to obtain a first output

Zl+25+25+Z7+29+zlo+zll+zlz+zl3
+215+Zlg+220+225+227+228+230

23*Z5+Z6+28+210+214+215+2]6+21 8
+Zlg+220+221+222+225+228+229

z4+26+z7+z-9+211+le+zls+zl7+zlg
*220+221+222+223+226+229+239

Zl+Z3+Z7+za+29+zll+zlz+zl3+zl4
*215+218+221+222+227+229+23

21+Z3+Z4+zs+28+212+zl3+zl4+zls
+217+21a+219+zzg+zz3+zzs+z27

22+25+25+le+zl3+Zl4+zls+zla+222
*223+224+226+227+22g+229+23¢

Zl+22+23+Z4+25+28+zll+zl2+zl7
*219+220+222+224+228+229+23¢

Zl+22+Z7+29+zlo+zl2+zl4+zla+zlg
*220%222+223+224+Z25+226+229

Zo+zl+23+25+29+zlo+zll+zl3+zl4
T225+216+217+220+223+224+22g

Zo=IgI1I2I3T5 Z1=IgI1171315 22=1011121I315 23=TgI1121315

Z4=ToI1I31315 Z5=IgI1I51315 Zg=IQI; 151315 Z7=1gI11313Ig

Zg= = '
8=1011T213T5 29=IgI;I31315 210=IoI1T2I315 231=Ig11121315

Zy3= =
12=I9I1121315 Z13=IgI1I5I315 214=19T11213T5 Z15=1qT;T5I31s

Z1g= . .
16=19I1I2I315 217=IgI1I21315 218=10T1T2I315 239="™IqI1IT315

Z220=1I =
20=Ioly121315 221'1011121315-222=101112r315 223="mIoT 151315

havihg an error when the symbol is released fromthe buffel| REPCMEWENEPHEET E



3. storing .in a first register the second output S|gnaﬂfdhﬂﬁH§WﬂN§§H§%ﬁ !
predeterm ned tine interval; 4. multiplying in a Galois Fi §E|PJ‘|997pI|er l
t he second out put signal by a second predeterm ned val ue hd”p@o uceathi'rdl
out put signal; 5. storing in agecond register the thilk&oatput signa
during the second predetermned tine interval; 6. coupling the stored
second output signal to the multipl exer durlng the first predetermned tine
Irzz&*@ﬁllvzlalsCﬂ!shlmdﬂﬂrI3I5H34k*tufrﬂznﬁlsﬂ2§7@h@11IQIBMS mul ti pl exer
during the second predetermned tine interval,; and

228=I9I1I2I31I5 Z229=TIgI1121315 Z309=IgI1I2I31s5

The final operation to invert o is to multiply a32n by a~33n ¢4
yield a™® according to equation 5, presented earlier.

If EN is set, during state 3 LLMR has its sign bit comple-
mented, step 268 of Fig. 6, NR input contents are replaced by NU
contents, step 270, and the value of P is replaced by the value
of Y. If EN is not set, then NR is shifted upwards (towards
higher order terms). Also during state 3, NU input contents are
replaced with the NU outputs .XOR.'d with NR 8 gQ, step 274 of
Fig. 6, and SY registers are shifted upwards, step 266. When
this has been completed, one of 67 loops has been completed as
counted by R in step 276 of Fig. 6. During the 67th loop, the
sY register shift is omitted to prepare for the W(x) computa-
tion. A test of LLMR is made during each loop to assure that
LLMR is < 0. If it is not, then there are more than 32 = T
errors in the code word and the sector is not correctable.

After all 67 steps have been pefformed the final NU(I) are
coefficients of the error. locator polynomial NU(x) for 0 < I <
(T+1), and. NU(0)=1.

Circuit 448 of Fig. 10 includes means for calculating error
evaluator polynomial W(x). As embodied herein, the means for
computing the values of error evaluator polynomial W(x) com-
prises w registers 450, amend syndrome 54 registers 210, error
located polynomial NU registers 352, multiplier 350, and treed
adder 354 which executes the procedure shown in Fig. 3,
including, specifically step 106. For simplicity, the calcula-
tion is shown in step 106 in an inverse form. The coefficients
of W'(x) are the coefficients of W(x) only‘in reverse order.

To illustrate:

Equation 7
If

p(x) = po + pik + pax2 + ...PkX
then p'(x) = pg + Px-1X + pk-zxz + ...poXk

The same is true for S' (x) and NU' (x). The mode of the NU(x)
computer changes to a W(x) computer mode, shown in Fig. 10.
Multiplexers (not shown) are set to connect NU registers 352 and

k



8.- mani pul ating at predetermned tinmes the contents Qf=setlected —of"
said first and second registers to determ ne error | ocat QEELAQEMENF§ﬁEEY

val ues- corresponding to the recei ved code words. - 39-ji 14. dg%ﬂgFiiﬂg
claim 13 wherein said step-of conputing the error |ocati|piaten
val ues i ncl udes a. conput i ng 'syndronmes S[err] for each e recei ved

code words
..22-

SY registers 210 to GF multiple 350 and tree'd .XOR. function
354 throughout computation of W(x). Ten bit bus 356 is con-
nected to register W(3l) of W(I) shift registers 450,

Starting with a new state 1, the products of SY and NU are
multiplied by GF multiplier 350 and are tree .XOR.'d by device
354, the operation of which have both been described herein-
above. A single 10 bit symbol is input to register W(3l) from
bus 356. During state 2, the contents of all W(I) registers are
input to all WtI-l) registers via 32 ten bit symbol busses 452
{downshifting the W values) and all SY(I) values are shifted to
SY(I+1l) (upshifting the SY(I) values). States 1 and 2 are re-
peated until 32 cycles have been completed. The contents of
W{l) registers 450 contain the coefficients of error evaluator
polynomial W(x) and the NU(I) registers 352 contain the coeffi-
cients of the error locator polynomial NU(x). NU{(I)} and W(I)
values are then transferred to the next functions, steps 108,
110, 112, and 114 of Fig. 3. Registers 210, 352, and 450 are
clearly in preparation for computing NU{(x) and W(x) for the next
code word.

The circuits of Fig. 13 provide .the means for simulta-
necusly solving the error locator polynomial NU(x), for
obtaining the corresponding error value from NU(x) and W(x), and
for correcting erroneous symbols in code word y{(x) to error free
symbols aj as each symbol is shifted out of buffer 22 of Fig. 1,
which includes the steps of (1) solving each term of NU(x), sum-
ming the odd and even power terms into NUpggd(x) and NUgyen(x)
respectively, step 108 of Figq. 3; {2) simultaneously evaluating
W(x), and (3) correcting errors in y{(x) as indicated by the
error locations and error values derived from the calculated
values of NUggg(x) and W(x). In order to generate a correction
symbol, or correction vector YI, which is non-zero coefficient
of p(x) for a given code word symbol, the error value computa-
tion circuit 20 of Fig. 1 evaluates the 32 symbol values of
NU(x) plus the lowest order coefficient of NU(x) which is always
1, and the 32 symbol values of W(x) for each code word symbol
within the sector in real time at the same time as the corre-
sponding symbol is shifted out of buffer 22 of Fig. 1. The

results of these evaluations are then manipulated to generate
the actual correction polynomial pix).
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as.the code word data synbols are received; b. si nul t al éﬁﬁ%fy conmputin
the val ues of an error |ocator polynom al NU(x) and an eliror ewa uggpﬂgg?
pol ynom al WXx) for each of the received code words, whe eDiBM'"-
W x) nodulo x[err], S(x) is a polynomial in x with coeffl' ents S[err], t
IS the nunber of errors that the Reed-Sol onon code can correct and NU(X) is
associated with the error locator equation. 15. The nethod of claim 13,
wherein said step-of conputing error |ocatjons and error val ues includes
the steps of: a. simul taneously evaluating NUerr], NUerr] and W[err])

To determine error locations, the usual practice is to use
a Chien search, where all possible legitimate values of x are
tested to find the roots of NU(x). Based on those roots, the
erroneous symbols are identified, W(x) evaluated, and y(x) later
corrected. However, the standard technique requires more
latency than the present invention. To provide the advantage of
lov latency, the Chien search is modified to permit simultaneous
evaluation of W(x), data flow is pipelined, and erroneous sym-
bols are identified and corrected in real time as they exit
buffer 22 of Fig. 1 on their way to data processing bus 28.

This requires a Chien search as modified by the present inven-
tidn to compute the value of NU(x) and W(x) as each symbol exits
buffer 22, whereupon a decision is made as to whether the symbol
is incorrect. 1If incorrect, the non-zero coefficient in p(x),
computed from NU(x) and W(x), amends the erroneous symbol in
.XOR. circuit 24. _

Circuit 480 of Fig. 11, consisting of a plurality of Galois
Field multiplier means, each containing a 10 bit shift register
and a Galois Field multiplier network, evaluates NU (ai) as each
code symbol is timed to exit buffer 22 of Fig. 1, where i is the
number of the symbol exiting buffer 22 of Fig. 1. During each

- clock cycle, the contents of each NU register NUj to NU32 is
multiplied by the GF multiplier connected to the register,
thereby testing for a root a! of NU for each clock cycle. The
contents of each NU register of circuit 480 is multiplied by its
corresponding GF multiplier once for each corresponding data
symbol. Values of NU for the even powers of x and values of NU
for the odd powers of x are summed separately and are referred
to as NUgyen and NUgdd. This completes steps 110 and 112 of
Fig. 3. NUgggq is required for subsequent error value calcula-
tions. At the same time as the NU(x) calculations, W(x) is also
being evaluated by circuit 500 of Fig. 12 once for each symbol
exiting buffer 22. In particular, circuit 500 of Fig. 12 com-
putes W (al) x o341 for each symbol, corresponding to step 116
of Fig. 3.

Looking to Fig. 13, circuit 480 is the same circuit as
shown in Fig. 11, and circuit 500 is the same circuit as shown
in Fig. 12. Summer 520 computes NU(x) as the sum of NUggq and



corresponding to each received data synbol -as that synbﬁlRF§L$%§%%§£gﬁ £l
said buffer, where [err] corresponds to a code word |ocgtion, an§ SEPéBbi
and NU err] are the suns of the even and odd terns, res Pvety Ot Y Re
error |ocator polynom al calcul ate t [err]; and b. simul t aneousl y

eval uating an expression NU err] ¥gNG[err] and calculating a correction
vector Yl corresponding to each of said received data synbols, where:

| Erba 0, *TEETRYERIT, LR Y44 OGS ot U RN BT ool vec
exiting buffer 22 is in error, and gate 522 enables one input of -
gates 528 and 530, corresponding to step 120 of Fig. 3. At the
same time, and regardleés of whether the ith symbol is correct
or not, divider circuit 524 computes the correct wvalue, or cor-
rection vector of the itR code word symbol. This is shown as YI
in step 116 of Fig. 3 and will be discussed in more detail
hereinbelow. Also at the same time, logic gate 526 checks for-
NUggg = 0. If it is zero and NUgyen = 1, then gate 528 sets a
system flag indicating to data processing system 28 of Fig. 1
that the decoded output of circuit 10 is erroneocus. The dispo-
sition of the erroneous data is let up to the data processing
system. Rlso, if NUpgg = 0, correction vector YI will not be
gated to .XOR. circuit 24 because gate 530 of Fig. 13 will be
locked open. This corresponds to step 118 of Fig. 3. An error
location found while NUggg = O indicates a malfunction of the
decoding process. X '

Divider circuit 524 of Fig. 13, shown in greater detail in
Fig. 14, operates in a similar manner to the GF inverse circuit
of Fig. 9 except that a second input and third multiplier have
been added. Divider;524'Ehlculateghthe correction vector YI,
step 116 of Fig. 3, by dividing Z from step 114, which is repre-
sented by symbol a™ of Fig. 14, by NUyggg, which is represented
by symbol a® of Fig. l4. The resulting correction vector is
therefore:

Eguation 8 .
YI = W(ai)(a3%1)/NU

This completes step 116 of Fig. 3.

Circuit 24 of Fig. 1 amends erroneous code word symbols by
.XOR.ing the data stream from buffer 22 with the correction
vectors, step 122 of Fig. 3. When a symbol is not in error,
gate 530 of Fig. 13 is open and the correction vector is zero,
therefore .XOR. circuit 24 leaves the data symbol unchanged.

The buffer data stream must be synchronized with the computation

of error values so that the correction vectors match the correct
data symbols.
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NU err] equals a predeterm ned val ue. -40- 16. The nﬁf@p LQ&EMI ﬁ%&?
wherein the step of conputing syndrones conprises: a. éner at §
coefficients S[err] of a syndrome polynomal S(x) in a pl ﬁﬁ%&ty Of..Seiee
conputers; and b. amendi ng the coefficients of S(x) tolco

shortened code over Galois Field (2[err]).
-25-~

Buffer circuit 22 of Fig. 1 is a large first-in-first-out
storage unit for data read from disk data port 26 and provides
data to amend circuit 24 approximately 2 sector times following
data entry to the buffer. In the preferred embodiment the input
symbols are latched into a shift register once for each symbol
read time, generating a 30 bit word. Each group of 3 symbols
shifted in is written to a holding register, then later trans-
ferred into the buffer where the group remains until the end of
the two sector delay time, whereupon the group of 3 symbols is
received by a read shift register and sent to the data amend
function 24 of Fig. 1, one symbol at a time.

The final function performed by the decoding circuitry is
conversion of the amended 10 bit symbols into 16 bit data words
and EDC words by converter 27 of Fig. 1. Bits 0-9 of the first
data word are bits 0-9 of the first symbol. Bits 10-15 of the
second data word are bits 0-5 of the second symbol. Conversion
continues for all data words so that bits 0-7 of symbol 413 are
bits 8-15 of the last data word, and bits 8 and 9 of the 413th
symbol are discarded.

In describing the operation of circuit 10 of Fig. 1, refer-
ence is made to Fig. 15 which shows the time allocations for
major data shifts and computations performed by the encoding and
decoding circuits. The data flow between sections of circuit 10
is unidirectional, that is, there is no handshaking. Each sec-
tion is ready to accept new data when the previous section is
ready to supply it. The chip manipulates data in a synchronous
manner, having one single clock source. The cycle time of the
clock in the preferred embodiment is nominally 70 ns which is
half-symbol time. A full symbol time in the preferred embodi-
ment is 140 ns.

Decoding commences with data symbols being read from the
data storage device 26 into buffer 22 and syndrome computer 16
of Fig. 1, time slots 600 and 602 of Fig. 15, respectively. ECC
symbols at time slot 604 are also read into syndrome computer
16. Buffer 22 holds data read during time slot 600 for approxi-
mately two sector times and does not release the data until time
slot 606. As data in time slot 602 are being read into syndrome
computer 16 of Fig. 1, the syndrome computer begins processing



17. The method of claim 16 wherein the step of generat1n B, SﬁEEf
coefficients of the syndrome polynom al S(x) conprises: gﬂﬂ %ﬁégT g al
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first output signal froma logical AND circuit responsilye to @ DEEINY
signal and an input signal; b. multiplying, in a Gl

multiplier, the first output signal26y a predeternined Value at a
predeterm ned tine to obtain a second out put S|gnal C. storing the

second output signal in a_storage register; addugg the stores
d
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cator polynomial NU are computed during time slots 610 and 612
and are used to calculate correction vectors YI at time slow 614

as data symbols are being released from buffer 22 in time slow
606.

After the syndrome computation during time slot 608. is com-
plete, syndrome computer 16 is now ready to begin computations
on the next code word at time slot | 616, with syndromes for these
data being computed during time slot 618, and error evaluator
“and error locator polynomials being computed during time slots
620 and 622 respectively. Correction vectors during time slot
624 are calculated for the data of time slot 616 as they are re-
leased from buffer 22 during time slot 626.

This timing diagram clearly shows the pipelining made pos-
sible by the improved algorithms and circuits of the present
invention.

In a second preferred embodiment, a savings is made in
hardware 1n the exclusive OR (.XOR.) networks used to 1mp1ement
the GF xa!l multlpllcatlons shown 1n Fig. 4 for the syndrome com-
puter, Fig. 12 or Fig. 13 for the error evaluator polynom1al
W(x) computer, and Fig. 11 or Fig. 13 for the NUggg and NUeven
computers. To implement the zal multipliers of the present
invention, it is necessary to build an .XOR. network, such as
the o33 multiplier shown in Fig. 16. The @ symbols are .XOR.
gates. The input is a 10 bit symbol [SYMBOL A] and the output
is a 10 bit symbol [SYMBOL A] xa~33,

The size of this kind of .XOR. network is large, requiring
59 .XOR. gates for the o33 multiplier of Fig. 16, and 60 .XOR.
gates for the a=32 multiplier of Fig. 17. These large .XOR.
networks are complex to implement at the VLSI level, therefore,
it is difficult to build many of them in a small silicon inte-
grated c1rcu1t. The second preferred embodiment of the present
invention prov1des an 1mproved Galois Field multiplier means
which reduces the number and complexity of these GF multiplier
circuits. |

On the Galois Field, al xa = al*J. For example, 32 may
be generated by multiplying o33 by al. A given @ multiplier



18. The method of cIa|n116 wherein the step of generating coef
S[err] of the syndrone polynom al S(x) includes the steps
passing, in a nultiplexer, a first input signal during a f; y
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Shift-1 circuit, which uses one .XOR. gate to perform a modulo-2
addition (bit 9 .XOR. bit 2) to generate the output bit 3 and
also uses some cross—connected input and output lines to trans-
pose bits to provide the desired output. The circuit of Fig. 19
shows an a? multiplier circuit, or Shift-2 circuit, consisting
of two .XOR. gates and cross-connected inputs and outputs to
produce the desired output. The circuits of Fig. 20a and 20b
show how the product of a complex ¢ multiplier, ™33 or a3°, and
a simple multiplier, al or uz, can produce an output that ordi-
narily would require two complex multipliers, thereby con-
siderablyareducing circuit complexity. 1In Fig. 20a, an a~33 and
an al multiplier produce an output consisting of the input sym-
bol [SYMBOL A] times a~33 and also times a~32 for a net savings
of 53 .XOR. gates, or one a=32 muitiplier network. Similarly,
as shown in Fig. 20b, the values of [SYMBOL BlXe30 and [sYMBOL
B] xa32 are generated using a a30 multiplier and a Shift-2 cir-
cuit, thereby eliminating an a32 multiplier.

The application of this technique to the GF multiplier
means for the presentﬂiﬁ@éhtion eliminates almost half of the
complex .XOR. networks required by the syndrome computer and
error location and error evaluator computers. Fig. 21 shows the
syndrome computer of Fig. 4 configured according to the sec-
ond preferred embodiment to exploit the technique of reducing
the complexity of the GF multipliers. To simplify the drawings,
only the S(-30) to S(-33) registers and related GF multiplier
and multipliers (MUXes) are shown and describéd; the rest being
repetitive. The function of the syndrome computers has already
been described hereinabove. Only the application of the GF mul-
tiplier means hardware reduction techniques to the syndrome com-
puter will now be discussed.

Syndrome computer 16 of Fig. 1 proceéses one symbol through
the syndrome ébmpute circuit of fig. 4 or Fig. 21 approximately
every 140 ns (a full symbol clock) in both preferred embodi-
ments. In the second preferred embodiment of the syndrome com-
puter circuit as shown in Fig. 21, the syndrome compute circuit
consists of a plurality of Galois Field multiplier means each




i V. storing the third output signal during the first pred té%n1ned ti
interval in a first register; v. Galois Field multiplyin
Field multiplier, the third output signal by a second prede
to produce a fourth output signal; vi. storing the fourth output signal
during the second predetermined tine interval in a second register; vii.

coupling the stored third out put si%EFI to the multipl exer

comprising two 10-bit registers coupled to modulo-2 adder by a
2-to-1 multiplexer, a hold register, a complex GF multiplier
.XOR. network, and a simple Shift-1 multiplexer.

Before syndrome computer 16 begins doing calculations, all
S registers, 702, 704, 706, and 708 of Fig. 21, are cleared by a
signal on reset line 738. During the first half symbol clock or
approximately 70 ns, the 2-to-1 multiplexers (2-to-1 MUXes) - 710
and 712 are enabled to allow the contents in the odd numbered S
registers, S{-33), S(-31), etc. to modulo-2 add their contents
by GF addition in adders 714 and 716 to the 10 bit data .symbols
from disk 26 of Fig. 1. The resulting sums are stored in hold
registers 718 and 720. The contents of the hold registers are
next multiplied by the GF multipliers, ¢ 31 and «~33, 722 and
724, and the resulting product is loaded into S{-31) and S(-33)
registers 704 and 708. The contents of S(-31) register 704 are
[(previous S(-31) register contents) + {data symbol from disk
26)]1 x a~3!, and the contents of S(-33) register 708 are:
[{previous §(-33) reglster contents) + (data symbol from disk
26)] xa~33. =

In the next half symbol clock of approximately 70 ns, the
2-to-1 MUXes 710 and 712 are enabled to select the contents in
the even numbered S registers 702 and 706, only two of which are
shown in Fig. 21, and add the contents of the even numbered S
registers to the same ten-bit symbol present on the data-in bus
from disk 26 in adders 714 and 716. The result is stored in
hold registers 718 and 720. The contents in the hold registers
718 and 720 are again multiplied by the GF multipliers, a~31 and
a'33, 722 and 724 respectively of Fig. 21, the output values are
next multiplied by the Shift-1 circuits 726 and 728, and the
results are stored in registers 702 and 706. The contents of
S(-30) register 702 are [(previous S(-30) register contents +
(data symbol .from disk 26)] xa~30 and the contents of S(-32)
register 706 are [(previous S(-32) register contents) + (data
symbol from disk)] xa”32. This add and multiply calculation is
repeated for the next ten-bit data symbol retrieved from the
disk. _

In the first preferred ehbodiment of the syndrome computer,
an output value of S is provided from the output of each adder



during the first predetermned tine interval; viii. cod
fourth output signal to the nultiplexer during the secong pre4 éfm ............
time interval; and ix. repeating steps i-viii a predetgrifthed AL

times; wherein said first and second registers contain, €r the
predet er mi ned nunber of repetitions, signals associated with the syndrone
coefficients Serr]. 19. The nethod of claim 13 wherein the step of
conputing the value of an error eval uager pol ynom al Wx) includes Gal ois
Field multiplying conprising: A storing an input signal in a storage
means havi ng an i nput

associated with each S register as shown in Fig. 4. In the sec-

ond preferred embodiment, one output line, for example 730 of
Fig. 21, provides the output for two S registers, 706, 708. One
value of § is output every half symbol clock to multiplexer 732
which directs the symbol to its respective S' register of Fig. §
via lines 734 and 736. u

Figs. 22a and 22b show the error locator polynomial NU(x)
computer circuit 480 of Fig. 1l or Fig. 13 for computing NUggg
and NUeyan configured to according to the second preferred
embodiment to exploit the technique of reducing the complexity

- of the GF multipliers. Figs, 22a and 22b show only small por-
tions of the computers to illustrate the implementation of the
technique. The circuits of Figs. 22a and 22b perform the same
functions as the equivalent circuits 480 of Fig. 11 or Fig. 13
in the first preferred embodiment, therefore the function of
these circuits will not be discussed further. Only the applica-
tion of the GF multiplier hardware reduction techniques to the
error locator computer will not be discussed.

In the second preferred embodiment as shown in Figs. 22a
and 22b, the NUgyen and NUodd computer consists of a plurality
of Galois Field multiplier means, each comprising two 10-bit

- shift registers coupled to a hold register by a 2-to-1 multi-
plexer, a complex GF multiplier .XOR. network, and a simple
Shift-2 multiplier for repetitively multiplying the contents of
the shift registers by a value of al. Before the NU calculators
start doing calculations, a set of ten-bit symbol values are
loaded into all NU even numbered registers 750, 752 (only a rep-
resentative two of which are labeled) and all NU odd numbered
registers 771, 773 {(only a representative two of which are la-
beled) from bus 456 connection now shown). During the first
half symbol clock of approximately 70ns the 2-to-1 MUXes 754,
775 are enabled to copy the contents of the NU{30) and NU(29)
registers, 750, 771 respectively, into the hold registers 756,
777. The contents of hold registers 756, 777 are then
multiplied by 030 and o2 gF multipliers 758, 779. The outputs
of GF multipliers 758, 779 are loaded back into the correspond-
ing NU{(30) and NU(29) registers, 750, 771. The contents of
NU(30) register 750 is now equal to [previous NU(30) register



port for receiving input signals and an output port for sSupp
i nput signals as output signals; and B. recursively nmultilp
output signals by a Galois Field multiplier to generate thelinpit 9si.ghals:
20. The nethod of claim 13 wherein the step of conputing t¥ '
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error evaluator polynom al Wx) includes Galois Field nultiplying by [err]
signals associated with a received code word, and Galois Field nultiplying
i ncl udes the steps of: i. passi ng in3®rnu|tip|exer a first input signal

during a first
contents] a3% and the contents of NU{29) register 771 is [previ-
ous NU(29) register contents]Xa23,

During the next half symbol clock the 2-to~1 MUXes 754, 775
are enabled to copy the contents in the NU(32) and NU{31) regis-
ters 752, 773 into their respective hold registers 756, 777.

The contents of the hold registers are next multiplied by the
same GF &30 ang o2? multipliers, 758, 779. The output values of
the GF multipliers 758, 779 are loaded back into the correspond-
ing NU(32) and NU(31) registers 752, 773 after being multiplied
by @? in the respective Shift-2 circuits 762, 783. Now the con-
tents of NU(32) register 752 is equal to [previous NU(32) regis-
ter~contents] xa3l. This process is again repeated in the next
symbol clock.

Fig. 23 shows the error evaluator polynomial W(x) computer
circuit 500 of Fig. 12 or Fig. 13, configured to according to
the second preferred embodiment to exploit the technique of re-
ducing the complexity of the GF multipliers. Fig. 23 shows only
a small portion of the computer to illustrate the implementation
of the technique. The circuit of Fig. 23 performs the same
functions as the equivalent circuit 500 of Fig. 12 or Fig. 13 in
the first preferred embodiment, therefore, the function of this

- circuit will not be discussed further. Only the application of
the GF multiplier hardware reduction techniques to the error
evaluator computer will now be discussed. '

Error evaluator circuit 800 consists of a plurality of
Galois Field multiplier means, of the same form as the NUgddq and
NUeyen circuits of Figs. 22a and 22b, for repetitively multi-
plying the contents of the NU registers by ai, and functions in
a similar manner. Even values of W() are calculated and stored
in the even W registers during one half symbol clock and odd
values are calculated and stored in the odd W registers during
the next half symbol clock. Only even numbered a multipliers
are provided; the odd ¢ multipliers are provided by the Shift-1
circuit.

Because only half of the W values are calculated and summed
in treed adder 802 during each half symbol clock, accumulator
804 stores and adds the even and odd outputs of adder 802 to

provide the full value of W() for computation of the correction
vector as shown on Fig. 13..
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predetermned interval tine to obtain a first output signali; 1i. Fﬁﬂ '
multiplying in a Galois Field nultiplier the first output gi gg}@l'bysaSEfﬂ gt
predeterm ned val ue to produce a second output signal; iii. '
second output signal during the first predetermined tine interval in a
first register; iv. mul tiplyi ng L&lq Galois Field nultiplier the second
out put

By applying the technique of the second preferred embodi-
ment to the syndrome computer, only 34 complex GF multipiier
-XOR. networks are required rather than the 67 required to im-
plement the algorithm in hardware in the first preferred embodi-
ment. Likewise, this technique reduces the need for .XOR net-
works in the NUgyen, NUodd, and W computers from 64 to 32.

Additional advantages and modifications will readily occur
to those skilled in the art. The invention it its broader
aspects is, therefore, not limited to the specific details, rep-

. resentative apparatus and illustrative examples shown and
described. Accordingly, departures may be made from such

-detaiI.s without departing from the scope of applicant’s general inventive concept as
defined in the appended claims. _ .



signal by a second predeterm ned val ue to produce a fourt

V. storing the fourth output signal during the segond pre

time interval in a second register; vi. coupling the stnnkqilblj~,
signal to the multiplexer during the first predetermn ned FrE

vii. coupling the stored fourth outpu2-signal to the nultlp{exer—durlng

the second predetermned tine interval; and viii. repeatln
predeterm n%%_r of times; wherein, after a predet e l[!ﬁiMeHUﬂmr
repetitions, sal irst and second registers contain SI

associated with the coefficients of the

1. Apparatus for detecting and correcting errors in binar'j( data
symbols which have been encoded using a Reed-Solomon error correction

code to produce Reed-Solomon code words, wherein each code word

includes in it a selected number of data symbols, said apparatus
comprising :

A. buffer means (22) for receiving at least one code word
having the selected number of data sy;nbols and releasing
each of the received data symbols after a preselected time
period;

B.  decoder means (16,18 and 20) for computmg, for each
received code word, error locations and error values by (i)
determining an error locator equation and finding roots of
said error locator equation, the roots corresponding to error
locations, and (ii) determining associated error values, and

C.  correcting means (22 and 24), responsive to the computed
error locations and error values, for correcting each of the
received data symbols having an error upon release of the

< .symbol from the buffer means,
the decoder means being further characterize_:d as :

including a plurality of Galois Field multiplier means for

repetitively multiplying signals associated with said received code
words by o, each of said Galois Field multiplier means
comprising:

1. a multiplexer (710,754 or 775) for passing a first input
signal during a first predetermined time interval and a
second input signal during a second predetermined time
interval to obtain a first output signal;

2. a first Galois Field multiplier (722,758 or 779) for
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multiplying the first output sxgnal by a first predetermined
value to produce a second output signal;

3. a first register (704,750 or 771) coupled to provide t'l.xe first
input signal to the multiplexer and to store the resulting
second output signal during the first predetermined time
interval; | |

4, a second Galois Field multiplier (726,762 or 783) for
multiplying the second output signal by a second
predetermined value to produce a third output signal; and

s 5. a second register (702,752 or 773) coupled to provide the
second input signai to the multiplexer and store the resulting
third output signal during. the second predetermined time
interval; |

wherein said decoder means combines at predetermined time the

contents of selected ones of said first and second registers and uses
the combinations in detemﬁning the error locations and associated

error values.

2.  The apparatus of claim 1 wherein said decoder means further
includes computing means for computing syhdi'omes S; for each of said
received code words as the code word data symbols are received, the
computing means comprising: |

i. a plurality of S computers for generating the coefficients S;

of a syndrome polynomial S(x); and

gt bReET |
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it. an amend syndrome calculator (200) for amending the

coefficients of S(x) to correspond to a shortened code.

3. The apparatus of claim 2 -wherein the decoder means includes
means for simultaneously computing, from the amended coefficients, the

values of an error locator polynomial NU(x) associated with the error



iteratively deter ' eternined nunber of iten pjggn.sﬁsﬁﬁ!ds%
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prelimnary error or ewquati en bag&d on said syndrones, ii. means

for iteratively updating the prelininary error |ocator equation followi ng a
gi ven iteraition, if the

ocator equation and an error evaluator polynomial W(x) for each of the
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received data symbols where :
NU(x) S(x) = W(x) modulo x',
S(x) is a polynomial in x with coefficients in S; and t is the number of

errors which the Reed-Solomon Code is capable of correcting.

4. The apparatus of claim 3 wherein said decoder means further
includes :
A. means (480,500) for simultaneously evaluating NU_4(cf),
NU.,,..(cf) and W(c!) corresponding to each received data
symbol as that symbol is released from said buffer, where o/
corresponds to a code word location, and NU....(c/) and
NU,(c¢f) are the sums of the eéven and odd terms,
respectively, of the error locator polynomial calculated at o'
and
B. means (522,524) for simultaneously evaluating an expression
NU, () + NU,,.(c) and calculating a correction vector
YI corresponding to each of said received data symbols,
where :

w(ai) * a~33i
YI =

NU (et
the correcting means correcting errors by combining with YI each of said
received data symbols associated with an ¢ for which the expression

NU_ (o) + NU,,..(e) equals a predetermined value.

5. The apparatus of claim 2 wherein each S computer includes a
Galois Field multiplier means for repetitively multiplying input signals
associated with the syndromes by o, the multiplier means comprising :

a. a logical AND circuit (152) responsive to a feedback signal
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a Galois Field multiplier (xo) responsive to the first output
signal for multiplying the first output signal " by a
predetermined value at a predetermined time to obtain a
second output signal;

a storage register (S;) for storing the second output signal;
and

a Galois Field adder for adding the stored second output
signal to a data signal and providing the sum as the input
signal to the logical AND circuit (152).

6. The apparatus of claim 2 wherein each S computer includes a

Galois Field multiplier means for repetitively mulﬁplyihg a signal by o,

the Galois Field multiplier means comprising:

A.

a multiplexer (710) for passing a first input signal during a
first predetermined time interval and a second input signal
during a second predetermined time interval to obtain a first
output signal;

modulo-2 adder (714) means for adding the first output
signal to a data signal to obtain a second output signal;

a first Galois Field multiplier (722) for multiplying the

second output signal by a first predetermined value to

produce a third output signal;

a first register (704) coupled to provide the first input signal
to the multiplexer and to store the third output signal during
the first predetermined time interval;

a second Galois Field multiplier (726) for multiplying the
third output signal by a second predetermined value to
produce a fourth output signal; and

a second register (702) coupled to provide the second input
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signal to the multiplexer and to store the fourth output signal
during the second predetermined time interval;
wherein, after a predetermined number of repetitions, the contents of said
first and second registers correspond to the coefficients S; of the syndrome

polynomial S(x).

7. The apparatus of claim 3 wherein the means (480) for computing
the values of the error locator polynomial NU(x) includes Galois Field
multiplier means for repetitively multiplying signals associated with
cogfficients of NU(x) by o, the multiplier means comprising :

A.  storage means having an input port and an output port, the
input port receiving an input signal for storage and the
output port supplying the stored signal- a§ an output signal;
and

B. a Galois Field multiplier to recursively generate the input
signal by niultiplying the output signal by a predetermined

value.

8. The apparatus of claim 3 wherein the means (500) for computing
the values of an error evaluator polynomial W(x) includes a plurality of
Galois Field multiplier means for repetitively multiplying signals
associated with coefficients of W(x) by </, each of said Galois Field
multiplier means comprising:

A.  storage means having an input port and an output port, the
input port receiving an input signal for storage and the
output port supplying the stored signal as an output signal;
and

B.  a Galois Field multiplier to recursively generate the input

signal by Galois Field multiplying the output signal at a

predetermined time.
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9. The apparatus of claim 1 wherein the first and second registers

contain, after a predetermmed number of repetitions, signals assocxated

with coefficients S; of a syndrome polynomial S(x).

10. The apparatus of claim 9 wherein said decoder further includes a
Galois Field adder (714) for adding a data signal to the output of the
multiplexer (710) to produce the first output signal.

11. The system of claim 1 wherein the first and second registers
contain, after a predetermined number of repetitions, signals associated
with coefficients of an error evaluator polynomial W(x).

12. The system of claim 1 wherein the first and second registers
contain, after a predetermined number of repetitions, signals associated

with coefficients of an error evaluator polynomial NU(x).

13, A method for detecting and correcting errors in binary data
symbols, which have been encoded using a Reed-Solomon error correction
code to produce Reed-Solomon code words, wherein each code word
includes in it a selected number of data symbols, said method comprising
the steps of :

A.  receiving at least one code word having the selected number
of data symbols and holding each of the received data
symbols in a buffer for a preselected time period;

B.  computing for each received code word error locations and
error values by (i) determining an error locator equation and
finding roots of the error locator equation, the roots
corresponding to error locations, and (ii) determining
associated error values;

C.  releasing each of the received data symbols from the buffer
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after the preselected time period; and
correcting, in response to the computed error locations and

associated error values, each of the received data symbols

having an error when the symbol is released from the
buffer,

wherein said computing step is further characterized by repetitively Galois

Field multiplying , by ¢, signals associated with said received code words

by performing the steps of —-
1.

passing ina multiplexer a first input signal during a first predetermined

time interval and a second input signal during a second predetermined

time interval to obtain a first output signal; i o
multiplying in a Galois Field _multiplier__the first output
signal by a first predetermined valie to produce a second
output signal; _

storing in a first register the second output signal during the
first predetermined time interval;

multiplying in a Galois Field multiplier the second output
signal by a second.predetermined value to produce a third
output signal;

storing in a second register the third output signal during the
second predetermined time interval;

coupling the stored second output signal to the multiplexer
during the first predetermined time interval;

coupling the stored third output signal to the multiplexer
during the second predetermined time interval; and
manipulating at predetermined times the contents of selected
ones of said first and second registers to determine error

locations and error values corresponding to the received

code words.
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14.  The method of claim 13 wherein said step of computing the error

locations and the error values includes : _

a. computing syndromes S; for each of the received code:words
as the code word data symbols are received;

b. simultaneously computing the values of an error locator
polynomial NU(x) and an error evaluator polynomial W(x)
for each of the received code words, where :

NU®) S(x) = W(x) modulo x',

S(x) is a polynomial in x with coefficients S;, t is the number of
errors that the Reed-Solomon code can correct and NU(x) is associated
with the error locator equation.

15. The method of claim 13, wherein said step»of .'computing error
locations and error values includes the steps of :

a.  simultaneously evaluating NU,(o/); NU,,..(c/) and W(c)
corresponding to each received data symbol as that symbol
is released from said buffer, where of corresponds to a code
word location, and NU,,.(¢) and NU,,,(cf) are the sums of
the even and odd terms, respectively, of the error locator
polynomial calculated at o'; and

b. simultaneously evaluating an expression NUg (o) +
NU.. () and calculating a correction vector YI
corresponding to each of said received data symbols, where:

w(ai) % Ot'33i :
YI =

NU 4(e’) - |
the errors being corrected by combining with YI each of said received
data symbols associated with an o for which the expression NU (o) +

NU....(cf) equals a predetermined value.
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16.  The method of claim 14 wherein the step of computing syndromes
comprises : _
a. generating the coefficients S, of a syndrome polynomial S(x)
in a plurality of S computers; and
b. amending the coefficients of S(x) to correspond to a
shortened code over Galois Field (2™).

17. The method of claim 16 wherein the step of generating the
coefficients of the syndrome polynomial S(x) comprises:

a. providing a first output signal from a logical AND circuit
responsive to a feedback signal and an input signal;

b. multiplying, in a Galois Field multiplier, the first output
signal by a predetermined value at a predétermined time to
obtain a second output signal;
storing the second output signal in a storage register; and
adding the stores second output signal to a data signal in a
modulo-2 adder and providing the sum as the input signal to
the logical AND circuit.

~18.  The method of claim 16 wherein the step of generating coefficients
S; of the syndrome polynomial S(x) includes the steps of :
i. passing, in a multiplexer, a first input signal during a first
predetermined time interval and a second input signal during
a second predetermined interval time to obtain a first output
signal;
ii.  adding the first output signal to a data signal in a modulo-2
adder to obtain a second output signal;
ili.  multiplying, in a Galois Field multiplier, the second output
signal by a first predetermined value to produce a third
output signal;
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iv.  storing the third output signal during thie first predetermined
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time interval in a first register;

V. Galois Field multiplying, in a Galois Field mu\t'xp\'iér, the
third output signal by a second predetermined value to
produce a fourth output signal;

vi. storing the fourth output signal during the second
predetermined time interval in a second register;

vii. coupling the stored third output signal to the multiplexer
during the first predetermined time interval,

viii. coupling the stored fourth output signal to the multiplexer
during the second predetermined time interval; and

ix. rcpeatmg steps i-viii a predetermmed number of times;

wherein said first and second registers - contam after the

predetermined number of repetitions, signals associated with the

syndrome coefficients S;.

19. The method of claim 13 wherein the step of computing the value
of an error evaluator polynomial W(x) includes Galois Field multiplying
comprising : |
A.  storing an input signal-in a storage means having an input
port for receiving input signals and an output port for
supplying stored input signals as output signals; and
B.  recursively multiplying the output signals by a Galois Field

multiplier to generate the input signals.

20. The method of claim 13 wherein the step of. computing the value
of an error evaluator polynomial W(x) includes Galois Field multiplying
by o signals associated with a received code word, and Galois Field
multiplying includes the steps of : |

i passing in a multiplexer a first input signal during a first

REPLACEMENT SHEET ||
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predetermined time interval and a second input signal during
a second predetermined interval time to obtain a first output
signal; .
multiplying in a Galois Field multiplier the first output
signal by a first predetermined value to produce a second
output signal;

storing the second output signal during the first
predetermined time interval in a first register;

multiplying in a Galois Field multiplier the second output
signal by a second predetermined value to produce a fourth
output signal;

storing the fourth output signal during the second
predetermined time interval in a second ré‘gister;

coupling the stored third output signal to the multiplexer
during the first predetermined time interval;

coupling the stored fourth output signal to the multiplexer
during the second predetermined time interval; and

repeating steps i-vii a predetermined number of times;

wherein, after a predetermined number of repetitions, said first and second

registers contain signals which are associated with the coefficients of the

error evaluator polynomial..

21.  The apparatus of claim 1, in which the decoder means (16,18,20)

further includes:
A.  means for retrieving code words;
B. means (16) for decoding code words and determining
_ corresponding syndromes;
C.  means (18) for determining said error locator equation based .
on the syndromes; and
D.

error evaluation means (18) for finding said roots of the
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error locator equation and said error values associated with

the etror locations.

E. said means for determining said error locator equation
iteratively determining, in a predetermined number of
iterations, said an error locator equation, and including:

i. means for determining a preliminary error locator
_equation based on said syndromes,

ii. means for iteratively updating the preliminary error
locator equation following a given iteration, if the
value of a particular variable is within a
predetermined value range, and

ili. ‘means for updating the value ‘of the particular
variable in each iteration by | incrementing the
variable, said means changing the sign of the
particular variable if a secon& particular variable has

a predetermined value.

22. The decoder of claim 21, wherein said means for updating the
preliminary error location equation uses the Berlekamp-Massey
method to determine a next value for the preliminary error locator

equation.
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HIGH BANDWIDTH REED-SOLOMON ENCODING, DECODING AND ERROR
CORRECTING CIRCUIT AND METHOD

ABSTRACT OF THE DISCLOSURE
A VLSI circuit that-implements a symmetric'Reed-SQIOmon
error correcting code for correcting up to 32 symbol errors per
code word in real time. Extensive use of data pipelining and
novel solutions to the Berlekamp-Massey algorithm without sup-
plementary software or heavily iterative hardware calculations

provide a high bandwith, low latency implementation of the Reed-
Solomon code with low data overhead and low hardware cost.
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