
HIGH BANDWIDTH REED-SOLOMON ENCODING, DECODING AND ERROR CORRECTING CIRCUIT
AND METHOD BACKGROUND OF THE INVENTION I. 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 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 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 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 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
storing data on the applicable medi- um, here considered to be a magnetic
disk. First the data are    -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 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
converted 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 generator polynomial, g(x), having
N-K consecu- 



tive roots in the Galois Field, GF (2[err]), and where each ECC sym- bol is
an element a[err] of GF(2[err]). The generator polynomial, g(x) is chosen
based on the extent and complexity of the error cor- rection scheme, that
is, how many symbols of detection and cor- rection are desired. In an (N,K)
code, deg(g)=N-K. If d(x) is a polynomial in x of degree K-1 with K data
symbols di as coefficients, then the code word a(x) is: a(x) = d(x) *
x(N-K) + e(x) where e(x) = Remainder of [d(x) * x[err] The coefficients of
e(x) are the ECC symbols e[err]. 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 obtained by dividing y(x)
by the factors of g(x).  If a syndrome    -3- is non-zero, then part of the
code word is in error. The error located is found by computing the roots of
the error  locator polynomial, NU(x) and then the correct 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 according to the 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.    -4- 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. 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, 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,
corresponding 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.    



4a SUMMARY OF INVENTION According to the present 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
data 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 locations, and (ii) 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
upon 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 [err], each of said Galoies Field multiplier means
comprising: 



4b 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 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 5.   a second
register (702, 752 or 773)coupled to provide the second input signal 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 determining the error locations and
associated error values. 



4c 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
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 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 [err], signals associated with said received code words by
performing the steps of --    4d 1.   passing in a 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; 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.    



5 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 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 diagram 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; 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;
-6- 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. 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; Fig. 16 is an
electrical schematic diagram of an .XOR network that functions as a GF
[err] multiplier; Fig. 17 is an electrical schematic diagram of an .XOR
network that functions as a GF [err] 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 [err] multiplier;  



-7- Fig. 19 is an electrical schematic diagram of an .XOR. network known as
a Shift-2 circuit that performs the function of a GF [err] multiplier; Fig.
20A is an electrical schematic diagram of a cir- cuit to compute [SYMBOL A]
x [err] and [SYMBOL A] x [err] using the [err] multiplier of Fig. 16 and
the [err] multiplier of Fig. 18; Fig. 20B is an electrical schematic
diagram of a cir- cuit to compute [SYMBOL B] X [err] AND [SYMBOL B] x [err]
using an 



[err] 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-1 circuit of Fig. 18 to eliminate
approximately half of the multiplier circuitry; Fig. 22A is a second
preferred embodiment of the NUeven 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 NUodd 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 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, d[err], 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



-8 - generator 14 generates N-K ECC symbols e[err], where i =0 to N-K-1,
using a generator polynomial g(x) having roots [err] -34 < i < 34, where
[err] is a primitive element of the Galois Field GF(2[err]). [err]
represents the length of the code word and is an integer < 2[err]. The N-K
ECC symbols ei are appended by multiplexer 15 to the K data symbols di to
create an N symbol Reed-Solomon (N,K) code word a(x), consisting of N
symbols a[err], 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 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    -9-
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 d'[err] 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 thedata 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 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    -10- 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 di. Enough 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 di 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 (2[err]) generated by the primitive polynomial
x[err] + x[err] + 1. For the Reed-Solomon code of the preferred embodiment,
the generator 



polynomial, g(x) is defined as: Equation I [er] where [err] are elements of
GF(210). GF(2[err]) 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 [err] 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).    



-11- Equation 2 g(x) = (x + [err]) (x + [err])  ...  (x + [err]) Equation 3
g(x) = x[err] +  [err] + [err] + [err] + [err] + [err] + [err] + [err] +
[err] + [err] + [err] + [err] + [err] + [err] + [err] + [err] + [err] +
[err]  + [err] [err] + [err] +  [err] + [err] + [err] + [err] + [err] +
[err] + [err] + [err] + [err] + [err] + [err] + 



[err] + [err] + [err] + [err] + [err] + [err] + [err] + [err] + [err] +
[err] [err] + [err] + [err] + [err] + [err] + [err] + [err] + [err] + [err]
+ [err] + [err] + [err]    + [err] +  [err] + [err] + [err]  + [err] +
[err] +  [err] + [err] + [err]  + [err]  + [err] + [err] + [err] + 1 Fig. 2
shows the circuit used by ECC generator 14 to generate the 67 ECC symbols
e[err] by dividing d(x) * x [err] by g(x) where d(x) is a polynomial of
degree K-1 with coefficients equal to d[err]. Mathematically, the code word
a(x) is a polynomial with coefficients a[err] and consists of the 67 ECC
symbols e[err] appended to the data 



symbols, d[err]. 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 ai as coefficients, then Equation 4 a(x) *
x[err] = [err] + [err] ... + [err] + [err] The coefficients of the first K
terms are d[err], and the coeffi- cients of the last N-K or 67 terms of the
polynomial are- e[err]. The ECC symbols are generated by 



dividing d(x) * x[err] by g(x), as shown by the circuit of Fig. 2, which
amounts to dividing the incoming data stream di by g(x), as shown by the
circuit of Fig. 2, which amounts to dividing the incoming data stream di 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    -12- 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 [err] symbols, one of which is labeled 46 in Fig.
2, indicate a parallel .XOR. or modulo-2 add function. The x [err] symbols,
one of which is labeled 48, indicate a Galois Field multiply by [err] which
is equivalent to raising the expo- nent of an input symbol by i, for
example [err] * [err] =  [err] where 



i+j is computed modulo 1023. All GF multiply operations are modulo the
primitive polynomial x[err] + x[err] + 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, p1, ... p9 and q0, q1, ... q9, then the GF multiply
function is defined as: Equation 5 p X q = [(p9x[err] + p9x[err] ...
p0x[err])(q9x[err] + p9x[err] ... q0[err])], modulo x[err] + x[err] +1 =
x[err][p9(q0 + q7) + p8(ql + q8) + p7(q2 + q9) + p6q3 



+p5q4 + p4q5 + p3q6 + p2q7 + plq8 + p0q9] + x[err][p9(q6 + q9) + p8(qO +
q7) + p7(ql +q8) + p6(q2 + q9) + p5q3 + p4q4 + p3q5 + p2q6 + plq7 p0q8] +
x[err][ ... The coefficients of the remaining terms (x[err] to x[err]) are
the nor- mal products of the polynomials, modulo x[err] + x[err] + 1.
Because the elements of p and q are binary digits, coefficients of the form
pi(qj+qk) are equivalent to pi .AND. (qj .XOR. qk) 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.    -13-
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: 



-14- 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). 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    



-15- y(x) to error free symbols a[err] 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 generates syndromes Si, 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 = [err] Y[err] [err] 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 [err] 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, [err] can be derived by taking [err] and multiplying it by [err]
(-33 + 1 = -32). Multiplying by [err] is equivalent to shifting once and
XORing bit 9 with bit 2.    -18- exclusive OR'd in tree fashion with SY(0)
by the [err]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 O = I[err] [err] I[err] ... [err] I[err]. For maximum speed the
.XOR.'s are treed as shown below. Table 3 I[err]     I[err]      I[err]
I[err]     I[err]      I[err]     I[err]      I[err] +             +
+              + +                            + 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 [err] 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    -17- Table 2 [err]
[err] 



[err] [err] [err] [err] [err] [err] [err] [err] The [err] and [err]
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(I) of Fig. 6, is
shifted to not-shift registers (not shown), and is    -19- [err] of an
input symbol [err] by raising the input symbol to 32 power and multiplying
it by the input symbol lowered to the -33 power.  The result of [err] x
[err] is [err].  To accomplish this a 10 bit symbol [err] is input to an
[err] .XOR. network 400, with bitinputs [err] and bit outputs [err] as
shown below: 



Table 4 [err] [err] [err] [err] [err] [err] [err] [err] [err] [err] 



Each  [err]  represents an .XOR.  The value [err] is multiplied by [err] to
get [err].  Because [err] are elements of a subfield, GF(25), of
GF(2[err]), there are only 31 possible non-zero values for any [err]. Using
a selected 5 of the 10 bits available (I[err], I[err], I[err], I[err],
I[err]), it is possible to construct a logic network as defined by Table 5
below which outputs the 31 inverses of [err] (i.e., all [err]. O[err] are
the output bits of a [err] network that are combusted from the input bits
I[err]. The input bits are the 10 bits of the symbol [err] and the output
bits are the 10 bits of the symbol [err] and the output bits are the 10
bits of the sym- bol [err]. 



-20- Table 5 [err] [err] [err] [err] [err] [err] 



[err] [err] [err] [err] [err] [err] [err] [err] [err] [err] [err] 



[err] [err] [err] [err] [err] [err] [err] [err]    



-21- [err] [err] The final operation to invert [err] is to multiply [err]
by [err] to yield [err] 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 [err], 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 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 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
k 



[err] then [err] 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    -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(31) 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(31)
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 ai 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 NUodd(x) and NUeven(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 NUodd(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 p(x).    -23- 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 [err] 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 NU[err] to NU[err] is multiplied by the GF multiplier connected to
the register, thereby testing for a root [err] 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 NUeven and NUodd. This completes
steps 110 and 112 of Fig. 3. NUodd 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 [err] x [err]
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 NUodd and    -24- NUeven. If NU(x)
= 1 then the [err] 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 [err]
symbol is correct or not, divider circuit 524 computes the correct value,
or cor- 



rection vector of the [err] 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 NUodd = 0.  If it is zero and NUeven =
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 NUodd = 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 NUodd = 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 [err] of Fig. 14, by NUodd,
which is represented by symbol [err] of Fig. 14. The resulting correction
vector is therefore: Equation 8 [err] 



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.   



-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    -26- 



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 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
in the exclusive OR (.XOR.) networks used to implement the GF [err]
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 NUodd and NUeven 



computers. To implement the [err] multipliers of the present invention, it
is necessary to build an .XOR. network, such as the [err] multiplier shown
in Fig. 16. The [err] symbols are .XOR. gates. The input is a 10 bit symbol
[SYMBOL A] and the output is a 10 bit symbol [SYMBOL A] [err]. The size of
this kind of .XOR. network is large, requiring 59 .XOR. gates for the [err]
multiplier of Fig. 16, and 60 .XOR. gates for the [err] 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, [err] [err] = [err]. For example, [err] may be generated by
multiplying [err] by [err].  A given [err] multiplier    -27- may therefore
be constructed from products of simpler multipli- ers. The circuit of Fig.
18 shows an [err] 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 Fig. 19 shows an [err] 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, [err] or [err] and
a simple multiplier, [err] or [err] can produce an output that ordi- narily
would require two complex multipliers, thereby con- siderably reducing
circuit complexity. In Fig. 20a, an [err] and 



an [err] multiplier produce an output consisting of the input sym- bol
[SYMBOL A] times a 33 and also times [err] for a net savings of 59 .XOR.
gates, or one [err] multiplier network. Similarly, as shown in Fig. 20b,
the values of [SYMBOL B][err] and [SYMBOL B] [err] are generated using a
[err] multiplier and a Shift-2 cir- cuit, thereby eliminating an [err]
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    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 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    -28- 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,  [err] and [err] 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 [err]
and the contents of S(-33) register 708 are: [(previous S(-33) register
contents) + (data symbol from disk 26)] x [err] . 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, [err] and [err],
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)] [err] and the
contents of S(-32) register 706 are [previous S(-32) register contents) +
(data symbol from disk)] [err]. 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    -29-
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 NUeven 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 NUeven 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 [err].  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 [err] and a29 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  



-30- contents] [err] and the contents of NU(29) register 771 is [previ- ous
NU(29) register contents] [err]. 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 [err]
and [err] 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 [err] 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] [err]. 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 NUodd and NUeven circuits of
Figs. 22a and 22b, for repetitively multi- plying the contents of the NU
registers by [err] , 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 [err] multipliers are provided; the
odd [err] 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.   



-31- 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 technique
reduces the need for .XOR net- works in the NUeven, 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 scope of applicant's general inventive concept as defined in the
appended claims.    -32- CLAIMS. 1.   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 (22) for receiving at least one code word having the selected
number of data symbols and releasing each of the received data symbols
after a preselected time period; B.   decoder means (16,18 and 20) 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 



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 characterized as including a plurality of Galois Field
multiplier means for repetitively multiplying signals associated with said
received code words by [err], 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
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 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 5.   a second register (702,752 or 773) coupled to provide the
second input signal 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 determining the error locations and associated error
values. 2.   The apparatus of claim  1 wherein said decoder means further
includes computing means for computing syndromes S[err] 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[err] of a syndrome polynomial S(x); and ii.   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
locator equation and an error evaluator polynomial W(x) for each of the
received data symbols where NU(x) S(x) = W(x) modulo x[err], S(x) is a
polynomial in x with coefficients in S[err] 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 NUodd([err]),
NU[err] and W([err]) corresponding to each received data symbol as that
symbol is released from said buffer, where [err] corresponds to a code word
location, and NU[err] and NU[err] are the sums of the even and odd terms,
respectively, of the error locator polynomial calculated at [err] and B.
means (522,524) for simultaneously evaluating an expression NU[err] +
NU[err] and calculating a correction vector YI corresponding to each of
said received data symbols, 



where: [err] the correcting means correcting errors by combining with YI
each of said received data symbols associated with an [err] for which the
expression NU[err] + NU[err] 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 [err], the multiplier means comprising a.   a logical AND
circuit (152) responsive to a feedback signal   



and an input signal for providing a first output signal; b.    a Galois
Field multiplier [err] 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; c.    a storage
register (S[err]) for storing the second output signal; and d.    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 multiplying a signal by [err], 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; B.   modulo-2 adder (714) means for adding the first
output signal to a data signal to obtain a second output signal; C.   a
first Galois Field multiplier (722) for multiplying the second output
signal by a first predetermined value to 



produce a third output signal; D.   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; E.    a second
Galois Field multiplier (726) for multiplying the third output signal by a
second predetermined value to produce a fourth output signal; and F.   a
second register (702) coupled to provide the second input    



-36- 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 Si 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 coefficients of NU(x)
by [err], 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 as an output signal; and B.   a Galois Field
multiplier to recursively generate the input signal by multiplying 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
[err], 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.    -37- 



9.    The apparatus of claim  1 wherein the first and second registers
contain, after a predetermined number of repetitions, signals associated
with coefficients S[err] 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    -38- 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 [err] signals associated with said received code words by
performing the steps of-- 1.    passing in a 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; 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; 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.    -39- 14.  The method of
claim 13 wherein said step of computing the error locations and the error
values includes a.   computing syndromes S[err] 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(x) S(x) =
W(x) modulo x[err], S(x) is a polynomial in x with coefficients S[err], 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[err], NU[err] and W([err]) 



corresponding to each received data symbol as that symbol is released from
said buffer, where [err] corresponds to a code word location, and NU[err]
and NU[err] are the sums of the even and odd terms, respectively, of the
error locator polynomial calculated at [err]; and b.   simultaneously
evaluating an expression NU[err] + NU[err]  and  calculating  a  correction
vector  YI corresponding to each of said received data symbols, where:
[err] the errors being corrected by combining with YI each of said received
data symbols associated with an [err] for which the expression NU[err] + 



NU[err] equals a predetermined value.    -40- 16.  The method of claim 14
wherein the step of computing syndromes comprises: a.    generating the
coefficients S[err] 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[err]). 



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
predetermined time to obtain a second output signal; c.    storing the
second output signal in a storage register; and d.    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[err] 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; iii.   multiplying, in a Galois Field multiplier, the
second output signal by a first predetermined value to produce a third
output signal; 



iv.   storing the third output signal during the first predetermined time
interval in a first register; v.    Galois Field multiplying, in a Gaois
Field multiplier, 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.   repeating steps i-viii a predetermined number of
times; wherein  said first and second registers contain, after the
predetermined number of repetitions, signals associated with the syndrome
coefficients S[err]. 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 [err]
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   



-42- predetermined time interval and a second input signal during a second
predetermined interval time to obtain a first output signal; ii.
multiplying in a Galois Field multiplier the first output signal by a first
predetermined value to produce a second output signal; iii.   storing  the
second  output  signal  during  the  first predetermined time interval in a
first register; iv.   multiplying in a Galois Field multiplier the second
output 



signal by a second predetermined value to produce a fourth output signal;
v.    storing  the  fourth  output signal during  the  second predetermined
time interval in a second register; vi.   coupling the stored third output
signal to the multiplexer during the first predetermined time interval;
vii.  coupling the stored fourth output signal to the multiplexer during
the second predetermined time interval; and viii. 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   



-43- error locator equation and said error values associated with the error
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 iii.   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 second 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. 




















