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A PHYSICAL BLOCK ADDRESS RECOVERY AP].>ARATUS, SYSTEM 

AND METHOD FOR CYCLIC ERROR CORRECTION CODES 

Cross Reference To Related Applications 

This application claims priority to United States Provisional Patent Application 

5 Serial Number 60/070,762 filed 08 January 1998, which application disclosure is 

hereby incorporated by reference. 

Field Of The Invention 

The present invention relates generally to error detection and/or correction. 

More particularly, the invention relates to a physical or logical block address (PBA 

1 O or LBA) transfer and recovery system and method for interleaved Reed-Solomon 

(RS) codes that can distinguish between a block address error and an uncorrectable 

data error and that permits recovery of the actual block address in the event of a 

physical or logical block address error. 

Background Of The Invention 

15 Since a storage medium is subject to various types of noise, distortion 

and interference, various errors can occur at the output of the storage medium. 

The current trend is to store greater amounts of digital data in smaller areas on 

the storage medium. This trend increases the probability of errors. To correct 

the errors, error correction coding is used. There are various error correction 
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coding techniques. One class of such error correction codes is the well-known 

Reed Solomon (RS) codes. The Reed Solomon (RS) encoding technique 

appends to each block of b user data symbols 2t redundancy symbols to create a 

codeword (where t represents the designed symbol error correcting capacity of 

5 the code). There are b + 2t symbols in a RS codeword. The RS codewords are 

transmitted to and from the storage medium with a certain error probability. 

During the decoding phase, certain error patterns introduced from the 

transmission of the data from the storage medium can be detected and the 

original data reconstructed by analyzing the received data. See, for example, 

10 the reference "Error Control Systems for Digital Communication and Storage, 

by Stephen B. Wicker published 1995 by Prentice Hall, Inc., Englewood Cliffs, 

New Jersey 07632, ISBN 0-13-200809-2, which is hereby incorporated by 

reference, for a discussion of some conventional error detection and control 

systems and methods. 

15 Often errors occur in bursts rather than in random patterns, so that 

several consecutive bytes or symbols are in error. (In this description a symbols 

are used synonymously with bytes and it is understood that where the term byte 

is used, the number of bits is arbitrary and is not restricted to 8-bits, 16-bits or 

the like, but may take on any number of bits, for example 10 bits, 12 bits or 

20 other numbers.) If all the errors in such a burst are confined to a single 

codeword, the error correction coding technique may not be able to correct these 

errors, since the coding technique's capacity is limited to correcting a 

predefined number of errors and the error burst may exceed this capacity. 

Interleaving is often used to overcome this problem. Interleaving is a technique 

25 that distributes user data symbols over several codewords so that the symbols 

from any given codeword are well separated during transmission. When the 

codewords are reconstructed during the decoding process, error bursts 

introduced during the transmission are broken up and spread across several 
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codewords. The distribution of the errors in this manner is done so that the 

number_ of errors present in a codeword is more likely to be within the capacity 

of the error correction technique. 

Encoded data is stored at a certain physical block address (PBA) on the 

5 storage medium. The PBA may also be associated with a particular Logical 

Block Address (LBA) so that references to PBAs in this discussion also apply to 

LBAs. Normally, each location on a recording media has a physical block 

address; however, since recording media such as magnetic discs, magneto­

optical discs, magnetic tapes, and the like may have at least some imperfections, 

1 O the media associated with some physical block addresses may be remapped to 

some different physical block addresses. Each of the available (error-free) 

physical .block addresses is identified by a logical block address. In traditional 

systems and devices, the PBA (or LBA) can be used in the encoding/decoding 

process in such a way that if encoded data is decoded using a different PBA (or 

15 LBA), then the decoding process will fail, that is, the data will appear to have 

uncorrectable errors. 

In one traditional approach, a disc drive computer system 100 having a 

host computer 102, a rotatable magnetic disc drive 104 having one or more 

discs for storing data thereupon, and a error correction code encoder/decoder 

20 unit (ECC encoder/decoder) 106 is provided as illustrated in FIG. 1 for the write 

or encoder operation. (A corresponding block diagram 101 for the readback or 

decoder operation is illustrated in FIG. 2 and described in greater detail 

hereinafter. ECC encoder/decoder 106 provides a first path between host 102 

and disc 104 for user data D(x) 105 with only a multiplexer or switch 108 

25 interposed between host 102 and disc 104, for selecting either data D(x) 105 or 

parity P(x) 107 as the information 109 to be vtritten to disc 104. The manner in 

which data and parity are written to disc drive storage is well known in the art 
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and not described further here. It is also understood that an actual 

implementation may include buffers, registers, clock signals, and other logic to 

implement the circuit, but being conventional are not described in order not to 

obscure the invention or its differences from traditional systems, devices, or 

5 methods. 

A second path from host 102 to disc 104 is defined through 

syndrome/parity generator 110 which receives the output of exclusive-or (XOR) 

circuit 112 formed by the XOR of data D(x) and the output 113 of randomizer 

116. Randomizer 116 receives the actual PBA (or LBA) 117 as a seed to 

I 0 generate a pseudo-random sequence output as is known in the art. 

Parity/syndrome generator 110 generates parity P(x) on the basis of the sum 

signal output by XOR 112. Multiplexer 108 selects or passes either data D(x) or 

parity P(x) in response to the state of a data/parity select control signal 119. 

Randomizer unit 116 is important in the operation of the traditional ECC 

15 encoder/decoder unit 106 and is seeded with the intended or actual PBA value 

for writing (encoding) and with the expected or predicted PBA value 111 for 

readback (decoding). As described previously, the predicted or estimated PBA 

(or LBA) 111 may for example be a 4-byte value that specifies the location on 

the storage media, for example the track and sector on a magnetic disc, where 

20 · the information is expected to be written to or read from. Seeding refers to a 

procedure for encoding or decoding in which the randomizer is preset with the 

value of the PBA (or LBA) prior to generating the pseudo-random sequence. 

The use of a seed to generate a pseudo-random sequence is well known in the 

art and not described further here. 

25 The output sequence 113 of randomizer 116 is XOR'ed by XOR circuit 

112 with the write data D(x) 105 arriving from host 102 for the parity 
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generation during writing, and XOR'ed by XOR 112 with the read data D(x) 

105 for the syndrome generation during readback (See FIG. 2 for readback 

configuration). In the read or readback mode of operation, data D(x) arrives 

from the disc 104 and is communicated to host 102 as illustrated in FIG. 2. The 

5 readback or decoder mode also employs an error correction unit (ECU) 120 

which receives syndromes 121 generated by syndrome/parity generator 110 

generates an uncorrectable· error signal or indication 121 if the actual PBA (or 

LBA) is not equal to the expected PBA (or LBA) determines whether an error 

has occurred, but does not require the multiplexer I 08 as the host has no need 

10 for parity and only receives the data D(x). 

Unfortunately, if the seed values (in this case the PBA or LBA) used by 

randomizer 116 for write and readback operations of the same data are different, 

then the write output randomizer sequence and read output randomizer 

sequences will also be different and will not match or cancel each other as 

15 expected. Seeding values will be different, for example, if the estimated PBA 

(or LBA) is different from the actual PBA. When an error is detected, ECU 120 

merely identifies that an uncorrectable error has occurred independent of 

whether the origin of the error is corrupted data, such as might be caused by 

media failure, or as a result of the actual PBA not matching the estimated PBA. 

20 In traditional systems no procedure is available for otherwise identifying the 

cause of the error as a wrong PBA. 

This traditional approach therefore fails to solve all of the problems 

associated with error correction and wrong PBA and in particular does not allow 

one to distinguish between an uncorrectable data error and a wrong PBA. The 

25 traditional approach is also incapable of recover the actual PBA from the 

readback data. 
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It is desirable to distinguish between an uncorrectable data error and a 

wrong PBA (or LBA) for several reasons. First, a wrong PBA or LBA is of 

fundamentally different nature than a error caused, for example, by faulty media 

or the like. Second, it is useful to be able to recover the actual PBA or LBA 

5 from the readback data for adjusting the seek or synchronization operation of 

the disk drive during design of the control procedure. Finally, it may be 

advantageous in some high density recording systems where there may be a 

somewhat higher possibility that the portion of the disk read (PBA) is not the 

portion of the disk that should have been read, and to recover the actual PBA 

10 from the readback data to pemrit real-time or near-real-time adjustment of the 

seek operation control system. Therefore, a need exists for a solution to the 

problem of being able to distinguish between an uncorrectable data error and an 

wrong PBA or LBA, and a solution to the problem of being unable to recover 

the actual PBA or LBA from readback data. 

15 The present invention provides a solution to this and other problems, and 

offers other advantages over the prior art. 

Summary of the Invention 

The present invention relates to systems, devices, and methods that have 

a polynomial multiplier circuit operating on a prepended sequence derived from 

20 the storage device physical or logical block address and which provide an 

improved codeword stored on the media and which can distinguish an 

uncorrectable data error from a wrong block address error and permit the actual 

block address to be recovered from data read from the storage media in a data 

storage system to solve the above-mentioned problem.-

25 In accordance with one embodiment of the invention, method for 

generating a parity symbol sequence of a code is provided in which a sequence 
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representing an m-symbol address is received and a sequence of k data symbols 

is received. The sequence representing an m symbol address is multiplied by a 

set of multiplier symbols to generate a first sequence of product symbols that is 

equal to the sum of a first sequence and a second sequence wherein the last r 

5 coefficients (r is equal to the number of parity symbols) of the first sequence are 

zero and the degree of the second sequence is one less than the number of parity 

symbols. Then first sequence of product symbols is added to the data sequence 

prior to generating a first parity sequence for the sum of the data sequence plus 

the first sequence during a data transmission phase for the first k symbols of the 

10 codeword. Subsequently, the second sequence is added directly to the first 

parity sequence during a parity ~nsmission phase for a number of symbols at 

the end of the codeword to generate the final parity sequence. 

In accordance with another embodiment of the invention, the method for 

generating a parity symbol sequence of a code further includes generating a 

1 S syndrome symbol sequence. Generating the syndrome symbol sequence 

involves receiving a sequence representing an m-symbol address estimation 

which may not be equal to the sequence representing the m-symbol address and 

a readback sequence of k+r data and parity symbols, some of which may be in 

error. Then the sequence representing the m-symbol address estimation is 

20 multiplied by a set of multiplier symbols to generate a second sequence of 

product symbols which will be identical to the first sequence of product 

symbols ifm-symbol address estimation sequence is equal to the ·m-symbol 

address sequence. The second sequence of product symbols is also added to the 

readback sequence to generate a sum sequence, and syndromes are generated 

25 for the sum sequence. 

Apparatus and system implementing the inventive method are also 

provided. For example, a data storage system for a computer system having the 
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inventive features, such as may be provided for a rotating magnetic disc storage 

system, a magneto-optical storage system, a tape storage system, or any other 

data or information system when the address or location of the data may be in 

question. The inventive apparatus, system, and method may also be more 

5 generally applied to associate some form of auxiliary information (non-user 

data) other than address block information with user data so that errors in such 

auxiliary information may be identified and the auxiliary information recovered. 

The present invention also can be implemented as a computer-readable 

program storage device which tangibly embodies a program of instructions 

IO executable by a computer system to perform a block address error 

discrimination and recovery method. In addition, the invention also can be 

implemented as a block address error discrimination and recovery circuit itself, 

which circuit may be implemented as an element of a data storage system such as 

a disc drive system, which itself may for a constituent element of a computer 

15 system.Among its advantageous features, the invention provides physical block 

address and/or logical block address (PBA/LBA) recovery with virtual 

prepending in a headerless PBA/LBA integrity scheme.-

These and various other features as well as advantages which 

characterize the present invention will be apparent upon reading of the 

20 following detailed description and review of the associated drawings. 

Brief Description of the Drawings 

FIG. 1 is a block diagram of a conventional data storage system having a 

randomizer based error correction code encoder/decoder unit in a write 

operation mode. 

25 FIG. 2 is a block diagram of a conventional data storage system having a 

randomizer based error correction code encoder/decoder unit in a read operation 

mode. 

FIG. 3 is a block diagram of an embodiment of the inventive data storage 
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system having a polynomial multiplier based error correction code 

encoder/decoder unit in a write operation mode. 

FIG. 4 is a block diagram of an embodiment of the inventive data storage 

system having a polynomial multiplier based error correction code 

5 ·encoder/decoder unit in a read operation mode. 

FIG. 5 is a diagrammatic illustration showing a comparison of sequential 

prepending and the manner in which a function S(x) having the length of a data 

sequence and parity of prepended physical block address may be added to data 

and processed to get the same parity as obtained with sequential prepending .. 

10 FIG. 6 is a diagrammatic illustration showing an embodiment of the 

inventive multiplier circuit. 

FIG. 7 is a flowchart detailing an embodiment of the inventive method. 

Detailed Description 

Embodiments of the inventive structure and method are now described 

15 relative to the figures. Referring now to FIG. 3, an embodiment ofa computer 

system 200 incorporating the inventive ECC encoder/decoder 206 in the context 

of a disc 204 based data storage system is shown. A system, like the one shown 

in FIG. 3 includes a host computer 202 of conventional type having a memory, a 

display, a pointing device, and a data storage system such as a hard disc drive 204 

20 magneto-optical drive or the like, in addition to an error correcting code (ECC) 

encoder/decoder 206. The inventive method may be practiced by implementing in 

executable software; firmware, hardware, or a combination thereof in the computer 

system 200; although, the invention is advantageously implemented at least in part in 

hardware associated with a controller (not shown) associated with disk drive 204 so 

25 that the speed of execution is appropriate to the speed at which data is written to or 

readback from the disc. 

FIG. 3 illustrates a first embodiment of the computer data storage system 200 

of the present invention. A host computer system 202 writes data D(x) 205 to the data 

SUBSTITUTE SHEET (RULE 26) 



-------------------~~····---·---

W099/35575 10 
PCT/US99/0053 l 

storage mediwn such as disc 204 and reads data D(x) 205 from data storage mediwn 

204. A first FIFO (first-in-first-out buffer) or buffer (not shown) may typically be 

used to temporarily store the data 205 that is transferred between the host computer or 

processor 202 and the data storage medium 204. When the host 202 writes data to the 

5 data storage medium 204, the user data stored in the FIFO is transmitted to the error 

correction code (BCC) encoder/decoder unit 206 that encodes the sum 234 of the user 

data bytes D(x) 205 and the sequence S1(x) 231 generated based on the actual 

BP NLBA sequence; generates an output including first partial parity bytes or symbols 

211. The manner in which the output 211 from the syndrome/parity generator 210 is 

10 subjected to further processing by adding the output S2(x) 232 of polynomial 

multiplier 216 to generate the final parity Q(x) 215 is described in greater detail below. 

The output 209 of the encoder including data 205 and parity 215 is written to the data 

storage medium 204 by a disc interface (not shown) of conventional type. 

Data D(x) with appended parity Q(x) 225 that is read from a data storage 

15 medium 204 during a read operation (See FIG. 4) is read by the disc interface and 

transferred to a buffer (not shown) typically through a FIFO. (The various FIFO's and 

buffers are not shown in the figures in an attempt to preserve clarity in the description 

of the invention, as they are of conventional type and there design and use in such data 

storage systems is well known in the art.) In addition, the read sequence 225 is 

20 transmitted to the ECC encoder/decoder unit 206 together with the estimated 

PBAILBA sequence 213. The ECC encoder/decoder unit 206 computes syndromes 

226 and determines whether the received data and/or estimated PBA/LBA sequence 

contains any bytes or symbols in error. Erroneous symbols are detected by the 

error correction unit 220 within or associated with ECC encoder/decoder unit 

25 206 and result in generating a error indicator such as PBA error flag 227 and an 

error value such as PBA error value 229 in the case of a mismatch between the 

estimated PBNLBA 213 and the actual PBA/LBA 217. Where the syndromes 

do not suggest any error, the information processed by ECC encoder/decoder 

206 is decoded and communicated to host 202. 
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The present invention can be summarized in reference to FIG. 3 and 

FIG. 4 which are block diagrams ofa preferred embodiment of the inventive 

ECC encoder/decoder unit 206 in write (encode) and read (decode) operating 

modes respectively, having a polynomial multiplier unit generating the 

5 polynomial sequence S(x)=L(x) x M(x)xxk·m-u+1, where L(x) is the PBA (or 

LBA) or some representation derived from the PBA (or LBA}, and M(x) is a 

polynomial of the form xm+r-l+u mod g(x), where xis the variable of the 

polynomial, mis the number ofprepended bytes (symbols) per codeword 

interleave, r is the number of parity bytes, Osu<(k-m+l} is a delay value, and 

1 O g(x) is the generator polynomial. Recall, that as used in this description, a byte 

is a symbol having an arbitrary number of bits. 

ECC encoder/decoder 206 generates a parity byte sequence Q(x) which 

is different from the parity byte sequence P(x) generated in traditional ECC 

encoder/decoder units, such as the ECC encoder/decoder unit described relative 

15 to FIG. 1 and FIG. 2, but still fitting within the same number of bytes written on 

the storage media (disc) as the traditional parity P(x) while advantageously 

providing discrimination between an uncorrectable error and a wrong PBA (or 

LBA), and providing sufficient information to recover the PBA or LBA from 

the readback data. 

20 In order to generate the codeword having virtually prepended bytes, 

which is written to the disc, a polynomial multiplier block 216 for multiplying 

the sequence L(x) x xk+r-m-u by xm+r-t+u mod g(x),when a delay u is desired, to 

form S1(x) and S2(x) is added to the ECC encoder/decoder which typically 

includes the parity/syndrome generator unit. First and second exclusive-OR 

25 circuits (XOR!, XOR2) 212, 214 to perform the required addition are also 

provided within the ECC encoder/decoder. In the embodiment illustrated in 

FIG. 3 and FIG. 4, the multiplier 216 requires r-1 additional zeroes to be 
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shifted-in to generate the last r-1 bytes of S2(x). Typically the parity/syndrome 

generator 210 includes registers for storing computed values until they are to be 

output, but these registers have not been shown as they are of conventional type. 

This flushing of the multiplier with additional zeros is equivalent to feeding 

5 L(x) xk+r·m instead ofL(x) xk-m+t as the input sequence. 

In the beginning of the encoding process during a 'Write operation, the 

output multiplexer 208 transfers user data D(x) to the output The user data 

D(x) is fed to the data input of the parity generator 210 simultaneously with the 

bytes of the prepended sequence L(x). Multiplying D(x) by xr and L(x) by xk+r-m 

10 corresponds to appending rand k+r-m zeroes to D(x) and L(x) respectively. 

S(x) is generated at the output of multiplier block 216 during the first k symbols 

and added both to D(x). at the input of the parity/syndrome generator 210. After 

processing k bytes, multiplexer 208 is switched to "parity" input using the · 

data/parity select control signal, and the parity bytes are transferred. The 

15 multiplier 216 starts generating the bytes of S2(x), which may be all zero. S2(x) 

is added to the output of the parity/syndrome generator 210 to form the required 

sequence. 

During readback operation, the procedure is the same as the write 

operation encoding process, except that during readback there is no distinction 

20 made between data and parity bytes and both S 1 (x) and S2(x) are added to the 

read sequence at the input of the parity/syndrome generator 210, so that the 

XOR element 214 is not needed at all. 

We now briefly discuss Reed-Solomon codes to serve as a basis to 

understand the theoretical basis for virtual prepending of the PBA (or LBA) 

25 according to the invention. It should be understood that even though fais 

disclosure provides detailed descriptions of embodiments of the invention in 
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terms of Reed-Solomon codes, the inventive structure and method are 

applicable to cyclic codes generally, and to BCH and Reed-Solomon codes 

more particularly. A Reed-Solomon (RS) codeword can have only a limited 

number of data bytes. For example, in an exemplary data field with the 

5 designed symbol error correcting capacity of the code of five symbols (t=5), 

four interleaves (!=4), and five bytes of error detection code parity (EDC=5), 

the maximum number of user data bytes is ksnax=975, leaving 45 bytes for parity 

in the 1020 byte field. If the number of user data bytes k is less than~' then 

the first ksnax-k bytes can be used for transfer of additional information. 

10 The inventive structure and method utilizes these free bytes in the cyclic 

codeword (nominally at the beginning of the codeword), such as an RS 

codeword, to transfer PBA or LBA information to the sequence of bytes which 

is stored on the disc. The term "prepended" and variations (such as "prepend" 

or ''prepending") are used to describe the fact that the additional bytes are 
15 placed at the beginning of the codeword. In one embodiment, the PBA or LBA 

is prepended at a rate of one byte per interleaf, however, a greater number of 

PBA or LBA bytes may be prepended per interleaf. 

As will become more clear later in the description, the PBA or LBA 

bytes themselves are not written to the disc drive or other storage means during 

20 a write operation; however, parity during the write operation and syndromes 

during the read operation are calculated as if the PBA or LBA were present. 

For this reason, the prepended PBA or LBA bytes may be considered "virtual" 

rather than "real" in the sense that they are never actually written to the disc 

drive or other storage device. In spite of the fact that the prepended bytes 

25 themselves are not written to the storage device, during a readback operation, if 

PBA (or LBA) bytes represented by the computed syndromes differ from the 

PBA (or LBA) parity computed during the write operation, the ECC will correct 
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errors in PBA (or LBA) positions, and therefore the inventive structure and 

method provide recovery from PBA (or LBA) errors. 

A codeword in a Reed-Solomon (RS) code over Galois Field of the order 

of 256 {GF(256)} has a limited length n=k+r~255, where k is the number of 

5 user data bytes and r is the number of parity bytes. The value of the number of 

parity bytes r is determined by the detecting/correcting capability of the code, so 

for a code with a given correction capability the number of user data bytes k is 

always less than or equal to the maximum number of user data bytes ~ax=255-r. 

If the actual number k of user data bytes is less than~' the first ku.ax-k 

10 positions are "free,, or available and may be used for transfer of ms:lcm.x-k bytes 

of additional information. · 

For example, having four bytes oflogical block address (LBA) or 

physical block address (PBA) an~ four interleaves of error correcting code 

(ECC) we can prepend the LBA (or PBA), one byte per interleaf (m=l). In the 

15 case of three inter]eaves, using one byte per interleaf, the invention on]y uses 

the three low order bytes of PBA (or LBA). 

The ECC logic will calculate errors in these additional PBA or LBA 

bytes in exactly the same way as it does for the user data. These additional PBA 

or LBA bytes are not actually written to the disc or other storage means, but are 

20 taken into account by the ECC encoder during the parity calculation in a write 

operation. 

During a readback operation the estimated values of these PBA or LBA 

bytes are used for syndrome calculation in syndrome/parity generator unit 210 

as if they were read from the disc. A mismatch between estimated or expected 

25 PBA (or LBA) 213 and actual PBA (or LBA) 217 values will be detected by the 
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error correction unit 220 in response to received syndromes during readback 

operation in ECC logic within the error correction unit 220 (See FIG. 4) by 

generating a PBA error flag and a PBA error value. The PBA (or LBA) error 

condition and PBA (or LBA) error value can be used to restore actual PBA (or 

5 LBA) value. 

We now describe several ways in which the computation of contribution 

of the PBA or LBA bytes to the parity/syndrome computation may be 

accomplished. It is noted that in some implementations, the error detection 

code (EDC) will have only one interleaf and needs to cover all prepended PBA 

10 or LBA bytes, for example an implementation with four (m=4) or three (m=3) 

ECC interleaves, respectively. In some instances, this may make the 

computation of the contribution of the PBA/LBA bytes to the EDC 

parity/syndrome computation more difficult compared to the computation of the 

contribution to the ECC. 

15 In one embodiment of the inventive structure and method, the same 

structure is used for parity generation during the write operation and for 

syndrome generation during a readback operation; therefore, this description 

frequently refers to a common parity/syndrome generator. However, it should 

be understood that the inventive structure and method are not limited to 

20 implementations in which the parity generator and syndrome generator are the 

same physical structure of have the same design if separate physical structures. 

Therefore, parity/syndrome generator 210 as used in this description should be 

interpreted as a shared parity and syndrome generator unit, or a parity generator 

unit, or as a syndrome generator unit. The parity/syndrome generator may be 

25 any conventional form consistent with the requirements of the invention set 

forth here, of which many structures are known, and is not described here 

further. 
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One way to perform the parity/syndrome calculation incorporating PBA 

or LBA information is to prepend a sequence L(x) representing the PBA or 

LBA bytes to the user data D(x) and run the parity/syndrome generator 210 for 

m+k+r clock cycles, as ifthere were m+k user data bytes to generate parity 

5 Q(x). This approach is useful and may provide the most compact approach in 

terms of the hardware needed, but undesirably requires m additional clock 

cycles of processing time for them additional bytes per interleaf. In some 

storage device implementations, such as for example, in high-performance disc 

drive storage systems, these additional clock cycles may not be available. This 

10 approach may be referred to as "sequential prepending". The sequential 

prepending approach is illustrated diagrammatica11y in FIG. 5, with several 

other approaches described hereinafter. 

A second approach for performing the parity/syndrome calculation is to 

pre-compute the contribution of the additional PBNLBA bytes to the 

15 parity/syndromes and pre-load the parity/syndrome generator 210 with these 

values before processing the first user data byte. One possible disadvantage of 

this approach is the possible need for two different pre-computation circuits for 

parity and syndromes, depending on the parity generator structure, the 

syndrome generator structure, and the value of m. However, this potential 

20 disadvantage does not arise for the case when m=l, that is, when there is only 

one prepended byte per interleaf. In this case, if the combined parity/syndrome 

generator is used, both of the pre-computation circuits are simply wires or other 

direct coupling or connection. In one embodiment of the invention, this 

exception is advantageously used for the ECC parity/syndrome calculation. 

25 We now describe an embodiment of the inventive method to generate 

parity/syndrome within k+r clock cycles using the same pre-computation 
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circuitry for generating both parity and syndromes. The result of each pre-

computation is an "equivalent" sequence of bytes of total length n=k+r, the 

same length as the traditional length of the codeword based on user data only. 

This sequence is equivalent to the prepended sequence L(x) in terms of parity 

5 and syndrome computation. 

Only the first m+r-1 bytes of the equivalent sequence can have nonzero 

values, all other bytes being zero. We know this because the sequence is the 

product of two polynomials of known degree. In at least one embodiment of the 

invention, the prepended sequence L(x) is provided in parallel with the arriving 

10 user data D(x), and is multiplied by the polynomial M(x)= [xk+r-m mod g(x)] by 

multiplier circuit 216 to generate equivalent sequence S(x)=L(x) x~-m 
. 

mod g(x)xxk-m+t. An exemplary multiplier 216 structure is described below 

which can accomplish the required polynomial multiplication. More generally 

the multiplier polynomial may be of the form M(x}= [xk+r·m+u mod g(x)], where u 

15 represents a delay from the start of user data and is nominally in the range 

O~u<(k-m+l). This form ofM(x) permits delaying the start of PBA/LBA 

contribution to the parity relative to the start of computation based on user data 

D(x), such that for example, the computation of the PBAILBA contribution may 

be delayed an arbitrary amount within the range o~u<(k-m+ 1) bytes, where u=O 

20 represents no delay, and u=(k-m+l) represents a delay wherein the PBA/LBA 

and D(x) contribution to parity complete at the same time. 

In the case when m+r-l>k>m-2, the last (m+r-1)-k bytes of the 

equivalent sequence S(x) are XOR'ed directly to the output of the 

parity/syndrome generator 210 to obtain parity bytes that are fed to output 

25 multiplexer 208. Fork outside this range, S(x) is XOR'ed by exclusive or 

circuit 212 with the data D(x) starting with the first data by1e; then the result is 

fed into the parity/syndrome generator 210. 

SUBSTITUTE SHEET (RULE 26) 



W099/3SS7S PCT/US99/00SJ l 

1B 

This particular embodiment of the inventive structure and method may 

not generally work when k<m-1 because the length of a codeword may 

generally be smaller than the number of nonzero bytes in the equivalent 

sequence; however, this limitation does not apply in an EDC implementation in 

5 which EDC with m=4 if the number k of user data bytes is guaranteed to be not 

less than 5. Though not limitation of the inventive structure or method, in the 

exemplary embodiments described hereinafter, it is assumed that k:<!:m+r-1 

unless otherwise specified. 

We now describe one embodiment ofthe multiplier 216 for use in the 

10 ECC encoder/decoder unit 206 relative to the illustration in FIG. 6 to illustrate 

the manner and an exemplary structure by which the multiplication may be 

performed. The exemplary multiplier circuit is for the case ofr=4, but it will be 

clear to those workers having ordinary skill in the art will appreciate that this 

exemplary circuit may readily be expanded or contacted to accommodate larger 

15 and small values ofr, and that alternative circuits may be implemented to 

perform aspects of the inventive method. Multiplier circuit 216 comprises a 

shift register (r2, rl, rO) 250 having three register elements 251, 252, 253, three 

XOR elements 261, 262, 263 and four constant multipliers 271, 272, 273, 274 

for multiplying the delayed versions of the sequence L(x)xlt+r-m by the 

20 coefficients p3, p2,ph and p0 of the expression: xm+4-1mod g(x) =x.m+3mod g(x) = 

p3x3 + J12X2 + P1X + Po· 

Before the first byte of the input sequence comes in, register 250 is set 

to 0, that is each stage r2, rl, rO are set to zero ("011
). During operation the 

bytes of the input sequence are shifted into the register 250 one at a time, 

25 generating the corresponding elements of S(x) 280 at the output of XOR gate 

263 according to the above expressions. Note that S(x) 280 is the sum of S1(x) 
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281 and S2(x) 282 in the manner described. The last r symbols of S(x) are 

referred to as S2(x) 282, the rest of the symbols of S(x) represent S1(x)xx -r. 

We now describe some theoretical and mathematical considerations 

relating to polynomial representations of a codeword as they relate to the instant 

5 invention. In our further description we represent sequences of bytes by 

corresponding polynomials with coefficients over an exemplary Galois Field of 

the order of256 {represented by the notation GF(256)}. The polynomial 

corresponding to a sequence of values dx-b ~.2 , ••• , d1, do is the polynomial dk. 

1xk·1+ dic.2 xk·2 + .•• +d1x+do. The original n=k+r byte codeword C(x)=D(x)xr+P(x) 

10 and its constituent parts (k byte data D(x) and r byte parity P(x)) have the 

structural and polynomial representations shown in the following equations and 

Tables I-IV, where k bytes are used to represent the user data and the degree of 

D(x)=k-1. 

Table I. User Data. 

15 User data, k bytes 

deg D(x)=k-1; (1) 

Table II. Parity. 
20 Parity, r bytes 

I Pr-I I Pr-2 1 ... 

deg P(x)=r-1; (2) 
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Table III. Codeword C. 
Codeword C, n=k+r bytes 

User data, k bytes Parity, r bytes 

C(x)=D(x)xr+P(x) deg C(x)=k-1 +r. (3) 

The prepended sequence ofm bytes t m·b t m.2, ... , t., t 0 is represented by 

the polynomial L(x) as follows: 

L(x) = t m.1xm·l + t m.2xm·2 + ... + t 1x + t 0, deg L(x)=m-1. (4) 

Codeword B consists of the prepended sequence, user data and corresponding 

parity bytes, as shown in the following equation and Table IV. 

Table IV. Codeword B. 

Codeword B, m+k+r bytes 

C------------------------------------------------------------> 
Prepended, m bytes User data, k bytes Parity, r bytes 

C----------------->C------------------>C-------------------> 

B(x)=L(x)x"+D(x)xr+Q(x); deg B(x)=m+k+r-1.- (5) 

20 We do not write the codeword B(x) which includes the prepended 

sequence L(x) to the disc, so the sequence A(x) which is actually written to the 

disc is not a codeword and does not actually include the prepended bytes L(x), 

but rather the sequence of bytes A(x) is written as follows: 

A(x) = D(x) xr + Q(x). (6) 

25 While reading back the sequence A(x), which in some instances may 

have been corrupted by errors, restoration of the codeword B(x) is attempted by 
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prepending the estimated or expected prepending sequence L(x) to A(x) and 

applying conventional error correction. 

We now tum our attention to parity generation during write (encode) 

operation, and will later show that parity generation discussion is directly 

5 applicable to syndrome genreation as well. 

10 

Since a Reed-Solomon (RS) code is a cyclic code, codewords should 

satisfy the condition C(x)mod g(x)=O, where C(x) is a codeword, and g(x) is the 

generator polynomial, and the degree of g(x) is r-1 (deg g(x)=r-1). Therefore, if 

it is desired that the code be systematic, that is that: 

C(x)= D(x) xr + P(x), 

it must be true that: 

P(x)=[D(x) xr] mod g(x) , 

(7) 

(8) 

that is, the parity byte sequence P(x) is represented by a polynomial equal to the 

remainder after dividing D(x)xr by the generator polynomial g(x). 

15 In analogous manner, in the context of sequential prepending for the 

20 

codeword B(x) with prepended sequence L(x), we have the relationship: 

and 

or 

B(x) = [L(x) xk + D(x)]xr + Q(x) (9) 

Q(x) ={[L(x)xk+D(x)]xr}mod g(x) 

=[L(x)xt+!]mod g(x)+[D(x)x1mod g(x) 

Q(x)=[L(x)xt+r')mod g(x) + P(x). 

(10) 

(11) 

In general, for sequential prepending, since a parity/syndrome generator 

processes an input sequence B(x) one byte at a time, it will take (m+r+k) clock 

25 cycles to generate Q(x), that is it will take k+r cycles to generate P(x), but 
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m+k+r cycles to generate [L(x)xk+r]mod g(x). 

Two conditions should be met relative to equivalent sequence S(x) and 

D(x) so that the parity/syndrome generator 210 can receive the two input 

sequences and process them in a pair wise manner. A polynomial S(x) 

5 satisfying the conditions: 

1. deg S(x) = deg D(x)xr = r+k-1; and (12) 

2. S(x)mod g(x) = [L(x)kk+r]mod g(x); (13) 

will enable generation of parity Q(x) within the required k+r cycles by simply 

adding an S(x) having the required properties to D(x)xr and processing the 

10 resulting sum sequence as normal user data. Recall that D(x)xr corresponds to 

appending r zeros to D(x), just as L(x)xk+T·m corresponds to appending K +r-m 

zeros to L(x). In the inventive structure and procedure this resulting sum 

sequence is generated using the exclusive or (XOR) circuit. 

Out of an abundance of caution and for the sake of a complete disclosure, 

15 we now provide a derivation for exemplary functions S(x) and R(x) using 

mathematical properties of modulo arithmetic for some generalized functions 

M(x) and N(x). However, it should be understood that the inventive structure 

and method are not to be limited by this derivation, and the other forms of S(x) 

and R(x) are within the scope and spirit of the invention. More particularly, we 

20 derive relationships for S(x) as a function of the product ofL(x) R(x). First, 

recall that under the properties of arithmetic modulo g(x). 

[M(x)xN(x)]mod g(x) = [M(x)mod g(x)xN(x)]mod g(x) 

= [M(x)xN(x)mod g(x)]mod g(x) 

(14) 

;: [M(x)mod g(x)xN(x)mod g(x)]mod g(x). 

25 Then, applying condition (2) in equation (13) requiring that S(x)mod g(x) = 

[L(x)kk+r"]mod g(x), we have a relationship as follows: 
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and 

[L(x)xk+l]mod g(x) = [L(x)xk+r-s x x5]mod g(x) 

= {L(x)x[xk+r-s x X5 mod g(x)]}mod g(x) 

= [L(x)xR(x)]mod g(x) 

R(x) = xk+r-s x X5 mod g(x), where deg R(x) = k+r-s+r-1. 

Now we identify a suitable value of "sn by applying condition (1) 

requiring "deg S(x) = deg D(x)xr = rtk-1 n to arrive at the result that: 

(15) 

(16) 

deg S(x) = deg[L(x)xR(x)] = m-l+k+r-s+r-1 = r+k-1 (17) 

and 

s = m+r-1. (18) 

Then, substituting this value for s into the expression for R(x) above, and 

recalling that S(x) was assumed to be of the form L(x) R(x) we arrive at useful 

definitions ofR(x) and S(x) as follows: 

R(x) = xm+r-I mod g(x) x xk·m+J (19) 

15 and 

S(x) = [L(x) x xm+r-I mod g(x)] x x"·m+i. (20) 

Conventional parity/syndrome generators are designed to process only a 

sequence of user data and assume that the last "rn bytes of the input sequence 

D(x) x xr are zeros and take only the first D(x) as the input sequence, ignoring 

20 any remaining values. In the inventive structure and method, only the last k­

m+ 1 bytes ofS(x) are guaranteed to be zero and in the case when r>k-m+l, 

some of the nonzero bytes in S(x) cannot be fed into a conventional 

parity/syndrome generator. Since it is desirable that the parity/syndrome 

generator 210 be a conventional parity/syndrome generator or at least that 

25 embodiments of the inventive structure and method be compatible with such 

conventional parity/syndrome generators, one embodiment of the invention 

treats the polynomial S(x) as the sum of two polynomials and provides 
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additional structure and procedure to handle the additional values. 

Using this approach, we write S(x) as the sum of two polynomials S1(x) 

and S2(x) as follows: 

S(x) = S1(x)+Sz(x), (21) 

5 where degS2(x)=r-1, and require the last r coefficients of S1(x) to be zero; 

and 

S(x)mod g(x) = S1(x)mod g(x)+S2(x)mod g(x). (22) 

S1(x) is fed into parity generator 210, even a parity generator designed 

only for user data, yielding the result [S1(x) mod g(x)] at its output. Since the 

10 degree of polynomial S2(x) is less than the degree (r) of generator polynomial 

g(x) which itself is equal tor, (deg S2(x) <deg g(x)=r), it follows that S2(x)mod 

g(x)=S2(x) and one can add S2(x) to the output of the parity generator at the 

appropriate time to form the sequence S(x)=S1(x)+S2(x) in proper time order. 

It should be understood that in the case when k<m-1 this procedure may 

15 not generally used without modification since under this condition: 

deg L(x) +deg R(x) + 1 = m+r-l>k+r (23) 

so that the length of the nonzero part of the required S(x) exceeds the length of 

the entire sequence to be written to the disc. 

Syndrome generation is a process analogous to parity generation which 

20 occurs during readback or retrival of previosuly stored information from the 

storage device. Let C(x) be the codeword polynomial corresponding to the 

sequence of bytes read from a disc or other storage media, and 

(24) 

be the generator polynomial of the code. The syndrome components Sr-h ... , S0 

25 are defined as the values of C(x) at x=a,._1, ••• ,ao: Sr_1=C(a,..1), ••• , S0=C(ao). It can 
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be shown that if "a" is a root of generator polynomial g(x), then 

C(a)=[C(x) mod g(x)J1x=a , 

where the expression [C(x) mod g(x)] is the remainder after division by 

generator polynomial g(x), and the notation "ix=a" means the polynomial is 

5 evaluated at a particular value x=a. 

(25) 

Recall from the description provided earlier that adding S(x) to the data 

polynomial D(x)xxr is equivalent to prepending L(x) in terms of generated 

parity bytes, where here the generated parity bytes are the remainder after 

division by the generator polynomial g(x). Thus one can use exactly the same 

10 procedure for generating syndromes during the readback operation as the 

procedure for generating parity bytes during the write operation, except that for 

the write operation the data comes from the host and during the readback 

operation the data comes from the storage device. 

Finally, having described embodiments of the inventive structure and 

15 method, we now describe an embodiment of the inventive procedure 300 

relative to a flow-chart in FIG. 7. First, receive a sequence of values as 

coefficients of a polynomial representation of a block address L(x) having m 

symbols and a sequence ofvaJues as coefficients of a polynomial representation 

of data D(x) having k symbols (Step 301). We next multiply the coefficients of . 

20 L(x) by coefficients of R(x) to generate coefficients of a polynomial product of 

the form S(x)= Sl(x) + S2(x) such that the last r coefficients of Sl(x) are zero 

and deg S2(x)=r-l, where xis the variable of the polynomial, k is the number of 

data symbols, r is the number of parity symbols, u is a delay, mis the number of 

symbols in L(x}, and g(x) is a generator polynomial of the code (Step 302). 

25 Subsequently, we add the first polynomial product component S1(x)xx-r to the 

data polynomial D(x) prior to generating a first parity sequence for the sum 

D(x) +S1{x)xx·r during a data transmission phase for a first k symbols of the 
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codeword (Step 303). Finally, we add the second polynomial product S2(x) 

directly to the first parity sequence during a parity transmission phase for the 

last r symbols of the codeword to generate the final parity sequence Q(x) (Step 

304). 

5 We now summarize various aspects of embodiments of the invention. In 

one aspect the invention provides a method for generating a parity symbol 

sequence of a code. This method includes the steps of: receiving a sequence 

representing an m-symbol address and a sequence of k data symbols; 

multiplying the sequence representing an m symbol address by a set of 

10 multiplier symbols to generate a first sequence of product symbols that is equal 

to the sum of a first sequence and a second sequence wherein the last r 

coefficients of the first sequence are zero and the degree of the second sequence 

is one less than the number of parity symbols; adding the first sequence of 

product symbols to the data sequence prior to generating a first parity sequence 

IS for the sum of the data sequence plus the first sequence during a data 

transmission phase for the first k symbols of the codeword; and adding the 

second sequence directly to the first parity sequence during a parity 

transmission phase for a number of symbols at the end of the codeword to 

generate the final parity sequence. 

20 This method may also additionally provide for generating parity symbol 

sequence Q(x) of a cyclic code, when the sequence representing them-symbol 

address comprises a sequence of values as coefficients of a polynomial 

representation of an rn-symbol block address L(x); the sequence ofk data 

symbols comprises a sequence of values as coefficients of a polynomial 

25 representation of data D(x) having k symbols; the sequence of multiplier 

symbols comprises coefficients of a polynomial of the form R(x) = xm+r-l+u mod 

g(x), where x is the variable of the polynomial, k is the number of data symbols, 
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r is the number of parity symbols, u is a delay, mis the number of symbols in 

L(x), and g(x) is a generator polynomial of the code; the first sequence of 

product symbols comprise coefficients of a polynomial product of the form: 

S(x) = L(x) x R(x)x xk-m-u+i =L(x) x xm+r-a+u mod g(x) x xk·m-u+i= S1(x) + S2(x) 

5 such that the last r coefficients of S1 (x) are zero and deg S2(x)=r-l; and further 

the stepof adding the first sequence without last zero symbols to the data 

sequence comprise the step of adding the first polynomial product component 

S1(x) x x-r to the data polynomial D(x) prior to generating a first parity sequence 

for the sum D(x) + S1(x)x x·r during a data transmission phase for a first k 

10 symbols of the codeword; and the step of adding the second sequence directly to 

the first parity sequence comprise the step of adding the second polynomial 

product S2(x) directly to the first parity sequence during a parity transmission 

phase for the last r symbols of the codeword to generate the final parity 

sequence Q(x). 

15 In another aspect the method for generating a parity symbol sequence of 

a code, further comprises a step of generating a syndrome symbol sequence 

from the readback sequence which includes the final parity sequence. 

In another aspect the method for generating a parity symbol sequence of 

a code further comprises a step of generating a syndrome symbol sequence, and 

20 includes steps of: receiving a sequence representing an m-symbol address 

estimation which may not be equal to the sequence representing an m-symbol 

address and a readback sequence ofk+r data and parity symbols, some of which 

may be in error; multiplying the sequence representing an m-symbol address 

estimation by a set of multiplier symbols to generate a second sequence of 

25 product symbols which will be identical to the first sequence of product 

symbols if m-symbol address estimation sequence is equal to the m-symbol 

address sequence; adding the second sequence of product symbols to the 
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readback sequence to generate a sum sequence; and generating syndromes for 

the sum sequence. 

In other aspects the method for generating a syndrome symbol sequence 

may be performed when: the sequence representing the m-syrnbol address 

S estimation comprises a sequence of values as coefficients of a polynomial 

representation of an m-symbol block address L'(x); the readback seqi.!ence of 

k+r data and parity symbols comprises a sequence of values as coefficients of a 

polynomial representation of a data estimation D'(x) of the data D(x) having k 

symbols, and aparity estimation Q'(x) of the parity Q(x) having r symbols, 

10 where D'(x) may differ from D(x), and Q'(x) may differ from Q(x); the 

sequence of multiplier symbols comprises coefficients of a polynomial of the 

form R(x) = xm+r-t+u mod g(x), where x is the variable of the polynomial, k is the 

number of data symbols, r is the number of parity symbols, u is a delay, mis the 

number of symbols in L'(x), and g(x) is a generator polynomial of the code; the 

15 second sequence of product symbols comprise coefficients of a polyi:.cmial 

product of the form: 

S'(x) =L'(x)xR(x)x xlN:i-u+I =L'(x)xxm+r-l+u mod g(x) x xk-m-u-+1=S' 1(x)+S' 2(x) 

such that the last r coefficients of S' 1 (x) are zero and deg S' 2(x)=r-1; and the 

step of adding the second sequence of product symbols to the readback 

20 sequence comprise the steps of: (i) adding a first component of the second 

sequence of product symbols S' 1(x) multiplied by x-r to the data estin:ation 

D'(x); and (ii) adding a second component of the second sequence of product 

symbols S'2(x) to the parity estimation Q'(x). 

In another aspect the invention provies a method for incorporating a 

25 storage device block address into a codeword so that upon readback from the 

storage device a block address error is distinguishable from an uncorrectable 

data error and the block address can be recovered from the readback data. This 
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method includes steps of:prepending block address information to free positions 

at the beginning of a cyclic codeword; computing parity on the basis of both the 

block address infonnation and user data; during a write operation, writing the 

user data and the computed parity to the storage device but not writing the block 

5 address to the storage device; during a read operation, reading the user data and 

the computed parity from the storage device and computing syndromes for or 

based on the user data and the computed parity with prepended estimated block 

address information; calculating error vector based on the syndromes and if 

there are non-zero components in the positions corresponding to the prepended 

1 o block address correcting the block address to recover a correct block address. 

Another aspect of the invention provides an error correcting code 

encoder/decoder apparatus that includes: a parity/syndrome generator for 

generating parity during an encoding operation and syndromes during a 

decoding operation; a polynomial multiplier for multiplying m address symbols 

15 by a set of multiplier symbols to generate a sequence of product symbols that 

are equal to the sum of a first sequence and a second sequence wherein the last r 

coefficients of the first sequence are zero and the degree of the second sequence 

is one less than the number of parity symbols; a first adder adding the first 

sequence to the data sequence prior to generating a first parity sequence for the 

20 sum of the data sequence plus the first sequence during a data transmission 

phase for the first k symbols of the codeword; and a second adder adding the 

second sequence directly to the first parity sequence during a parity 

transmission phase for a number of symbols at the end of the codeword to 

generate the final parity sequence. 

25 The inventive method may be practiced where the cyclic code comprises 

a systematic cyclic Reed-Solomon code. 
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In another aspect, the invention provides an apparatus for generating a 

parity symbol sequence of a code. The apparatus includes: a multiplier circuit 

for multiplying a sequence representing an m symbol address by a set of 

multiplier symbols to generate a first sequence of product symbols that is equal 

5 to the sum of a first sequence and a second sequence wherein the last r 

coefficients of the first sequence are zero and the degree of the second sequence 

is one less than the number of parity symbols; a first adder for adding the first 

sequence of product symbols to a data sequence having k data symbols prior to 

generating a first parity sequence for the sum of the data sequence plus the first 

1 O sequence during a data transmission phase for the first k symbols of the 

codeword; and a second adder for adding the second sequence directly to the 

first parity sequence during a parity transmission phase for a number of symbols 

at the end of the codeword to generate the final parity sequence. 

In another aspect the apparatus for generating a parity symbol sequence 

15 of a code further includes: the sequence representing the m-symbol address 

comprises a sequence of values as coefficients of a polynomial representation of 

an m-symbol block address L(x); the sequence of k data symbols comprises a 

sequence of values as coefficients of a polynomial representation of data D(x) 

having k symbols; the sequence of multiplier symbols comprises coefficients of 

20 a polynomial of the form R(x) = xm+r-t+u mod g(x), where xis the variable of the 

polynomial, k is the number of data symbols, r is the number of parity symbols, 

u is a delay, m is the number of symbols in L(x), and g(x) is a generator 

polynomial of the code; the first sequence of product symbols comprise 

coefficients of a polynomial product of the form: 

25 S(x) = L(x) x R(x)x xk-m-u+t =L(x) x xm+r-1+u mod g(x) x xk·rn-u+I= S1(x) + S2(x) 

such that the last r coefficients of S1(x) are zero and deg S2(x)=r-1; the first 

adder adds the first polynomial product component S1(x) x x·r to the data 

polynomial D(x) prior to generating a first parity sequence for the sum D(x) + 
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S1(x)x x·r during a data transmission phase for a first k symbols of the 

codeword; and the second adder adds the second polynomial product S2(x) 

directly to the first parity sequence during a parity transmission phase for the 

last r symbols of the codeword to generate the final parity sequence Q(x). 

For those workers having ordinary skill in the art, it will be clear from 

the context that certain arithmetic operations are modulo 2, while other aritmetic 

operations are regular non-modulo operations. 

It is to be understood that even though numerous characteristics and 

advantages of various embodiments of the present invention have been set forth 

10 in the foregoing description, together with details of the structure and function 

of various embodiments of the invention, this disclosure is illustrative only, and 

changes may be made in detail, especially in matters of structure and 

arrangement of parts within the principles of the present invention to the full 

extent indicated by the broad general meaning of the terms in which the 

15 appended claims are expressed. For example, the particular elements may vary 

depending on the particular application for the ECC encoder/decoder, data 

storage system, or computer while maintaining substantially the same 

functionality without departing from the scope and spirit of the present 

invention. In addition, although the preferred embodiment described herein is 

20 directed to a ECC encoder/decoder for a data storage system having an ECC 

encoder/decoder and polynomial multiplier, it will be appreciated by those 

skilled in the art that the teachings of the present invention can be applied to 

other systems, like generic data storage devices and systems, data transmission 

devices and systems, or communication systems, without departing from the 

25 scope and spirit of the present invention. 

All publications, patents, and patent applications mentioned in this 
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specification are herein incorporated by reference to the same extent as if each 

individual publication or patent application was specifically and individually 

indicated to be incorporated by reference. 
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Claims 

What is claimed is: I lllllll II/I// lllll lllll II Ill/ 
* C L H S * 

1. A method for generating a parity symbol sequence of a code, said method 

5 comprising the steps of: 

(a) receiving a sequence representing an m-symbol address and a sequence 

of k data symbols; 

(b) multiplying said sequence representing an m symbol address by a set of 

multiplier symbols to generate a first sequence of product symbols that is equal to 

10 the sum of a first sequence and a second sequence wherein the last r coefficients 

of the first sequence are zero and the degree of the second sequence is one less than 

the number of parity symbols; 

( c) adding said first sequence of product symbols to said data sequence prior 

to generating a first parity sequence for the sum of the data sequence plus the first 

15 sequence during a data transmission phase for the first k symbols of the codeword; 

and 

(d) adding said second sequence directly to said first parity sequence during 

a parity transmission phase for a number of symbols at the end of the codeword to 

generate the final parity sequence. 

20 2. The method in Claim 1, wherein said method generates a parity symbol 

sequence Q(x) of a cyclic code; and wherein: 

said sequence representing said m-symbol address comprises a sequence of 

values as coefficients of a polynomial representation of an m-symbol block address 

L(x); 

25 said sequence of k data symbols comprises a sequence of values as 

coefficients of a polynomial representation of data D(x) having k symbols; 

said sequence of multiplier symbols comprises coefficients of a polynomial 
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of the form R(x) = xrn+r-t+u mod g(x), where xis the variable of the polynomial. k 

is the number of data symbols, r is the number of parity symbols, u is a delay. m 

is the number of symbols in L(x), and g(x) is a generator polynomial of said code; 

said first sequence of product symbo]s comprise coefficients of a 

5 polynomial product of the form: 

S(x) = L(x) x R(x)x xlc-m-u+\ =L(x) x xm+r-l+u mod g(x) x xk-m-u+\= S1(x) + S2(x) 

such that the last r coefficients ofS1(x) are zero and deg S2(x)=r-1; 

said step ( c) of adding said first sequence without last zero symbols to said 

data sequence comprise the step of adding said first polynomial product component 

10 S1(x) x x·r to said data polynomial D(x) prior to generating a first parity sequence 

for the sum D(x) + S1(x)x x-r during a data transmission phase for a first k symbols 

of the codeword; and 

said step ( d) of adding said second sequence directly to said first parity 

sequence comprise the step of adding said second polynomial product S2(x) 

15 directly to said first parity sequence during a parity transmission phase for the last 

r symbols of the codeword to generate the final parity sequence Q(x). 

3. The method in Claim 1, further comprising a step of generating a syndrome 

symbol sequence from the readback sequence which includes said final parity 

sequence. 

20 4. The method in Claim 1, further comprising a step of generating a syndrome 

symbol sequence, comprising steps of: 

(e) receiving a sequence representing an m-symbol address estimation 

which may not be equal to said sequence representing an m-symbol address and a 

readback sequence ofk+r data and parity symbols, some of which may be in error; 

25 (f) multiplying said sequence representing an m-symbol address estimation 

by a set of multiplier symbols to generate a second sequence of product symbols 

which will be identical to said first sequence of product symbols if m-symbol 
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address estimation sequence is equal to said m-symbol address sequence; 

(g) adding said second sequence of product symbols to said readback 

sequence to generate a sum sequence; and 

(b) generating syndromes for said sum sequence. 

5. The method in Claim 4, wherein: 

said sequence representing said m-symbol address estimation comprises a 

sequence of values as coefficients of a polynomial representation of an m-symbol 

block address L'(x); 

said readback sequence of k+r data and parity symbols comprises. a 

10 sequence of values as coefficients of a polynomial representation of a data 

estimation D'(x) of said data D(x) having k symbols, and aparity estimation Q'(x) 

of said parity Q(x) having r symbols, where D'(x) may differ from D(x), and Q'(x) 

may differ from Q(x); 

said sequence of multiplier symbols comprises coefficients of a polynomial 

15 of the form R(x) = xm+-r-i.o..u mod g(x), where xis the variable of the polynomial, k 

is the number of data symbols, r is the number of parity symbols, u is a delay, m 

is the number of symbols in L'(x), and g(x) is a generator polynomial of said code; 

said second sequence of product symbols comprise coefficients of a 

polynomial product of the form: 

20 S'(x) = L'{x) x R(x)x xk-m-u+l =L'(x) x xm+r-l+u mod g(x) x xk-m-u+l= S' 1(x) + S'2(x) 

such that the last r coefficients of S' 1 (x) are zero and deg S '2(x)=r-1; 

said step of adding said second sequence of product symbols to said 

readback sequence comprise the steps of: 

(i) adding a first component of said second sequence of product 

25 symbols S' 1(x) multiplied by x·r to said data estimation D'(x); and 

(ii) adding a second component of said second sequence of product 

symbols S' 2(x) to said parity estimation Q'(x). 

SUBSTITUTE SHEET (RULE 26) 



I lllllll llllll lllll lllll II llll 
* C L M S * 

WO 99135575 PCT/US99/00S3l 
36. 

6. A method for incorporating a storage device block address into a 

codeword so that upon readback from said storage device a block address error 

is distinguishable from an uncorrectable data error and the block address can be 

recovered from the readback data, said method comprising the steps of: 

5 (a} prepending block address information to free positions at the 

beginning of a cyclic codeword; 

(b) computing parity on the basis of both said block address information 

and user data; 

( c) during a write operation, writing said user data and said computed 

10 parity to said storage device but not writing said block address to said storage 

device; 

(d) during a read operation, reading said user data and said computed 

parity from said storage device and computing syndromes for or based on said 

user data and said computed parity with prepended estimated block address 

15 information; 

20 

( e) calculating error vector based on said syndromes and if there are non­

zero components in the positions corresponding to the prepended block address 

correcting said block address to recover a correct block address. 

7. An error correcting code encoder/decoder comprising: 

a parity/syndrome generator for generating parity during an encoding 

operation and syndromes during a decoding operation; 

a polynomial multiplier for multiplying m address symbols by a set of 

multiplier symbols to generate a sequence of product symbols that are equal to 

the sum of a first sequence and a second sequence wherein the last r coefficients 

25 of the first sequence are zero and the degree of the second sequence is one less 

than the number of parity symbols; 

a first adder adding said first sequence to said data sequence prior to 

generating a first parity sequence for the sum of the data sequence plus the first 
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sequence during a data transmission phase for the first k symbols of the 

codeword; and 

a second adder adding said second sequence directly to said first parity 

sequence during a parity transmission phase for a number of symbols at the end 

5 of the codeword to generate the final parity sequence. 

8. The method in Claim 2, wherein said cyclic code comprises a systematic 

cyclic Reed-Solomon code. 

9. A apparatus for generating a parity symbol sequence of a code 

comprising: 

10 a multiplier circuit for multiplying a sequence representing an m symbol 

15 

address by a set of multiplier symbols to generate a first sequence of product 

symbols that is equal to the sum of a first sequence and a second sequence 

wherein the last r coefficients of the first sequence are zero and the degree of the 

second sequence is one less than the number of parity symbols; 

a first adder for adding said first sequence of product symbols to a data 

sequence having k data symbols prior to generating a first parity sequence for 

the sum of the data sequence plus the first sequence during a data transmission 

phase for the first k symbols of the codeword; and 

a second adder for adding said second sequence directly to said first 

20 parity sequence during a parity transmission phase for a number of symbols at 

the end of the codeword to generate the final parity sequence. 

10. The apparatus in Claim 9, wherein: 

said sequence representing said m-symbol address comprises a sequence 

of values as coefficients ofa polynomial representation of an m-symbol block 

25 address L(x); 

said sequence ofk data symbols comprises a sequence of values as 
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coefficients of a polynomial representation of data D(x) having k symbols; 

said sequence of multiplier symbols comprises coefficients of a 

polynomial of the form R(x) = xm+r-Hu mod g(x), where xis the variable of the 

polynomial, k is the number of data symbols, r is the number of parity symbols, 

S u is a delay, m is the number of symbols in L(x), and g(x) is a generator 

polynomial of said code; 

said first sequence of product symbols comprise coefficients of a 

polynomial product of the form: 

S(x) = L(x) x R(x)x xk-m-u+I =L(x) x xm+r-l+u mod g(x) x xk-m-u+I= S1(x) + S2(x) 

10 such that the last r coefficients of S1(x) are zero and deg S2(x)=r-1; 

said first adder adds said first polynomial product component S1 (x) x x-r 

to said data polynomial D(x) prior to generating a first parity sequence for the 

sum D(x) + S1(x)x x·r during a data transmission phase for a first k symbols of 

the codeword; and 

15 said second adder adds said second polynomial product S2(x) directly to 

said first parity sequence during a parity transmission phase for the last r 

symbols of the codeword to generate the final parity sequence Q(x). 
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